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Abstract

Transition metal (TM) complexes are ubiquitous in both technological and biological cat-
alytic systems. For a detailed understanding of their reactivity, a knowledge of the fun-
damental processes during chemical reactions is crucial. These primary processes involve
correlated changes in spin state, molecular orbitals as well as the geometric structure of
the reactant and occur on femtosecond (fs) time- and Angstrom (A) length scales. Using
optical laser pump — X-ray spectroscopic probe techniques the aforementioned dynamics of
solvated TM complexes can be tracked with 100-picosecond(ps)-resolution at synchrotrons
and 100-fs-resolution at X-ray Free Electron Lasers (XFELs). Time-resolved (TR) hard
X-ray absorption (XAS) and emission (XES) spectroscopy is exploited to site-selectively
probe the optically induced changes in structure and molecular orbitals of TM complexes
with high relevance for catalysis.

A novel setup for TR XAS at PETRA III has been implemented, consisting of a repetition-
rate-tunable synchronized MHz fiber amplifier laser and a data acquisition (DAQ) strategy
which is capable of measuring multi-photon events with single photon resolution at MHz
repetition rates. This system permits measuring TR XAS with signal-to-noise ratios com-
parable to those of static measurements.

We have probed the optically induced changes in the unoccupied orbitals of an iridium pho-
tosensitizer (IrPS) by measuring its TR X-ray absorption near edge structure (XANES).
Monitoring the IrPS in a fully functioning system for photocatalytic hydrogen generation
allowed following the electron transfer from an electron donor to the optically excited
IrPS*. Furthermore, we have characterized the excited state spin and structure of a possi-
ble candidate towards low-spin Fe(II) photosensitizers via TR XES and the TR extended
X-ray absorption fine structure (EXAFS).

Finally we have investigated an octahedral high-valent Fe(V) complex, which is formed via
UV flash photolysis from its Fe(III) precursor. The ultrafast high-valent Fe(V) formation
was monitored using TR XANES at the SACLA XFEL with ~300 fs resolution and the
formation was found to occur on the same timescale or faster than the temporal resolution.
TR XES was employed to identify a ~40-ps-lived pentacoordinated intermediate state in
a competing ligand exchange reaction channel.






Kurzfassung

ﬁbergangsmetallkomplexe sind allgegenwartig in technologischen und biologischen Kata-
lysesystemen. Fiir ein detailliertes Verstandniss ihrer Reaktivitat sind die Kenntnisse der
fundamentalen Prozesse chemischer Reaktionen unabdingbar. Diese beinhalten korrelierte
Anderungen des Spinzustandes, der Molekiilorbitale sowie der geometrischen Struktur des
Reaktants und finden auf der Femtosekunden (fs) Zeit- und der Angstrém (A) Lingenskala
statt. Die Abbildung dieser Dynamiken in gelosten Ubergangsmetallkomplexen werden
durch Experimente mit optischen Anregungspulsen und roéntgenspektroskopischen
Abfragetechniken ermoglicht, wobei die Zeitauflosung 100 Pikosekunden (ps) an Syn-
chrotronen und 100 fs an Rontgen-Freie-Elektronen-Lasern (XFELs) betrégt. Die optisch
induzierten Anderungen der Molekiilorbitale und der Struktur von katalytisch relevanten
Ubergangsmetallkomplexen werden hier mittels zeitaufgeloster harter Rontgenabsorptions-
und Emissionsspektroskopie elementspezifisch erforscht.

Ein neuartiger Experimentieraufbau flir zeitaufgelste Rontgenabsorptionsspektroskopie
wurde realisiert. Dieser besteht aus einem Faserlaser mit einstellbarer MHz Repeti-
tionsrate und einem Datenaquisitionssystem, welches Mehrphotonenereignisse einzelpho-
tonenaufgelost bei MHz Wiederholungsraten detektieren kann. FErst hierdurch wurden
zeitaufgeloste Rontgenabsorptionsmessungen mit Signal-zu-Rausch Verhéaltnissen, die de-
nen von statischen Experimenten entsprechen, méglich.

Ferner wurden die Anderungen der unbesetzten Molekiilorbitale eines Iridium-Photosen-
sibilisators (IrPS) bestimmt, indem die Rontgenabsorptions-Nahkantenstruktur (XANES)
gemessen wurde. Der IrPS wurde auch als Teil eines vollstdndigen Systems zur pho-
tokatalytischen Wasserspaltung untersucht. So konnte der Elektronentransfer von einem
Elektronendonator zum optisch angeregten IrPS* verfolgt werden. Des Weiteren wurde
der Spin und die Struktur des angeregten Zustands eines moglichen Kandidaten in der En-
twicklung Eisen(II)-basierter Photosensibilisatoren mittels zeitaufgeloster Rontgen-
emissionsspektroskopie und der kantenfernen Feinstruktur des Rontgenabsorptions-
spektrums (EXAFS) charakterisiert.

Zuletzt wurde ein oktahedrischer hochvalenter Fe(V) Komplex erforscht, der durch op-
tische Anregung seines Fe(III) Vorgédngers im UV Spektralbereich erzeugt wird. Sein
ultraschneller Entstehungsprozess konnte am SACLA XFEL mit etwa 300 fs Auflosung
beobachtet werden. Die Entstehungszeit des Fe(V) lauft auf dieser Grossenordnung oder
schneller ab. Zudem konnte mittels zeitaufgeloster Rontgenemissionsspektroskopie ein 40-
ps-lebiger pentakoordinierter Zwischenzustand in einer Ligandenaustauschreaktion iden-
tifiziert werden, die mit dem Reaktionsweg zum Fe(V) konkurriert.
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Chapter 1. Introduction

1 Introduction

Chemistry traditionally treats reactions on a macroscopic scale as the transformation from
an ensemble of reactants to an ensemble of products. This approach obviously lacks an un-
derstanding of the individual temporal and spatial evolution of the electronic orbitals and
atomic nuclei, which could be seen as the smallest entities of chemical reactions. Making
the dream of a real time observation of molecules during the ongoing process of a chemical
reaction come true is extremely challenging. It requires accessing the overwhelmingly fast
femtosecond (fs) time- and incredibly small Angstrom (A) spatial domains.

The making and breaking of chemical bonds happen on the femtosecond (1 fs = 1071° s)
timescale [1]. The wave packet motion on the molecular potential energy surface can be
considered one of the fastest chemical processes, thus setting the standard of required
temporal resolution when measuring the dynamics of chemical reactions. Although dif-
fusion driven chemical processes can be slower and the lifetimes of metastable states can
even expand into the second timescale, a knowledge of the ultrafast primary processes is
inevitable to understand the efficiencies of chemical reactions. These primary processes
happening in the sub nanoseconds (= ns = 107 s) regime can be accessed with pump-
probe techniques. A first pulse (= pump) is used to electronically excite the system and
after a certain delay a second, synchronized pulse (= probe) is used to probe the transient
state of the system. The temporal resolution of such a pump-probe experiment is limited
by the duration of the two pulses as well as the temporal jitter in their synchronization,
caused e.g. by mechanical instabilities.

The use of femtosecond optical laser pulses both for pumping and probing to study fem-
tosecond chemical dynamics started in the 1980’s, giving birth to the field of femtochem-
istry [2, 3]. Nowadays, femtosecond transient absorption spectroscopy from the mid-IR to
the UV regime has become a standard tool in chemical dynamics research [4, 5] and setups
can be bought commercially [6]. The complexity of all-optical pump probe experiments
has increased tremendously. For example femtosecond-resolved fluorescence measurements
are used to detect the radiative decay of extremely short-lived excited states [7, 8]. Multi-
dimensional spectroscopies consisting of a pump-probe scheme with sequences of more than
two pulses can be used to understand correlations of spectral features [9, 10]. The THz
spectral regime is used to study the ultrafast processes of strong electric fields interacting
with matter [11]. Furthermore, the XUV spectral regime is exploited via high-harmonic
generation, which allows for attosecond (= as = 1073 fs) resolution and can be used to
study electron dynamics [12, 13]. These all-optical techniques are only sensitive to valence
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electronic states and transitions amongst these are typically very broad. Their interpre-
tation is often very ambiguous and the molecular structure is not directly accessible with
these methods.

To directly observe the molecular structure during a chemical reaction, where the relevant
length scales are the size of atoms or molecular bond distances which are on the order
of 1 A (=101 m), structural techniques are required to replace the optical probe. Here,
pulses of either particles or short-wavelength photons (X-rays) can be used, with the most
straightforward experimental approach being to probe the molecular structure by means
of scattering techniques. This has succeeded with ultrafast electron diffraction [14] and
ultrafast X-ray scattering [15].

As an alternative approach ultrafast X-ray absorption spectroscopy (XAS) [16-18] has
been implemented, which combines the advantage of X-rays being sensitive to the struc-
ture with those of spectroscopies, i.e. being also sensitive to the electronic orbitals. This
electronic sensitivity is not restricted to the valence shells, but extends to the core-shells,
which for different atomic species are well separated, leading to the element specificity of
XAS. By tuning the incident X-ray energy to the respective absorption edge, the electronic
structure of a certain atom and the geometric structure in its close vicinity can be probed.
This atom could be the transition metal (TM) center of a solvated coordination complex.
Here we focus on the hard X-ray regime (typically the photon energy range of ~5 keV
to ~20 keV), where many TM absorption edges can be found. Measuring the energy
dependent absorption cross section delivers X-ray absorption spectra. The region close
to the absorption edge, called X-ray absorption near edge structure (XANES) and the
range further above the absorption edge, called extended X-ray absorption fine structure
(EXAFS) are analyzed. TR XANES has been exploited to measure electronic [19-21] and
structural [19, 22, 23] changes of TM chromophores in solution. Changes in the distances
of the absorbing atom to its nearest neighbors have been quantified with ~ picometer ( =
1 pm = 0.01 A) resolution using TR EXAFS [22-25].

Later TR XAS has been complemented by TR X-ray emission spectroscopy (XES) [26,
27], which can be exploited as a spin sensitive tool. Combining both with TR X-ray
diffuse scattering (XDS) in a single setup [28, 29] to benefit from XDS to also monitor
the solute-solvent interactions has followed. A crucial technological improvement was the
transition from kHz [26, 30] to MHz [27, 31-33] repetition rate experiments. This de-
velopment boosted the achievable signal-to-noise ratios of TR experiments close to those
of static ones, and ultimately enables the study of relevant molecular complexes instead
of model systems. The combined XAS, XES and XDS setups come now close to being
the ultimate molecular camera, as with its joined observables they allow to monitor all
relevant observables of chemical reactivity: changes in spin (via XES) and electronic (via
XANES and XES) states and the structure (via XANES, EXAFS and XDS) of the solute
molecules as well as their interplay with the solvent environment (via XDS).

The aforementioned setups have all first been implemented at Synchrotrons, limiting the
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temporal resolution to ~100 ps. Very soon though, the regime of ~100 fs temporal res-
olution has been reached using femtosecond slicing schemes (with incredibly low photon
fluxes of ~10 per pulse) at the same facilities [34-36]. The real revolution came with the
implementation of XAS, XES and XDS [37-42] at X-ray Free Electron Lasers (XFELs),
which deliver unprecedented X-ray intensities with ~10'2 photons in <100 fs pulses [43—
45] in the hard X-ray regime.

This thesis aims to apply ultrafast X-ray spectroscopies to relevant questions in techno-
logical (photo-) catalysis with the extension to systems of fundamental interest for enzyme
catalysis. In these biological catalytic systems, TM complexes play a key role (see e.g. the
manganese cluster in photosystem II [46]). Furthermore, a huge amount of technological
applications to exploit solar activity in order to solve the urging human need for energy
involve TM complexes. Here, examples include photosensitizers in dye-sensitized solar
cells [47] or both photosensitizers and catalysts in homogeneous catalytic system for solar
hydrogen generation [48, 49].

TR XAS, XES and XDS have been found as a suitable probe for (photo-)catalytically
relevant molecular systems in solution phase [21, 40, 50, 51]. They are able to capture the
light induced correlated electronic and nuclear changes on the relevant timescales down to
100-fs resolution and due to the element specificity of XAS and XES they are ideally suited
to site-selectively probe the relevant transition metal centers in the liquid environment of
a solution. Nevertheless, these studies mainly focused on model systems. Here we aim
for pushing the limits further towards applying TR XAS and XES to answer fundamental
questions in the chemistry of TM complexes relevant for technological as well as biological
catalysis.

In chapter 2 the photophysics and photochemistry of TM complexes is introduced, which is
needed to understand the principal photoexcitation and the subsequent relaxation mech-
anisms. In the following chapter 3 the experimental methodology of time-resolved X-ray
spectroscopies is explained. In chapter 4 an experimental setup at the POl beamline of
PETRA TII is described, which has been developed as a part of this thesis in order to
maximize the signal-to-noise ratio in TR XAS measurements by fully exploiting the high
X-ray photon flux at synchrotrons [33]. This is required to study dilute (biological) sam-
ples and those with very weak time-resolved modulations.

The next two chapters represent 100-ps-resolved synchrotron studies of TM complexes
relevant for photocatalytic process. In chapter 5 the investigation of an iridium photosen-
sitizer [48], for solar hydrogen generation is presented, including also the measurements in
the fully functioning photocatalytic system [49]. The following chapter 6 summarizes the
study on a possible candidate towards iron based photosensitizers [52], in order to replace
expensive and rare ruthenium or iridium based systems. Here the structure and spin of
the energetically lowest lying excited state are meticulously characterized to assess the
capabilities of this candidate complex towards a new class of iron based photosensitizer.
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In the last chapter 7, combined synchrotron and XFEL studies were used to monitor the
~300 fs to >30 ns timescale photochemical reactions of an iron compound [53] relevant
for biological catalysis. The investigated system forms a high-valent Fe(V) complex after
photoexcitation. Fe(V) complexes are of vital interest for the understanding of the Cy-
tochrome P450 class of enzymes [54], which are involved in the catalytic metabolism of
xenobiotics and the here investigated model complex is the first one to allow for the de-
tection of octahedral Fe(V) at biological conditions (room temperature, solution phase).
Using combined fs XAS and XES, the ultrafast process of Fe(V) formation is directly
probed along with a second competing reaction pathway, consisting of a ligand exchange

mechanism.
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2 Photophysics and Photochemistry of
Transition Metal Complexes

This chapter introduces the photophysical and photochemical processes of 3d (Iron) and

5d (Iridium) transition metal complexes with (approximately) octahedral symmetry.

2.1 Introduction

The transition metals are the elements of groups 3 to 12 [55] between scandium and
copernicium, see periodic table in Fig. 2.1. They are characterized by their incomplete d
sub-shell, respectively their capability to form cations with incomplete d sub-shells [56].
These can form transition metal (TM) complexes when they bind further groups of atoms,
so-called ligands, via a coordinate bond. In such a coordinate bond the central atom (here
the TM) acts as an electron acceptor and the ligands (= the electron-pair donors) bind to

this central atom by donating a lone electron-pair to the central atom [57].

1 IUPAC Periodic Table of the Elements 18
1 2
H He
hydrogen helium
1007, 1.009] 2 Key: 13 14 15 16 17 4003
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B Cc N (o] F Ne
lithium beryllium ‘name boron carbon nitrogen oxygen fluorine: neon
[6.938, 6.997] 9.012 ‘standard atomic weight [10.80, 10.83) [12.00,12.02] | [14.00,14.01) | [15.99, 16.00] 19.00 20.18
1 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
2299 12430, 24.31) 3 4 5 6 7 8 9 10 " 12 2698 128.08, 28.09] 30.97 [32.05,32.08) | [35.44,35.48] 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium | caloum | scandm | ttanum | vanagum | cromum | manganess | iwon covalt nckel | copper galium | gemanium | asenc | selenum | bromne | kypion
510 w00 o e sos 5200 sass sses sass sae 555 ss380) 6072 7263 T2 o1 | pesnresn | sse
37 38 39 40 4“1 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te | Xe
bdum | stontum | ywm | ziconum | niobum | moyodenum | technetum | rithenum | modum | palecum | sver | cemum |  indum n antmony | teturum | odine
w547 o762 ss91 o122 w201 o508 011 1029 9 w079 124 114 a7 218 176 1269 1513
55 56 57-71 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs Ba | anhanoas | HF Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium barium ‘hafnium tantalum tungsten rhenium ‘osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
2 w73 185 809 555 52 002 w22 1051 w0 wos | wosoona | oor2 2000
87 88 89-103 104 105 106 107 108 109 110 m 12 13 114 15 116 17 118
Fr Ra | actinoias Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus | Uuo
francium radium rutherfordium | dubnium | seaborgium |  bohrium hassium meitnerium | darmstadtium | roentgenium | copericium | ununtrium flerovium | ununpentium | livermorium | ununseptium | ununoctium
57 58 59 60 61 62 63 64 65 66 67 68 69 70 il
La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
annanum | ceriom neodymium | promethium | samarm | euopum | gadoinium | teroum | cysprosum | noimum | eroum | thuium | ytersium | tuttim
1389 101 140 1442 1504 1520 1573 1589 025 649 1073 1689 1730 1750
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
INTERNATIONAL UNION OF Ac | Th | Pa | U | Np | Pu |Am | Cm | Bk | Cf | Es | Fm | Md | No | Lr
PURE AND APPLIED CHEMISTRY actium | thorium | protactinium | uranium | neptunium | plutonium | americium | curum | berkelum | calfomium | einsteinium | fermium | mendelevium | nobelium | lawrencium
220 210 2550

For notes and updates to this table, see www.iupac.org. This version is dated 8 January 2016
© 2016 IUPAC, the International Union of Pure and Applied Chemistry.

Figure 2.1: Periodic table of the elements where the transition metals can be found in
groups 3 to 12 (Fig. reproduced with permission from [58], copyright (C) 2016 International
Union of Pure and Applied Chemistry).
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The total number of donor atoms which are bound to the central transition metal is called
the coordination number [55]. As all reactant complexes discussed in this thesis are hexa-
coordinated, we focus here on the description of coordination complexes with coordination
number 6. Due to the six-fold coordination, the symmetry around the transition metal
center is (approximately) octahedral (Op,).

Typical examples of ligands are ammonia (NHs), carbonyl (CO), cyanide (CN™), but also
single atoms, e.g. N7, as well as larger molecules are common ligands. Here polydentate
ligands, which bind to the coordination center with more than one donor atom, play an
important role (these are often called chelating ligands) [55]. Depending on the number
of donor atoms, these ligands are termed bidentate (2 donor atomes), tridentate (3 donor
atoms) and so on. Examples of bidentate ligands in this thesis are phenylpyridine (=ppy)
and bipyridine (=bpy) in [Ir(ppy)2(bpy)]* (see Chapter 5). Tridentate ligands are terpyri-
dine (=terpy) in [Fe(terpy)z2]?*, di(carboxypyridyl)pyridine (=dcpp) in [Fe(dcpp)2]?>T and
di(vinylpyridyl)pyridine (=dvpp) in [Fe(dvpp)a]?* (see Chapter 6). A tetradentate lig-
and is cyclam in trans[(cyclam)Fe™ (N3)o]t (see Chapter 7). Often, the transition metal
complex has a net charge, which is compensated by a counterion. Common counterions
include (PFg) and Cl. In solution this counterion is detached, resulting in a TM complex
ion.

TM complexes are ubiquitous in biology and have been found increasingly interesting for
industrial applications. The most prominent examples of TM complexes in biology include
the heme cofactors of hemoglobin [59] and myoglobin [60], which consist of Fe embedded
in tetradentate porphyrin ligands. Another important example is the Mn cluster as the
active catalytic site in the oxygen evolving complex of photosystem II (PSII). [46] A very
promising example for technological application is the use of TM complexes as photosen-
sitizers (PS) for photocatalytic hydrogen or electricity generation, e.g. Ruthenium based
complexes are used in dye-sensitized solar cells (DSSC) [47].

These examples are merely a small selection of transition metal complexes, but it is clear
that they are highly relevant as functional complexes in both biology and technological
applications. Furthermore, they appear extremely important especially as catalytically
active centers and it is the goal of this thesis to understand the primary steps of their
catalytic activity.

Many of the aforementioned catalytic reactions are initiated by absorption of an optical
photon, e.g. photocatalytic electricity generation in DSSC or oxygen generation in PSII,
and are thus ideally suited for pump-probe experiments. This has been applied in this
thesis to understand the photocatalytic activity of already applicable photosensitizers as
well as candidates for new (and cheaper) photosensitizers. We can also contribute to the
understanding of not intrinsically optically induced catalytic activity of TM by mimicking
the activation of the TM complex with optical light or by replacing the TM catalysts by
a photoactive model complex. This has been applied in this thesis to advance the under-
standing of a catalytic step of cytochrome P450 [54], an enzyme which is responsible for
drug metabolism.
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2.2 Transition Metal Complexes and the Role of the d-Orbitals

The valence orbitals of transition metals are the d-orbitals. The five different d-orbitals
sketched in Cartesian coordinates are shown in Fig. 2.2. In gas phase, these five atomic
orbitals are degenerate and can allocate ten electrons. While the two orbitals d,-_,» and

d,» are aligned along the coordinate axes, the lobes of the three orbitals d.,, d., and d,,

are allocated between the coordinate axes [55].

y z

g X X y

de dxz dyz

Figure 2.2: Sketch of the five d-orbitals which in octahedral symmetry split into two
subsets: e4 (two-fold degenerate) and ty, (three-fold degenerate).

In an octahedral, i.e. hexa-coordinated, complex the six donor atoms of the ligands are
situated on the x, y, and z axis. The orbitals of the donor atoms interact mainly with
the two d-orbitals which point along the Cartesian coordinates (d,..,» and d,2). This
lifts the degeneracy of the d-orbitals and splits them into the subsets tg, (dyy, dy, and
d,,) and ey (d,>,» and d,2). The ty, subset is further termed non-bonding while the e4
subset is called anti-bonding. The amount of the splitting is described in ligand field
theory by the parameter of the ligand field strength 10Dgq [62]. The spectrochemical series
describe the relation of 10Dq and the ligand species as well as the central atom [55]. The
colloquially termed ”stronger” ligands lead to an increased ligand field strength compared
to the "weaker” ligands. An example selection of ligands (from [63], where also a more

comprehensive list can be found) ordered in terms of the 10Dgq they exert is given by

"< Br < S < Cl”< Ny <F < OH < HyO< NH3 < C5H;N...

(2.1
...< bpy < phen < ppy < carbene = < CN™ < CO. )

Furthermore, 10Dq increases with increasing period of the atom, i.e. of 5d complexes it is
larger than of 4d complexes which is again larger than of 3d complexes [55].
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All known low spin
Fe*-complexes
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Figure 2.3: Simplification of the low spin region of the Tanabe-Sugano diagramm of an
octahedral 3d® transition metal complex, showing the ligand field excited state energy
compared to the 'A; ground state. For comparison, the tentative position of the metal-
to-ligand charge transfer (MLCT) states have been added. For further comparison, the
region where the RuPS and IrPS (4d respectively 5d transition metal complexes) can be
found is schematically shown as a shaded red area, yielding MLCT states at lower energies
than the ligand-field states (Fig. as in [52]).
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Figure 2.4: Simplified orbital diagrams of octahedral d® transition metal complex in
singlet metal centered ground state (a), singlet metal centered excited state (b), triplet
metal centered state (c), quintet metal centered state (d) (as in [61]). For comparison, the
singlet MLCT (e) and triplet MLCT (f) are shown in a simplified analogous scheme.
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The occupation of the d-orbitals is clearly dependent on the ligand field splitting. If we
consider a d° transition metal in the case of no ligand field (and thus degenerate d-orbitals),
the occupation of the orbitals will be, due to the electron-electron repulsion and Hund’s
rule, such that the spin is maximized. Consequently, four d-orbitals will be singly occu-
pied, leading to a S=2 quintet state (see Fig. 2.4d). This quintet state is termed 5T and
is the ground state in the weak ligand-field case, where the spin pairing energy is larger
than the ligand-field strength. As the ligand-field strength increases, the S=0 singlet state
(*A1), in which all six electrons are located in the to, orbitals, comes closer in energy to
the ®Ty. Eventually, when the ligand-field strength surpasses the spin pairing energy, the
LA, state becomes the ground state. The orbital ordering of these ligand field states as a
function of the ligand-field strength is commonly plotted as the Tanabe-Sugano diagram.
A very simplified version of a Tanabe-Sugano diagram, limited to only the low spin ground
state region, is shown in Fig. 2.3 (here the crossing point between the Ty and 'A; is the
left-most point).

The Jahn-Teller theorem states that a molecular configuration without degenerate orbitals
is preferred over a state with such a degeneracy [55]. The Jahn-Teller effect results in the
distortion of the octahedral symmetry, e.g. along one axis of the molecule, and ultimately
removes the degeneracy of each of the to, and e, subsets, and can be caused e.g. by an
uneven occupation of two e, orbitals [57]. Such a Jahn-Teller distorted state can also result
from ligand constraints, e.g. due to chelation [55]. An example are the Jahn-Teller dis-
torted ground states of [Fe(terpy)2]?T [25] and [Co(terpy)z2]? [42], which show contracted
axial bond lengths compared to the equatorial ones due to the steric constraints exerted by
the tri-dentate terpyridine ligands (see also Chapter 6, where the [Fe(terpy)a]?t molecular
structure is compared to the one of [Fe(dcpp)a]?™).

2.3 Optical Excitation

Up to here our description has been limited to the atomic orbitals of the transition metal.
However, when forming a complex, the atomic orbitals of the TM center mix with the
ligand orbitals, giving rise to molecular orbitals.

An example of a simplified molecular orbital diagram for a octahedral d® TM complex is
presented in Fig. 2.5. The molecular orbitals can be grouped into mas(t2g), o3;(eq), and
o3 with mainly metal character and o, 77, and 7} with mainly ligand character [61]. In
the ground state configuration of this complex, the oy, and 7y, orbitals are fully occupied
and the n valence electrons are distributed over m(t24) and o3},(e4), while the rest of the
orbitals are not occupied [61]. The highest occupied molecular orbital is called HOMO,
the lowest unoccupied one LUMO.

The possible electronic excitations correspond to promoting one electron to a vacancy in
a higher lying orbital. We can distinguish four types of excitations: i) metal-to-ligand
charge transfer (MLCT) excitation corresponding to an electron transfer from a mainly
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Figure 2.5: Molecular orbital digramm of an octahedral transition metal complex. One
example of each of the four possible types of transitions, metal-to-ligand charge trans-
fer (MLCT), ligand-to-metal charge transfer (LMCT), ligand centered (LC) and metal
centered (MC) are shown (Fig. based on [61, 64]).
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Figure 2.6: Static UV-vis absorption spectrum of [Fe(bpy)s]?* in HoO. The visible dis-
crete peaks can be assigned to transitions of ligand-centered (LC), ligand-to-metal charge
transfer (LMCT) and metal-to-ligand charge transfer (MLCT) type, the herein presented
assignment follows the description in Ref. [65].

metal- to a mainly ligand-orbital, ii) ligand-to-metal charge transfer (LMCT) excitation
for a transfer from a mainly ligand- to a mainly metal-orbital, iii) ligand centered (LC)
transitions from one ligand orbital to another ligand orbital and iv) metal centered (MC)
transitions from one metal orbital to another metal orbital.

10



Chapter 2. Photophysics and Photochemistry of Transition Metal Complexes

Figure 2.7: 1 cm cuvettes filled with solutions of the investigated molecules in CH3CN
with concentrations between 50 pM and 250 pM: A) Fe[(dcpp)2](PFg)2, 225 uM; B)
Fe[(dvpp)2](PFg)2, 225 pM; C) Fe[(terpy)o](PFg)2, 242 pM; D) Fe[(bpy)s](PF¢)2, 224
nM; E) trans[(cyclam)(Fe™(N3)2] (PFg), 106 nM; F) Ir[(ppy)2(bpy)](PFs) , 50 pM.

These electronic transitions give rise to discrete peaks in the optical absorption spectrum.
As an example, the optical absorption spectrum of aqueous [Fe(bpy)s]?* is shown in Fig.
2.6. The spectrum exhibits discrete, but broad and thus overlapping absorption bands
which have been assigned as in Ref. [65]. Three of the aforementioned types of tran-
sitions have been found with optical absorption cross sections on the order of 104 - 10°
(M cm)~! (typical values for allowed transitions are on the order of up to 10° (M c¢m)~!
[66]): MLCT, LMCT and LC. The lowest energy MC transition, which corresponds to
the d — d transition to; — €4, is not visible in the spectrum. According to the Laporte
selection rule, only transitions between states of different parity are allowed [55], thus the
gerade-gerade d — d transition is forbidden. Nervertheless, due to spin-orbit coupling this
rule is partially relaxed, giving rise to d — d transitions with low optical cross sections
(e.g. for aqueous [Fe(CN)g]*~ the d — d transitions are visible as a weak sholder with an
absorption coefficient on the order of 10?2 (M cm)~! [67]).

The multitude of strong electronic transitions of many transition metal complexes leads to
a broad spectrum of bright colors. A picture of solutions of the transition metal complexes
investigated in this thesis is shown in Fig. 2.7.

In a potential energy surface (PES) scheme (see e.g. Fig. 2.9), the energies of the distinct
electronic states are expressed as a function of the nuclear coordinates. Here, the opti-
cal (=electronic) excitation corresponds to a vertical transition (depicted as an upwards
pointing arrow), as the optical excitation is required to fulfill the Franck-Condon prin-
ciple, which states that the nuclear coordinates do not change during the process of an
optical (=electronic) excitation [66]. This principle follows from the Born-Oppenheimer
approximation, according to which the electronic motion (occuring on ~fs) is much faster
than the nuclear motion (~ps).

11
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2.4 Excited State Decay

Upon preparation in an electronically excited state the molecule can undergo different
kinds of deactivation mechanisms, which can be grouped into i) intramolecular excited
state decay, ii) intramolecular chemical reactions and iii) intermolecular or bimolecular

chemical reactions.

Intramolecular Excited State Decay

The intramolecular deactivation processes are summarized in the example Jablonski dia-
gram in Fig. 2.8. The molecule in its singlet Sy ground state is excited by a photon of
energy huvy to its first singlet excited state S; (or by a higher photon energy of hrs to
its second singlet excited state S3), eventually with concomitant vibrational excitation.
This excitation process is followed by a series of deactivation processes which involve one
or more of the following: i) Vibrational relaxation (VR), ii) internal conversion (IC), iii)
inter system crossing (ISC) and its inverse process iv) back ISC (BISC, not shown here),
iv) non-radiative decay (NR), vi) Fluorescence (F) and vii) Phosphorescence (P). These
processes eventually bring the molecule back to its thermalised electronic ground state.

E A

Characteristic Timescales
iC .
| Absorption:

10"°s

|
|
N
\
|

Fluorescence (F):
10"°-107s

Intersystem Crossing (ISC):
107°-10%s

Internal Conversion (IC):
10"-107s
Phosphorescence (P):
10°-1s

Figure 2.8: Jablonski diagramm of a complex with singlet ground state showing pho-
tophysical processes of intramolecular excited state decay after optical excitation with
hvi or hvy: Vibrational relaxation (VR), internal conversion (IC), inter system crossing
(ISC), non-radiative decay (NR), fluorescence (F), phosphorescence (P) (Fig. as in [61],
timescales from [66]).
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Figure 2.9: Potential energy surfaces involved in the light-induced low spin (LS) to high
spin (HS) transition of [Fe(bpy)s]?* solvated in H,O or CH3CN. Photoexcitation in the
MLCT manifold leads to rapid ISC to the triplet MC state (3T) and further to the quintet
HS state (°T3). The back transition to the singlet ground state (*A;) occurs on a timescale
of ~1 ns [39)].

A good example of TM complexes undergoing several processes of intramolecular ex-
cited state decays are the Fe spin transition systems, which include [Fe(terpy)2)** [25],
[Fe(bpy)s]?T [65], [Fe(tren(py)s3)]?* [23] as well as [Fe(dcpp)a]?T [52], which will be treated
in detail in Chapter 6. In these complexes, excitation from the singlet ground state to the
singlet MLCT state is followed by a rapid transfer to a metal centered high spin quintet
state, involving multiple ISC via further metal centered (triplet) states [68]. An example
of the PES scheme of [Fe(bpy)s]*™ with the potential surfaces involved in the decay fol-
lowing optical excitation in the MLCT bands is shown in Fig. 2.9.

Furthermore, the Ir photosensitizer [Ir(ppy)2(bpy)]™ investigated in Chapter 5 undergoes
a large series of deactivation mechanisms. In the experiments shown in this thesis the
excitation to a singlet MLCT state is quickly followed by ISC to a triplet MLCT state
and in the absence of an electron donor the system returns back to the ground state via

a phosphorescent pathway.

Intramolecular Chemical Reactions

Intramolecular chemical reactions involve only the reactant, which does not return to
its original ground state. These can be found as competing mechanisms to the above
discussed deactivation mechanism back to the parent complex ground state. Amongst
these intramolecular chemical reactions we find the processes of ionization (=oxidation),
(ligand) dissociation or isomerization.

Examples of such reactions in this thesis are the N3 as well as the N3 dissociation of
trans|(cyclam)Fe (N3)s|™ (see Chapter 7).

13
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Intermolecular/Bimolecular Chemical Reactions

Furthermore, photochemical reactions involving other molecules are possible, such as elec-
tron transfer processes from or to a secondary molecule or ligand binding/ligand exchange
mechanisms. These processes are often diffusion driven and thus slower than the uni-
molecular processes.

The [Ir(ppy)2(bpy)]t in the fully functioning photocatalytic system undergoes at least
two intermolecular chemical reactions after photoexcitation (see Chapter 5). These are
the electron transfer from the sacrificial reductant to the electronically excited IrPS as
well as the consecutive electron transfer to the water reduction catalyst.

Another example of such a type of reaction is the binding of a CH3CN solvent molecule fol-
lowing the optically induced N3 dissociation from trans|[(cyclam)Fe™ (N3)o]t (see
Chapter 7).

2.5 Numerical Example: Optical Excitation of an Example
Molecule

In this section, a numerical example of optical excitation of one of our typical samples will
be shown. The aim is to obtain a feeling for typical excited state fractions in the excited
volume as well as the required laser pulse energies.
The optical density of a sample of thickness x consisting of solvated molecules with molar
absorptivity € (in M—! em™!) with concentration ¢ (in M = mol/L) in a transparent solvent
is given by the product

OD = —ecx. (2.2)

Assuming no reflection losses, the Beer-Lambert law describes the transmission 7, ,, through
a sample of thickness x with optical density OD via

Ny
T = ]\Lﬁ“(@ 10797 (2.3)
0,Laser

Here Ny 1 is the number of laser photons before the sample and Ny ... (x) the number
of laser photons after a sample of thickness x. In this thesis the Beer-Lambert law with a
decadic logarithm has been chosen to describe the transmission of optical photons, while for
the X-rays its formulation with the natural logarithm is applied, as it is done this way most

commonly in the respective fields. One could simply transfer the Beer-Lambert law from

10790 = ¢—In (10)0D

decadic to natural logarithm by replacing T, ,, = . This allows also to

pt =
relate OD to the optical absorption cross section o,,, of the molecule, in analogy to the
—In (10)OD
Nsam
being the concentration of molecules in the solution (but now in molecules/cm?) and

description of the interaction of X-rays with matter: o,,, = , with ngm = ¢Ny

N4 the Avogadro constant. In the regime of linear optical absorption (single photon
absorption, neglecting ground state bleach, etc...) and a unitary quantum yield of the

14
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excitation process the excited state fraction is given by ratio of absorbed optical photons
and the number of molecules N, r in the laser excited volume to [69, 70]

_ NO,Laser(l - 1O_OD)

f
Nmol,LF

(2.4)

The number of photons in the laser excited volume is given by N,,r = cNaAALrd, with
Arr being the laser illuminated area on the sample. For example a 20 mM solution
in a 100 pm thick jet illuminated by a round laser spot with diameter 50 pm contains
about 2.36 x 10'? molecules. If we assume the sample with molar absorptivity of ~8000
(M cm)~!, corresponding to OD = 1.6, is excited by a 500 nm laser pulse with 0.1 pJ,
2.5 x 10! photons are absorbed. This would yield an excited state fraction of f ~ 11 %.

2.6 Summary and Conclusions

In this chapter, transition metal complexes have been introduced and their photoexcita-
tion and the subsequent deactivation mechanisms have been described. Characterizing
the deactivation mechanisms and disentangling the intermediate states in photochemical
reactions requires temporal resolutions down to femtoseconds. Nevertheless, understand-
ing the energy-rich (excited) states of transition metal complexes in catalysis is crucial to
understand their efficiencies in (photo-) catalytic cycles.

The first class of complexes investigated in this thesis are photosensitizers (or potential
candidates in the development of new photosensitizers). To date, several photosensitizers
based on 4d and 5d transition metals exist. For example Ru based systems are being used
in DSSC [47] to directly generate electrical energy. Furthermore, Ir based photosensitizer
for photocatalytic hydrogen generation by water splitting exist, which will be discussed in
great detail in 5. The important characteristic of these systems are long-lived states with
charge (electron or hole) separation, allowing for their further use. In Ru- and Ir- systems
long-lived MLCT states can serve for this purpose.

Nevertheless, 4d and 5d transition metals are rare and thus extremely expensive. The goal
is to replace these photosensitizers by systems based on cheaper transition metals, e.g. Fe,
which is to date very challenging. To understand the difficulty with Fe based systems we
need to go back to the simplified Tanabe-Sugano diagram in Fig. 2.3. In this diagram
(which in principle only contains the ligand-field states) we have added schematically the
MLCT states with a constant offset from the GS. As the Ru- and IrPS posses an extremely
large ligand field strength, the ligand-field excited states (°Ty and also the 3T1) are found
energetically well above the MLCT states. Thus the MLCT states cannot be deactivated
by these metal centered states.

This is not the case for Fe complexes: the MLCT bands of (almost) all known low spin
Fe complexes are found energetically above the MC states. This is mainly due to the
intrinsically low ligand-field strength of Fe. One attempt to remedy this problem is to
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tailor new Fe complexes with "stronger” ligands which increases the energy of the MC
states, with the ultimate goal to raise their energy to above the MLCT states. Here, just
recently first attempts have succeeded, e.g. using ligands such as N-heterocyclic carbenes
[71] or a combination of bpy and CN™ [72]. In Chapter 6 we have investigated a candidate
towards this new class of low spin Fe(II) complexes.

Apart from photocatalytically relevant complexes we have investigated a model complex
for biologically relevant catalytic activity in Chapter 7. Flash photolysis is used to gener-
ate an exotic high-valent Fe(V) complex. Such superoxidized species are considered key
intermediates in the reactive cycles of the cytochrome P450 class of enzymes, which are
in charge e.g. of drug metabolism in mammals [73].

Time-resolved X-ray absorption and emission spectroscopy are ideal tools to investigate
the optically induced chemical reactions of these transition metal complexes. The forma-
tion of photoproducts as well as reaction intermediates include changes in the electronic
states (orbital occupation and spin) as well as the molecular structure of the molecules. In
the next chapter we will discuss how, with the help of TR X-ray spectroscopies, all these

aforementioned observables can be monitored in real-time.
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3 Experimental Methodology -
Time-resolved X-ray Spectroscopy

3.1 Interaction of X-rays with Matter

An X-ray photon with energy Fx._., can interact in several different ways with a sample,
of which the most relevant are [74-76]: i) The photo-electric effect with cross section oy.,
where the photon is completely absorbed by a bound electron. ii) Coherent scattering
(Rayleigh scattering) with cross section o, where the photon is elastically scattered off
the atoms. iii) Incoherent scattering (Compton scattering) with cross section oj,., where
the X-ray energy is partially transferred to a bound electron, leading to ionization. iv)
Pair-production, i.e. the generation of a positron-electron pair, with cross section oy
can occur when the X-ray photon energy exceeds the rest energy 2mec? of this positron-
electron pair. The total photon cross section oy is given by the sum of the cross sections
of all interaction mechanisms, oot = Ope +0con +Tinc+0pp. As an example, the X-ray cross
sections for iron in the photon energy range from 103 eV to 10! eV are plotted in Fig.
3.1. We can distinguish three regimes with distinct dominating interaction mechanisms:
up to about 10° eV the photoelectric effect, between 10° and 107 eV inelastic scattering
and above 107 eV the pair production in the nuclear field.
Together with the density n of particles (atoms), which interact with the photon this
yields the total X-ray attenuation coefficient p;o = nowr and the attenuation of the
incident X-ray intensity Iy, when passing through a path length z, is described by the
Lambert-Beer-Law [75]

I(z) = Ipe Htot® (3.1)

We limit the further description to the range of photon energies to about 5 to 20 keV,
which covers all experimental results described in this thesis. In this regime, the photo-
absorption effect is the dominant contribution from light (first row elements, e.g. carbon)
to very heavy (e.g. lead) atoms [74]. The probability of the elastic scattering, which is
the second strongest interaction mechanism for iron in this energy range, marks a strong
angular dependency and is minimal along the polarization vector of the incoming radiation
[78]. This can be used to suppress the elastic scattering contribution when measuring the
X-ray emission or the X-ray absorption in total fluorescence yield (see later in Sections
3.3.2 and 3.4).

The photo-electric X-ray absorption cross sections (= oy.) of both transition metals studied
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Figure 3.1: Atomic X-ray interaction cross sections of iron for photo-electric effect, co-
herent and incoherent scattering, pair production as well as the total interaction cross
section (data from [77]).
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Figure 3.2: X-ray absorption cross sections of iridium (yellow) and iron (red) (data
from [77]).

in this thesis, Fe and Ir, are plotted in Fig. 3.2. Both absorption cross sections exhibit
a general E~3 dependence [75] and furthermore they show sharp edge features at those
energies, for which the photon energy exceeds the binding energy of a certain core shell
electron. These edges are historically named according to the shell (or main quantum

number) from which the ionization occurs, e.g. the K-edge corresponds to ionization
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from 1s and the L3-, Lo- and Li-edges correspond to ionization from 2ps /s, 2p; /5 and 2s,
respectively.

At photon energies above the Ir K-edge, i.e. where ionization from all shells of both Ir and
Fe contribute, the absorption cross section of Ir is almost 2 orders of magnitude (or to be
more precise, a factor of ~77) larger than that of Fe. This is caused by the Z* dependence

of the X-ray absorption cross section [75].

3.2 X-ray Absorption Spectroscopy

In X-ray absorption spectroscopy (XAS) the energy dependent absorption cross sections
oot = 0pe around the absorption edges are measured and used to obtain structural and
electronic information about the local environment around the absorbing atom inside
the molecule. Zooming closer into the absorption edge region and analyzing the energy
dependent modulations in the XAS, the X-ray absorption fine structure (XAFS) becomes
visible. As an example, the Fe K-edge XAS of [Fe(terpy)z2]?* is shown in Fig. 3.3.

XAS are typically divided into two regimes, which are analyzed and interpreted quite
differently. The region around the absorption edge contains the X-ray absorption near edge
structure (XANES) and the region far (i.e. at least about 20 - 50 ¢V) above the absorption
edge marks the extended X-ray absorption fine structure (EXAFS). The XANES region
furthermore contains the pre-edge region with discrete bound-bound transitions, which
will be treated next, before treating the XANES and EXAFS regions above the absorption
edge.

EXAFS
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Figure 3.3: X-ray absorption spectrum of [Fe(terpy)s]?* containing both X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS).
In the inset, the pre-edge region with one clear pre-edge peak is shown.
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Figure 3.4: Schematic showing the a) X-ray absorption and b) emission process applied
to the term scheme of a 3d° electronic configuration of an Fe(II) complex in which the
3d orbitals are found below the 4s orbitals. The arrow thickness symbolizes the relative
oscillator strength for absorption (a) and emission (b).

3.2.1 Pre-edge Peaks to Extract Chemical Information

If the X-ray photon energy Ex .., matches the difference between the energy FE,, ; of a core
shell (with main quantum number n and total angular momentum j) and the energy E, ;
of a not fully occupied valence orbital,

Bxray = |Enj| — | En j| (3.2)

a core electron can be promoted to this vacancy. These bound-bound transitions lead to
discrete peaks in the pre-edge region of the X-ray absorption spectrum, as can be seen in
the inset of Fig. 3.3. The pre-edge peaks are ideally suited to be used to map out the
unoccupied molecular orbitals with mainly TM character.

In Fig. 3.4a), the X-ray absorption process containing bound-bound transitions of an
Fe(II) system are shown as an example. In the case of 3d transition metal complexes, the
K-edge XAS pre-edge features mainly consist of 1s — 3d bound-bound transitions, which
are electric dipole forbidden in centrosymmetric systems, i.e. in complexes with octahedral
symmetry. They become partially allowed due to 3d-4p mixing, when the centrosymmetry
is broken [79]. Thus the intensity of the pre-edge peak contains further information about
the symmetry of the molecule.

Several systematic studies on the 1s pre-edge features of 3d transition metal complexes
exist, focusing on the 1s — 3d transition strengths and the energy shift of these, both as
a function of the central metal ion ligation and oxidation state. For example, the position
of several XANES features of Vanadium oxides revealed a ~1 eV shift for the 1s — 3d
pre-edge feature for an oxidation state increase of +1 [80]. The pre-edge peak position
has also been found to be sensitive to the Fe oxidation state and has for example been
used to determine the Fe(II)/Fe(III) ratio in geological samples [81, 82]. Furthermore, the
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relationship between the pre-edge peak position of Fe and the oxidation state has been
extended to higher valencies of the Fe up to +VI [83]. More systematic experimental [84]
studies, as well as multiplet calculations [79], including also intensity and splitting of the
pre-edge features have been used to extend the extractable information content to the
coordination/geometry as well as the ligation around the Fe centers.

In the case of 4d or 5d transition metals the L-edges can be accessible in the hard X-ray
domain. For example the Lsz-edges contain 2ps/,, — 4d (or 2p3/; — 5d) bound-bound
transitions which are dipole allowed and thus by far more intense than the corresponding
transitions starting from the 1s shell. This advantage has been used in the case of TR
Ls-edge XAS to determine the electronic structure of solvated 4d Ru [85], as well as of 5d
Re [86], Os [87, 88] and Ir [89] complexes.

3.2.2 X-ray Absorption Near Edge Structure (XANES)

When the binding energy FE;, ; of a core shell electron matches the incident X-ray energy,
Ex ..y = |En |, a prompt jump in the X-ray absorption spectrum occurs at the absorption
edge. The energetic onset of the absorption edge depends on the oxidation state of the
absorbing atom. This can be explained by the 1s core-hole shielding: the energy required
to remove an electron from the metal center increases as the total oxidation state of the
metal center increases [90, 91]. For example a shift of about 1-2 eV between ferrous and
ferric Fe(CN)g has been found [92, 93]. For Vanadium oxides a positive shift of ~2 eV for
an oxidation state change of 1 has been determined [80]. Nevertheless, applying the energy
of the absorption edge (which could be defined as its onset or the half-rise) to measure the
oxidation state can be ambiguous due to other features caused by the coordination geome-
try determining the edge structure [22, 94] and due to other allowed electronic transitions
in the same energy range as the absorption edge [80, 95].
As further single-electron excitations in 3d TM complexes, 1s — 4s and 1s — 4p tran-
sitions have been identified [91]. Shake-down phenomena at energies below the 1s — 4p
transition, consisting of a 1s — 4p transition combined with strong ligand-to-metal charge
transfer, were assigned to give rise to a shoulder in the absorption edge of CuCli* ions
[96]. Further features above the 1s — 4s transition [80] can be due to the very simi-
lar shake-up transitions consisting of two-electron excitations [97] and shape resonances,
where the photoelectron is temporarily trapped by the shape of the potential [98, 99].
The origin of the XANES features due to the geometric structure of the molecule can be
described as follows: If Ex_,, exceeds |E, ;|, the absorption of a photon corresponds to
a bound-free transition and thus the ionization of the complex. The excess energy of the
X-ray photon, after being absorbed by such an electron, is translated into kinetic energy
Ey;n of the photo-electron,

Epin = Exay — |Enjl - (3.3)
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In other words, a photo-electron wave with a wave number k, defined by 27 times the

inverse of its de Broglie wavelength A [100],

2% —k = \/2m6(EX-7r;y - |En,j ) (3'4)

~ 051232471/ Ex.uy — |Enj| eV V7], (3.5)

L

is generated at the atom inside the molecule, which absorbs the photon. From here on
we set B = Fx_,,, and Fg = E, ;. Next, in a simplified picture, this photo-electron wave
propagates and scatters from the surrounding atomic potentials, as illustrated in Fig. 3.5,
leading to constructive and destructive interference, causing the XAFS modulations in the
XAS.

Thus, next to the electronic structure and thus the oxidation state, the edge shape con-
tains information about the geometric structure in the close vicinity of the absorption (e.g.
TM, here: Fe) center. Due to the low photoelectron energies with their high scattering
cross sections in the XANES regime, multiple scattering events are, next to single scat-
tering events, responsible for the modulations on the XANES spectrum. This should in
principle allow to extract bond angles as well as bond lengths from XANES. Overall due
to these multiple effects determining the XANES spectra they eventually are the richest

in information, but hardest to simulate and interpret in an unambiguous fashion.

T o
&
MANesl
A Electron

Figure 3.5: Schematic showing the mechanisms of a) multiple and b) single scattering
events of the photoelectron generated upon absorption of an X-ray photon at an absorption
center. The scattered photoelectron waves interfere constructively or destructively, leading
to the X-ray absorption fine structure (reproduced from [16]).

The general concept for the calculation of X-ray absorption spectra is to first determine
the electronic structure of the ground state. This ground state electronic structure is then
perturbed by an X-ray pulse which liberates a core electron to calculate X-ray absorp-
tion spectra. The majority of the results presented in this thesis are taken with 100 ps
resolution at Synchrotrons and the electronic structure of the (long lived) exited states
can be treated as quasi-static. This approximation might not be valid in case of ultrafast
experiments [101].

To calculate bound-bound transitions time-dependent density functional theory (TDDFT)
can be used [102, 103], which is implemented in software packages as ORCA [104]. To
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model bound-free transitions, a common attempt is to use multiple scattering theory (an
excellent review on this can be found in Ref. [105]). Here the X-ray absorption process
is described in a single electron picture of the photoelectron released in the core shell.
This photoelectron wave is scattered from the potentials of the surrounding atoms. This
can be done for example by the finite difference method (FDM), where the photoelec-
tron wavefunction is discretized over an energy grid and iteratively solving the discretized
Schrodinger equation until a self-consistent solution is found. In this method, all scatter-
ing paths are represented [106]. This method is implemented in the FDMNES (=FDM
for Near Edge Strucure) code. This code has been used to calculate the XANES spectra
of Fe(II) spin transition systems [107], which are similar to the [Fe(dcpp)2]?™ discussed
in Chapter 6. In some cases, e.g. to calculate L-edge spectra of heavier elements, it
can be useful to apply higher level theoretical methods such as restricted active space
self-consistent field (RASSCF) calculations [108, 109]. This wavefunction based method is
currently being used by our collaborators O. Kiihn and S. Bokarev to calculate the Ls-edge
spectra of [Ir(ppy)2(bpy)]™ presented in Chapter 5. A further alternative approach here

is the use of atomic multiplet calculations [110].

3.2.3 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS region starting at higher photoelectron energies, i.e. about 20 eV to 50 eV
above the absorption edge, allows very precise determination of the bond lengths of the ab-
sorption center to its nearest neighbors, e.g. the first and second coordination shells. The
EXAFS spectrum is dominated by single scattering events, thus the information content
in the EXAFS spectrum is restricted to mainly bond lengths and coordination number, i.e.
1D information. This simplifies the analysis and allows a more quantitative interpretation
of the spectra and excellent reviews in Ref. [90, 105] discuss the EXAFS analysis in detail
(see also a review on the history of EXAFS [111]). Here, the most essential formalism to
understand the EXAFS analysis will be summarized.

In a first step, the XAFS spectrum x(F) in energy space is obtained from the measured
X-ray absorption coefficient p(E) by subtracting the atomic background po(FE) and nor-
malizing the edge jump to 1 by dividing through the step height po(Ep) [105],

1(E) — po(E)

(E) = to(Eo)

(3.6)
In the next step the EXAFS spectrum x(FE) is converted from energy into photo-electron
wave vector space by applying Eq. 3.4.

As a simple approximation to calculate EXAFS spectra, a path expansion approach can
be used. The distinct scattering paths of the photoelectron wave are calculated and the

paths are summed up. Relying on this principle, as an analytical expression describing

23



Chapter 3. Experimental Methodology - Time-resolved X-ray Spectroscopy

this EXAFS pattern, the standard EXAFS formula has been developed [112, 113],

ZSO |fj 2 sm(2kR + 20, + ¢) e~ /AR e 2R (3.7)

Here S3 is an amplitude reduction factor, N; the degree of degeneracy or the number of
equivalent scatterers (=equivalent atomic species at equal bond distance) j, |f;(k)| the
backscattering amplitude, R; is the half of the effective scattering path length (i.e. the
inter-atomic distance), d. the central-atom partial-wave phase shift of the final state, \(k)
the mean free path of the photoelectron and o; the Debye-Waller factor [16]. The effect
of the distinct terms of the EXAFS formula are summarized here according to Ref. [105]

21.2
as follows: The exponential term ¢~ 27"

containing the Debye-Waller factor 0]2- describes
the uncertainties in the atomic positions, which are for example due to the thermal vibra-
tions. This factor results in a damping of the oscillatory structure of EXAFS at larger k,
until typically on the order of k£ ~ 10 the wiggles disappear. The other exponential term
e 2Bi/AK) reflects the decay of the photoelectron wave due to its mean free path and also
includes the finite core-hole lifetime. Due to the R dependence of this term, the structural
information contained in EXAFS is restricted to the close vicinity (i.e. few coordination
shells or few A) around the absorbing atom. The backscattering amplitude |f;(k)| de-
scribes the dependency of the scattering strength with the scattering atomic species. The

factor - R2 describes the spherical wave propagation of the photoelectron and the factor
N; merely accounts for equal photoelectron scattering paths. The nature of the overall
phase shift 20, + ¢ will not be discussed here, in practice this phase shift is corrected
with an experimental or theoretical reference. The most important factor of all though,
is the sin(2kR;) factor, which describes the general oscillatory pattern and contains the
structural information of EXAFS.

In its original version, the EXAFS equation was developed for single scattering (Fig. 3.5b)
paths j, but it is also valid to extend j to sum over multiple-scattering paths
(Fig. 3.5a) [105]. The EXAFS spectrum can in addition be Fourier-transformed and ana-
lyzed as a pseudo-radial distribution function [112].

The most commonly used software package to calculate EXAFS spectra is FEFF [114].
An EXAFS analysis, relying on FEFF calculations, will be shown in chapter 6 for the
example of [Fe(dcpp)z2]?. There, the four steps of i) the background subtraction and nor-
malization, ii) transformation into k-space, iii) Fourier-transformation into R-space and

iv) back-Fourier-transformation into g-space are displayed in Fig. 6.8.

24



Chapter 3. Experimental Methodology - Time-resolved X-ray Spectroscopy

3.3 X-ray Absorption Spectroscopy Measurement Techniques

In this section, the experimental considerations to measure XAS will be discussed: XAS
in the hard X-ray domain is typically measured in transmission or in total fluorescence
yield (TFY) mode (in the soft X-ray regime, where the X-ray fluorescence efficiencies are
low, often the (Auger) electron yield is measured). In transmission mode, the X-ray trans-
mission through the sample is measured and the Lambert-Beer-Law is used to extract
the X-ray absorption coefficient. In TFY mode, the total X-ray fluorescence yield, which
originates from the decay of the core excited states (i.e. the filling of a core hole with an
electron from a higher lying shell), is measured. Under certain circumstances, which will
be discussed later, the TFY is directly proportional to the X-ray absorption coefficient.
A comparison of transmission and fluorescence measurements for time-resolved XAS will
be presented here. The ultimate goal is to estimate the achievable signal-to-noise ratio
(S/N) for our typical sample conditions and determine the optimum measurement tech-
nique to be applied. The derivations follow the descriptions in Refs. [65, 115, 116].

3.3.1 Transmission Measurement of X-ray Absorption Spectra

In this subsection an analytical formula for the X-ray absorption cross section measured in
transmission mode is derived for a simplified pump-probe experiment, where the solvated
molecules can be either in ground (GS) or excited state (ES). This represents the simplest
case of a reaction GS — ES, without involving any intermediate states or further distinct
photoproducts. The case with multiple excited states can be derived accordingly to the
here presented case.

The probability that an X-ray photon of energy E will be absorbed within a path length
dx is given by i (E)dx, where p,..(F) is the total X-ray absorption coefficient of the
sample. If the initial intensity of X-rays is Iy, the X-ray intensity I(F,xz) after passing
through a thickness = of the sample is given by

I(E,z) = Iy(E)e te(B)z (3.8)

The X-ray absorption cross section can be determined by measuring the transmitted in-
tensity I; through the sample (see Fig. 3.6). The total X-ray absorption coefficient of the
sample is then obtained to

[ (E) = %m G?Eg;) (3.9)

In the case of a sample consisting of solvated transition metal (TM) centered molecules the
total X-ray absorption coefficient can be described as the sum of the absorption coefficient
of the TM center of the solvated molecules p., together with the X-ray absorption coeffi-

cient fi,q, Of all other atoms in the solution (thus including solvent molecules, impurities,
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counterions and ligands) via,

/’Ltot(E) = Msam(E) + Nbckg(E) . (3-10)

Assuming a time-resolved experiment in which a fraction f of the solvated molecules
is excited to an excited state, p.,(E) consists of a sum of the absorption coefficients
fsam.cs(F) and pigmes(F) of the sample in its ground and excited state, respectively,
weighted with the excited state fraction,

Hoam (E) = (1 = [)Hoam,cs(E) + ficamus (E) - (3.11)

Furthermore, the total X-ray absorption coefficient can also be expressed as a function of
densities and X-ray absorption cross sections of all involved molecules to [70]

)U/tot(E) - nsolasol(E) + (]' - f)nsamUGS(E) + fnsamUES(E) + nresto-rest(E) . (312)

Here ng,, Neam and n.. are the concentrations of solvent molecules, the solvated sample
molecules (both in GS and ES) as well as of all other molecules (counterions, ligands, im-
purities, etc...) in the solution, 0., (E), 0as(F), 0us(E), 0. (E), are the X-ray absorption
cross sections of the solvent molecules, of the sample molecules in GS and ES as well as
of all other molecules. The total X-ray absorption cross section of the sample measured

in transmission mode is then

(1— f)oas + fows = nim [clz In G?Eg) —ubckg(E)} . (3.13)
To extract an absolute measurement of oqg from a transmission measurement requires a
measurement of fi,q,(E) alone, contrary to the TFY measurement (which will be seen
later in Section 3.3.2). Since fipae(F) is only slowly varying with E one can assume it
being constant and subtract it as a baseline defined by the value of the X-ray absorption
coefficient before the absorption edge of the spectrum.

Assuming the only source of uncertainty being the Poissonian shot noise of I allows to
calculate the absolute statistical error as well as relative error of a static measurement

(f=0) to
Ao(E) = mirld,/ 11(1E) and (3.14)

- VB [m (ﬁg;)—dumkgwﬂ - (3.15)

The S/N of a time-resolved measurement (f#0) of XAS in transmission mode will be
treated later in Section 3.3.3.
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3.3.2 Total Fluorescence Yield Measurement of X-ray Absorption Spectra

In this subsection a similar formula for the X-ray absorption cross section measured in
TFY mode is derived.

The experimental setup for a TFY measurement of XAS is shown schematically in Fig. 3.6.
A sample of thickness d’ which is turned to an angle of 6 with respect to the X-ray prop-
agation direction is considered, leading to an effective X-ray path length of d = d’/sin(6)
through the sample. In this thesis transition metal centered molecules in (organic) solu-
tions are studied using hard X-radiation. We restrict the following description to K-edge
absorption spectroscopy of 3d transition metal complexes. Thus only the X-ray absorption
with subsequent generation of K —shell vacancies leads to fluorescence in the "hard” X-ray
regime (Ka, Kf3, vte, discussed later in Section 3.4), which is measured. The probability
of an X-ray photon to be absorbed by the sample molecules within a pathlength dz is
Lo (E)dx. Of the absorbed X-ray photons, a fraction of €, the total fluorescence effi-
ciency, leads to hard X-ray fluorescence, while the (1 —¢,,,) of the core-excited states decay
via an Auger process. A detector situated at an angle of ¢ with respect to sample (see Fig.
3.6) is used to measure the fluorescence photons with energy Ey. Thus the photons need
to travel through an additional path length of (sin(¢)/sin(f))z through the sample to the
detector, leading to an attenuation of exp(— . (Ef)(sin(6)/sin(¢))x). Furthermore, the
detector covers a solid angle of © and the detector efficiency at Ef is given by ¢ue(Ey).
Thus the fluorescence measured by the detector is given by the integral [115]

s?n( )

d 0
Iy (E) = /IO(E)G_.“'tot(E)IEtOte,U«tot(Ef)s (¢)I/Lsam(E)Q¢det(Ef)dx
0

1 6_(#tot(E)+,utot(Ef):iirl:((di)))d)

Lot (E) + Lot (Ef) ::11((53

= IO(E)Etot/'I’Sam(E)Q¢det(Ef) (3'16)

Det

Figure 3.6: Schematic showing the total fluorescence yield measurement. A sample
(blue), e.g. a liquid jet, is turned to an angle of 6 with respect to the X-ray propagation
direction and the TFY is measured with a detector (Det) situated at an angle of ¢ in
respect to the sample surface normal and covering a solid angle 2.
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With this expression it is possible to use the measurements of Ip(E) and Irpy(E) to
obtain a measurement of the X-ray absorption coefficient of the sample. By measuring
the TFY in both ground and excited state and using Eq. 3.12 one can extract the X-ray
absorption cross section of the solvated molecules, if the absorption cross sections of all
other molecules (solvent, counterions, etc...) and the total fluorescence efficiency e, are
known. It is worth mentioning that the measurement of absolute quantities also requires,
next to an exact knowledge of the TFY geometry (e.g. solid angle) and the TFY detector
efficiency, a well absolute calibrated Iy detector.

We would like to further simplify Eq. 3.16: Typically the sample is turned to 45° and
the TFY detector to 90° with respect to the X-ray propagation direction, resulting in
sin(¢)/sin(f#) = 1. If the absorption length of the total sample is much longer than
the sample thickness, i.e. (ftwo(E) + o (Ef))d) < 1 (for our samples this is typically the
case) we can expand the exponential term e~ (#ot(E)tpot(Fr)d x5 1 — (11, (F) + por (Ef))d -
which can be used to further simplify Eq. 3.16 to

ITFY(E) ~ IO(E)ftomU/sam(E)Q(bdet(Ef)d . (317)

When the sample thickness increases or the sample becomes more concentrated a large frac-
tion of the X-rays can be absorbed in the sample, i.e. in the case (po:(E) + o (E£5))d) > 1
the exponential term in Eq. 3.16 can be neglected and we can rewrite it to

I E (o) sam E Q e E
ITFY(E)% 0( )et ¢ ( ) (deitn((e)f) ) (318)

faor (E) + o (Ef) )

As we are mainly concerned with relatively thin and dilute samples we restrict our further
considerations to Eq. 3.17 and use Eq. 3.12 to obtain a general expression for the X-ray

absorption cross section of the sample, the quantity which we intend to measure, via

ITFY(E)

(1= flocs(E) + foes(E) = 1o(E)€rorPact (Ef)oamS2d

(3.19)

Assuming the only source of uncertainty being the shot noise of Iyy we can calculate the
absolute statistical error of an X-ray absorption cross section ¢ to obtain the relative error
= for the static (f=0) case via

B 1 o(E)
Ac(E)=o0 T (B) and Ao(E) Igy(E) . (3.20)

Thus the error of the measurement exclusively scales with square root of the TFY count
rate. The S/N of a time-resolved measurement (f #0) of XAS measured in TFY will be
treated in the following section.
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3.3.3 Signal-to-Noise of Transient X-ray Absorption Spectra

Depending on if the TFY XAS measurement is done with (f > 0) or without (f=0) laser
excitation we can define the measured X-ray absorption cross sections to

oorr(F) = 0as(E) and oon(E) = (1 — floas(E) + fours(E) , (3.21)

and the transient X-ray absorption spectrum to

1
Otrans = Ops — Oas = ?(UON — OoFF) - (3.22)

If f is known, one can reconstruct the ES X-ray absorption cross section via
Ogs = Oorr + ?(UON - O'OFF) . (323)

In the next step a general expression of the S/N which can be achieved in a measurement
of 04rans 18 derived for the two described measurement techniques, transmission and fluo-
rescence XAS.

To calculate the statistical errors an equal total number of accumulated incident X-ray
photons Iy for both ground (OFF) state (Irpyorr(E) and I orr(£)) and laser excited
(ON) (Irpy,on(E) and I on(F)) measurements is assumed. This can experimentally be
realized by setting the pump laser repetition rate to half the X-ray probe repetition rate
and probing alternating ground and excited state of the sample. In practise, this is not
always the case and the ground state is often measured with higher statistical accuracy,
due to lower laser repetition rates.

Using Egs. 3.21 and 3.22 as well as Gaussian error propagation and assuming a shot-
noise limited measurement the transient X-ray absorption cross section otans,rrv(E) with
statistical error Actrans,rry(E) is obtained,

(ITFY(E) - ITFY,OFF(E))

J1o(E) €01 Paet (E 1) Narn2d

\/ITFY,ON (E) + Itpy.orr(E)
fIO(E)Etotﬁbdcc(Ef)nsade

and (3.24)

Utrans,TFY(E)

AO‘trans,TFY (E)

(3.25)

Taking the quotient of these and simplifying leads to the S/N ratio of the TF'Y measure-

ment

Utrans,TFY(E) \/IOTV EcotQ¢detdf(UEs - UGS)

AO’trans,'I‘FY (E) B \/f(O-T—i_O-Gs)

S/Nypy = (3.26)
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Analogously we derive otans,to(E) and Aceansu(E) for a measurement in transmission

mode,
1 I OFF(E)
nlE) = | , d 3.27
o) = gt (G2} >
1 1 1
A B — ) 2
Utrans,tr( ) fnsamd\/‘llaON(E) + Il,OFF(E) (3 8)

And the S/N for a transmission measurement is given by

Utrans,tr (E)

S/Nu ~
/ Aatrans,tr(E)

(3.29)

_ \/Ensamd(f(aES — UGS)) ‘ (3'3())

\/exp (tegd)[exp (((1 = f)ocs + fors)Neamd) + €XP (TasNsamd)]

As expected, the S/N in both cases has a /Iy dependence, but while in the case of the
transmission measurement the S/N scales with n,.,, in the case of the TFY it scales with
V/Nsam- Thus we expect the TFY measurement to be advantageous for measurements
on dilute samples, while the transmission measurement is rather beneficial in the case of

higher concentrated samples.

Numerical Example

We have used the above derived equations for the S/N of TFY and transmission mea-
surements to estimate a number of required accumulated photons to achieve a S/N = 1
as well as to achieve S/N = 10 in a TR XAS measurement as a function of the solute
concentration. To do so, we have assumed a sample consisting of an Fe complex solvated
in HoO in a 100 pm thick layer of liquid, i.e. a liquid jet. The difference in the absorption
cross sections ooy — Oopr is assumed to be 10 % of the K-edge jump and is found above
the absorption edge. This is a typical situation for the systems discussed in this thesis.

In the estimation of the transmission measurement we have assumed o,. = 0, i.e. the X-
ray absorption of the ligands, the counterions, etc., have been neglected. This assumption
is valid for two reasons: Due to their low concentration which is comparable to the one of
the solute and due to their low X-ray absorption cross section (Z* dependence) they only
contribute marginally to the total absorption of the sample. Furthermore, they do not
have any absorption edges around the Fe K-edge and can be seen as a very week constant
background. The concentration of the solvent HoO in the solution has been assumed to be
constant and was set to 55.6 M, the concentration of pure HoO. This approximation can
be made, as the solute concentrations in this calculation are below 1 M and thus affect
the solvent concentration only slightly. In the calculation for the TFY measurement the
total fluorescence yield was set to the K« fluorescence yield of Fe, €., = 0.32 [76], which

accounts for ~ 90 % of the X-ray fluorescence of Fe [76]. Furthermore, we assumed a
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Figure 3.7: Estimate of required accumulated incident X-ray photons to achieve S/N of 1
or 10 for a transient signal above the absorption edge with a signal strength corresponding
to 10 % of the edge jump of an Fe complex in aqueous solution. The values for a trans-
mission and fluorescence yield measurement as a function of the sample concentration in
a 100 pm thick liquid jet are compared (see text for more details).

covered solid angle of Q = 0.25 sr (or 2% out of 47) and a unitary detector efficiency
(detector efficiencies can be as high as 95% at 6 keV in the case of a commercially avail-
able APD detector head [117] commonly used by us). The X-ray absorption cross sections
are taken from [77]. A calculation of the required incident X-ray photons to achive S/N
of 1 respectively 10 for a single energy point of a transients XAS measurements of Fe
complexes of concentrations from 0.5 mM to 500 mM in transmission and total fluores-
cence yield mode can be found in Fig. 3.7. The plot shows that at concentrations below
30 mM the measurements in TFY are expected to deliver better S/N, while for higher
concentrations the transmission measurement is advantageous. This justifies the choice of
TFY detection for the measurements presented in this thesis, as most samples consisted
of 10-20 mM solutions. Furthermore, this plot shows that S/N of 10 for a 10 mM sample
(a typical combination of concentration and S/N required to obtain interpretable data)
can be achieved with as little as about 10° incident X-ray photons, which corresponds to
an acquisition time of 1 ms at an X-ray source delivering 102 photons/s.
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3.4 X-ray Emission Spectroscopy of Transition Metal Complexes

The core hole, which is generated in the X-ray absorption process, is rapidly filled with
an electron from a higher lying shell. The excess energy of the transition can either be
passed on to another bound electron which leaves its shell, this process is called Auger
decay. Alternatively, the excess energy is emitted in form of a fluorescent photon, which is
termed X-ray emission. In this work we make use of the X-ray emission by measuring the
X-ray fluorescent photons energetically resolved in X-ray emission spectroscopy (XES).
XES is ideally suited as a complementary technique to XAS, as in XAS the empty orbitals
and in XES the occupied orbitals of an atom or molecule are probed. In Fig. 3.4b), a term
scheme showing the X-ray emission of an Fe(II) system following a K-edge absorption is
shown as an example.

In this section, the Ka, K and vtc XES of 3d TM complexes (Fe) and the La XES of
5d TM (Ir) complexes will be discussed.
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Figure 3.8: X-ray emission spectrum of S=0 (LS) and S=2 (HS) Fe complexes (Figure
from G. Vankd) [118].

3.4.1 3d Transition Metal Complexes - K« X-ray Emission Spectroscopy

The Ka XES resulting from the 2p — 1s transition is the strongest of the K-shell fluo-
rescence lines. The Ko XES is split into two main lines by spin-orbit coupling, the Kaq
from the 2p3/9 — 1s transition and the Kag from the 2p; , — 1s transition. The Ka is
about twice as intense as the Kao XES, which can be easily understood to be due to the
two-fold degeneracy of the 2p3 /o shell compared to the non-degenerate 2p; /5 shell.

The Ko XES of 3d TMs is mainly dependent on the spin state of the 3d center [118, 119].
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As can be seen in Fig. 3.8 the K« line is red shifted and broadened for the S=2 high spin
(HS) complex compared to the S=0 low spin (LS) complex. In this work we use the Koy
line as a spin sensitive probe, but instead of the peak position we analyze the full-width
half-maximum (FWHM) line width which due to the (2p,3d) exchange interaction [119]
scales linearly with the TM spin state [118].

3.4.2 3d Transition Metal Complexes - K3 X-ray Emission Spectroscopy

The K 8 emission results from the 3p — 1s transition and is in the case of 3d TM complexes
up to about one order of magnitude weaker than the K« emission.

For 3d TM complexes, similar to the Ka XES, the lineshape of the K XES mainly
depends on the spin state of the TM center. This can be seen in Fig. 3.9, where Kj
XES of static Fe reference samples with singlet, doublet, triplet, quartet and quintet spin
multiplicity are plotted. Next to the main K ;3 peak a weak, so-called satellite peak,
K3, is visible in the spectra with non-zero spin momentum of the Fe. This feature is
due to the (3p,3d) exchange interaction [118-120]. In addition to the appearance of the
K (', the splitting between K’ and K3 3 increases with increasing spin state, i.e. the
K 31 3 shifts to larger energies. Although the K/ XES is by almost one oder of magnitude
weaker than the Ka, it seems to be even better suited to determine the spin state of the
TM centers of complexes, as spectra not only shift or change their intensity, but also show
new distinct features when the spin states changes from LS to HS.
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Figure 3.9: a) Iron K3 XES of singlet, doublet, triplet, quartet and quintet references
and b) quintet-singlet, quartet-singlet, triplet-singlet and doublet-singlet differences of K3
XES (all data taken from [39]).
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3.4.3 3d Transition Metal Complexes - Valence-to-Core X-ray Emission
Spectroscopy

The vte XES resulting from the 3d — 1s transition is the weakest K-shell emission line
and is split into the lines K3” and Kf325. In the case of Fe centered complexes, the
vte line is about 500 times weaker than the K« line (Fig. 3.8). While the difference in
the vtc between the LS and HS Fe(II) seems to be merely a decrease in intensity, vtc
XES of TM complexes has been shown to be quite ligand sensitive [121, 122] in a sense
that vtc XES allows determining the ligation state in a complex. Depending upon the
atomic species in the first coordination shell around the TM center the vtc XES line may
mark distinct spectral features. Example measurements have shown that the Cr K3”
line contains distinct peaks at different energies depending on ligation of C, N or O [123].
Another study of Fe K35 line for different Fe-carbonyl and Fe-hydrocarbon complexes
revealed not only distinct features for the Fe-hydrocarbon and Fe-CO bond but was also
able to distinguish different types of Fe-carbonyl complexes [124]. Thus while the Ka and
K main lines are mainly restricted to determining the spin state, vtc XES can be used
to determine ligation state and thus complement the structural information from XAS.

3.4.4 5d Transition Metal Complexes - La X-ray Emission Spectroscopy

The main fluorescence decay channel of 5d transition metals, after creation of a 2p3 /5 hole
(Ls-edge absorption), is the La XES, which corresponds to the 3d — 2ps/y transition.
Due to spin-orbit coupling the 3d orbitals split into 3d3/, and 3ds/5, which results in a
splitting of the La line into Lay for 3ds/, — 2p3/ and Lag for 3ds/s — 2p3/o. To the
best of our knowledge, La XES of 5d TM complexes has to date not been applied as a
chemically sensitive probe.

3.4.5 Time-resolved X-ray Emission Spectroscopy

In TR XES, the XE intensity of the sample Ioy with and Iopr without laser excitation is
measured. The difference corresponds then, analogously to the measurement of TR XAS,
to the transient difference I,,,,, of the intensities Igg and g5 of the XES lines of the sample
in its excited and ground state, respectively, weighted by the excited state fraction f,

1
Livans = Tps — Igs = ?(ION — Iopr) - (3.31)

As Iss = Iopr, the equation above can be used to determine the XES lineshape of the
excited state, if f is known, or vice versa.

Similar to XAS, Ko and K XES have been implemented in a TR fashion at both syn-
chrotrons [26, 27] and XFEL sources [39]. It has been shown to be extremely helpfull
as a complementary tool to determine the spin state of molecules and/or the fraction of
excited state of the molecule [25, 28, 40] or to show the integrity of a sample [125]. Just
recently, TR XES experiments have been extended to vtc XES [126].
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3.5 X-ray Emission Measurement Techniques

X-ray emission in the hard X-ray regime (here 5 keV - 10 keV) can be measured with
high (~1 eV) resolution by energetically dispersing the X-ray fluorescence using the Bragg
reflection of perfect crystals. Bragg’s law describes the angle 8 of the m-th order of the
reflection of a photon with wavelength A\ by a crystal with lattice spacing d [75],

mA=2d sin(0) . (3.32)

A series of example combinations of X-ray emission lines and possible crystal reflections
is shown in Table 3.1.

X-rays in

Spherically bent
analyzer crystal

Figure 3.10: Comparison between dispersive X-ray emission spectrometer with cyllindri-
cally bent analyzer crystal (von Hamos geometry) and scanning X-ray emission spectrom-
eter with spherically bent analyzer crystal (Johann or Johansson geometry) [121].

The X-ray emission spectra in this thesis have been measured with two different X-ray
emission spectrometer geometries both applying Bragg reflection of crystals to energeti-
cally disperse the X-ray fluorescence of the sample: i) dispersive von Hamos [127] spec-
trometers and ii) scanning high-resolution spectrometers in Johann [128] or Johansson
[129] geometry. In Fig. 3.10 a comparison between the two geometries is shown.

In the dispersive von Hamos geometry a cylindrically bent analyzer crystal is used to focus
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the dispersed X-ray photons in the plane perpendicular to the dispersive axis of the spec-
trometer, leading to a re-imaging of a line spectrum via a 2f-2f geometry onto a position
sensitive detector. This setup allows recording the full spectrum without any scanning of
motors. To increase the resolution of such a spectrometer, the crystals can be segmented
instead of bent, which results in an increased resolution allowing for smaller bending radii
and thus more compact spectrometers [130]. To increase the solid angle, multi-crystal
solutions have been implemented [131].

In the scanning geometry, spherically bent analyzer [128] crystals which can be addition-
ally ground [129] are used to focus the energetically dispersed emission spectra onto a 0D
detector. As in this geometry, the Bragg condition is only fulfilled for one single wave-
length, the Bragg angle of the analyzer crystal as well as the 0D detector have to be moved
from energy point to energy point in order to collect full emission spectra.

Table 3.1: List of X-ray emission line / analyzer crystal reflection combinations used in
this thesis. The values of the lattice spacings d for the different crystal reflections are
taken from Ref. [132].

XES line X-ray X-ray Crystal Lattice Bragg angle
energy wavelength A reflection spacing d 0
Fe Koy 6390 eV 1.940 A Ge(440) 1.00020 A 75.51°
Fe Ka; 6404 eV 1.936 A Ge(440) 1.00020 A 75.42°
Fe K3 7058 eV 1.757 A Si(531) 0.9183 A 73.08°
Fe vtc 7110 eV 1.744 A Si(531) 0.9183 A 71.76°
Fe K3 7058 eV 1.757 A Ge(440) 1.00020 A 61.42°
Fe vtc 7110 eV 1.744 A Ge(440) 1.00020 A 60.66°
Fe K3 7058 eV 1.757 A Si(220) 1.92013 A 27.22°
Fe vtc 7110 eV 1.744 A Si(220) 1.92013 A 27.01°
Ir Lay 9100 eV 1.362 A Ge(800) 0.70725 A 74.35°
Ir Loy 9175 eV 1.351 A Ge(800) 0.70725 A 72.81°
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3.6 Advanced X-ray Spectroscopies: RXES, HERFD

In this chapter we will discuss more advanced X-ray spectroscopies, namely resonant X-
ray emission (RXES) and high-energy resolution fluorescence detection (HERFD) XAS.
These techniques combine aspects of XAS and XES.

3.6.1 Resonant X-ray Emission Spectroscopy

In resonant X-ray emission spectroscopy (RXES), often referred to as inelastic X-ray scat-
tering (RIXS), the emitted fluorescence and (in)elastically scattered X-rays are measured
energy resolved while scanning the incident X-ray energy. This results in 2D intensity
maps. The 2p; /5 —5d and 2p3,5 —5d RXES plane containing the Ls-edge absorption spec-
trum and the resonant La emission spectrum of [Ir(ppy)2(bpy)]PFs powder can be found
in Fig. 3.11. We refrain from explaining RXES in detail and refer the reader to journals
[119, 120, 133] or a more detailed description about resonant X-ray emission/scattering
processes [134]. Here we only use the RXES plane to visualize the high-energy resolution

fluorescence detection XAS technique.
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Figure 3.11: RXES plane of [Ir(ppy)z2(bpy)|PF¢ powder. The spectrum suffers from
self-absorption due to the thickness of the powder sample, this only affects (=decreases)
the peak intensities but still helps to understand the general shape of the 2p; , — 5d and
2p3/2 — 5d RXES plane of [Ir(ppy)a(bpy)]PFs.

3.6.2 High-Energy Resolution Fluorescence Detection XAS

In high-energy resolution fluorescence detection (HERFD) XAS, XANES and EXAFS
spectra are measured by scanning the incident X-ray energy and measuring the absorbed
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intensity with an X-ray emission spectrometer and fixing the detected energy to a selected
value, i.e. the maximum intensity of an X-ray emission line. In the RXES plane shown
in Fig. 3.11 this corresponds to a horizontal line-out. Hamaélédinen et al. have shown in
[135] that this can facilitate measuring X-ray absorption spectra with a resolution better
than the core-hole lifetime broadening. The technique has been used to (at least partially)
remove the rather large lifetime broadening in 5d TM L-edges of Au [136] or Pt [137, 138].

a b) — o(E)
1| — W Bl(wz)
S % . W/ B,(00,) [
o] o]
c\*g ,:5 —w/ Bg(ooz)
2 2
‘0 ‘0
c c
Q ]
= £ 05
9150 9175 9200 1.12 1121 1.122
X-ray emission energy / eV X-ray energy / eV % 10*

Figure 3.12: a) Ir Lay XES line (grey solid line), Gaussian shaped analyzer bandwidth
functions B(ws) with 1.18 eV FWHM (green dashed line) and 2.35 eV FWHM (yellow
dashed line) representing X-ray emission spectrometers with the respective energy res-
olution to measure HERFD XAS and for comparison constant B(ws) = 1 representing
a conventional TFY measurement. b) Literature [77] absorption cross section of Ir (grey
solid line) and calculated measured X-ray fluorescence intensity at the Ir Lg edge according
(Eq. 3.33) with the analyzer bandwidth examples from a).

The essence to understand HERFD XAS will be presented as in [135]. First, we assume
that the bandwidth of the incident X-ray energy is much smaller than the lifetime broaden-
ings 'z, and I'js of the of the L- and M- shells, and can thus be neglected. The fluorescence
wo is detected with an energy resolving detector (e.g. an X-ray emission spectrometer)
with bandwidth B(ws) while scanning the incident X-ray energy w; over the absorption

edge. The X-ray absorption cross section measured in HERFD is given by [135]

= () [t [ (2)

(Ey — Ep 4 hwy — hws) ry/2n
X 5 5 (3.33)
Ey — By (hwl—l—EL—e) —|—FL/4
Iy /27
a/ L(—EL+€).

X o
(w1 4+ Ep — hwo — €)% 4+ 12, /4
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Here € is the photoelectron kinetic energy, Er and Ejs the L- and M- shell binding energies
and o(—FEp + €) the X-ray absorption cross section of the L-shell.

In Fig. 3.12a) the La XES of Ir, together with three different bandwidth functions B(ws),
is shown: Two Gaussian shaped bandwidths Bj(w2) and Baz(w2) with 1.18 eV FWHM and
2.35 eV FWHM are used to simulate the X-ray emission spectrometer with the respective
resolution and, for comparison, a constant Bs(wz) = 1 is used to mimic a TFY measure-
ment with a core-hole lifetime broadening of 5.25 eV. These lineshapes have been used to
simulate the expected broadening of a sharp absorption edge, i.e. a step function. The
result can be found in Fig. 3.12b).

3.7 X-ray Sources: From Synchrotrons to XFELs

Time-resolved hard X-ray spectroscopy poses a set of key requirements to the X-ray probe
sources: i) The X-rays have to be pulsed and the pulse duration of the X-rays (as well as
that of the pump laser) limits the accessible timescales of the investigated photophysical
and photochemical reactions. In general, the timescales we are interested in are defined by
the relevant chemical reaction timescale and start in the femtosecond regime and extend
to beyond nano- and microseconds. A detailed description of the photochemical and
photophysical processes with their respective timescales can be found in chapter 2. ii)
The photon flux has to be large enough to obtain sufficient S/N. For this, the number of
accumulated incident X-ray photons (as a function of the sample concentration) for the
example of solvated iron complexes has been estimated in Section 3.3.3. iii) Measuring
XAS in TFY mode or applying advanced X-ray spectroscopies such as HERFD XAS or
RXES in the hard X-ray regime requires a monochromatic X-ray source with tunable X-ray
energies larger than the electron binding energies of the X-ray absorption edges of interest.
The energy resolution should be at least on the order of the core-hole lifetime broadenings
of these X-ray absorption edges, i.e. in the case of the 3d TM K-edges typically ~1 eV
[139].

When we evaluate these key requirements for the two types of sources used in this thesis
they differ (to date) mainly in the X-ray pulse duration and thus the accessible timescales:
~100 ps at Synchrotrons and ~100 fs at XFELs. Here, the two types of sources will be
introduced in brief.

3.7.1 Synchrotrons

Synchrotrons [140] consist of storage rings filled with bunches of electrons (or positrons)
which are kept at constant energies on the order of GeVs. X-rays are generated, when the
electrons are deflected (=accelerated) in magnetic fields, and three main types of magnetic
structures acting as X-ray sources exist: Bending magnets, wigglers and undulators. Here
we focus on undulators, for a general description of all three types of sources and their
properties see e.g. [78].

Undulators are (typically 1-5 m long) arrays of periodically poled magnetic structures,
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which force electrons passing through them onto a zigzag trajectory. The relativistic
electrons on this trajectory emit radiation in a confined cone with opening angle 1/(vv/Ny),
where v is the Lorentz factor and N, the number of periods of the undulator [78]. The
emission of radiation occurs at many different points along this trajectory, but only the
radiation with the wavelength fulfilling the resonance condition [141, 142]

Au K? eBuy
Ap = 14+ — ith K= 3.34
" 2ny? < L > ’ A 21Tmec’ (3:34)
interferes constructively. Here n = 1, 2, 3, ...is the harmonic order, A\, the undulator

period, K the undulator parameter, e and m,. the charge and mass of an electron, B, the
peak magnetic field amplitude of the undulator and c the speed of light. Thus the spectrum
of the undulator radiation consists of narrow lines of harmonics n and the bandwidth of
each harmonic is given by AXA/A = 1/(nN,,) [78]. The typical number of undulator periods
is on the order of 100, resulting in a bandwidth AXN/A ~ 1072. The relativistic correc-
tion factor 2+? conmsists of a factor v due to the longitudinal Lorentz contraction of the
undulator in the electron reference frame [143] and a factor of 27 due to the longitudinal
Doppler effect of the emitted wave seen in the laboratory reference frame [143]. Thus
these relativistic effects allow an undulator with a period on the order of 1 mm to produce
photons in the hard X-ray regime (i.e. with wavelengths <nm ) and it becomes clear that
producing hard X-rays requires electrons at high (relativistic) energy.

As the bunched electrons passing through the undulator do not posses a fixed phase re-
lation (or in other words: as they are randomly distributed within the electron bunch
[141]), the total emitted power P, of the radiation adds up incoherently, thus the total
power scales linearly with the number of electrons in the bunch: P.; o< N, [142]. All
interference terms between two different electrons cancel out due to the random phase
relation of electrons.

However, this allows us to compare the different Synchrotrons, i.e. the photon flux they
can deliver, via the total number of electrons passing through their undulators. We have
compiled Table 3.2 comparing a selection of the large Synchrotrons in terms of the useful
number of electrons (i.e. the useful flux) for TR experiments, which is given by the number
of electrons in each bunch multiplied by the repetition rate of the useful X-ray bunches'
(as already been published in [33]). The table ranks PETRA III, APS, ESRF and Soleil
(in its 8-bunch mode operation) well above the other synchrotrons. We refrained from
including more exotic patterns permitting higher time resolution, e.g., low alpha mode at
BESSY-II and ANKA [144, 145] the use of X-ray streak cameras, and sliced femtosecond
X-rays generated at ALS [146], BESSY-II [147], and SLS [34], since these deliver X-ray
fluxes orders of magnitude lower than considered in the present work with MHz repetition
rates.

!Useful here means we can synchronize an optical pump laser to this repetition rate and the repetition
rate is smaller than the inverse of the risetime of the detector, e.g. an APD for TFY XAS measurements
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The total X-ray flux available at the sample position of each individual beamline is fur-
ther affected by additional parameters, such as the utilized undulator or the transmission
through different optical components of the beamline (e.g. mirrors, monochromators,
lenses, windows, diagnostic tools). Monochromatic (~1 eV resolution) X-ray beams with
photon fluxes ~107 photons/pulse can be generated at large Synchrotrons such as PETRA
III or APS [33]. Few synchrotrons offer beamlines with polychromatic X-ray pulses (in a
so-called pink beam mode) exceeding 10! photons/pulse but a lower (1 kHz) repetition
rate, e.g. beamline ID09 at the ESRF [148] or BioCARS at the APS [149].

Another limitation of Synchrotrons, next to the lack of a fixed phase relation of the elec-
trons emitting X-rays, are the relatively long electron bunches on the order 100 ps, which
lead to ~100 ps long X-ray pulses, restricting the temporal resolution in time resolved
experiments to this duration.

A large number of Synchrotrons are available worldwide, for a comprehensive overview see
e.g. Ref. [150].

3.7.2 X-ray Free Electron Lasers (XFELs)

In X-ray free electron lasers (XFELs), electrons are also accelerated to relativistic en-
ergies (> GeV) in linear accelerators. Instead of being stored (as in Synchrotrons) the
electrons are used only once to generate X-rays in very long undulators and are dumped
afterwards. The length of the undulators is typically ~100-200 m, thus about 100-fold
longer than those implemented at Synchrotrons. The number of FELs routinely delivering
hard X-radiation for user experiments is still limited to 2; LCLS [43, 159] and SACLA
[157, 160]. Nevertheless, several new hard XFELs are in the process of being completed
and starting operation soon, these are: SwissFEL [161], PAL XFEL [162] and European
XFEL [141]. XFELs, as a next (4th) generation of Synchrotron radiation source, allow for
a laser-like X-ray generation via self-amplified spontaneous emission (SASE), which will
be phenomenologically explained here (following Refs. [141, 142, 163, 164]).

As has been mentioned in the previous section, a fixed phase relation between the electrons
emitting X-rays is required for the electrons to collectively and thus coherently radiate at
the undulator resonance wavelength in Equation 3.34. To fulfill this requirement, the elec-
trons have to be ”microbunched” in bunches separated by A, [142]. Externally modulating
the electron filling pattern within a bunch appears difficult, but luckily this happens by
itself as follows: When the electrons enter the undulator they start to wiggle in the period-
ically poled magnetic field which leads to first (=spontaneous) emission of radiation, with
the electric field vector pointing along the undulator axis. This electric field has a small
component in the direction of the electron movement (on the zigzag curse), which acceler-
ates the electrons if they are in the first half-cycle in front of the maximum of the electric
peak amplitude, and decelerates those electrons in the half-cycle after the maximum of the
field amplitude [141]. Thus all electrons are accelerated towards the minimum of the field
amplitude, where the microbunches are formed. During the process of the microbunching,
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Table 3.2: Upper panel: overview of the electron bunch filling patterns at selected syn-
chrotrons together with their corresponding single bunch charges. The product of the
X-ray repetition rate fgr and bunch charge ) gives a measure of the useful flux for time-
resolved measurements with a laser system matching that repetition rate. For comparison
the last row contains the results for a 1 kHz laser system. This table has been published

in Ref. [33].

Lower panel: Repetition rates and bunch charges for the three XFELs, LCLS, SACLA
and European XFEL. Here, the useful flux product has been omitted, as due the SASE
process, the number of electrons are not proportional to the generated number of X-ray

photons.

Synchrotron /filling pattern

Repetition rate

Stored charge Q fsr X @

fsr per bunch (~useful flux)
/10Y0e~ /10%%e= /s

PETRA III /40 bunch [151] 5.204 MHz 12 62.4
PETRA III /60 bunch [151] 7.8 MHz 8 62.4
APS /24-bunch [152] 6.5 MHz 9.8 63.7
APS /hybrid [152] 0.272 MHz 37 10.1
ESRF /4-bunch [153] 1.42 MHz 17.6 25.0
ESRF /16-bunch [153] 5.68 MHz 9.9 56.2
ESRF /hybrid [153] 0.355 MHz 7.0 2.5
Soleil /8-bunch [154] 6.776 MHz 7.36 49.9
Soleil /hybrid [154] 0.847 MHz 3.68 3.1
ALS /2-bunch [155] 3.05 MHz 7.1 21.3
ALS /hybrid[155] 1.52 MHz 2.4 3.6
KEK 0.794 MHz 3.9 3.1
SLS/hybrid [30, 156] 1.04 MHz 1.2 1.2
SLS/kHz [30, 156] 1 kHz 1.2 0.0012
XFEL
LCLS [43] 120 Hz 0.6
SACLA [157] 30 Hz’ 0.12-0.18
European XFEL [158] 10 Hz/4.5 MHz® 0.6

“design value

bforeseen to be increased to 60 Hz

“The bunch pattern at European XFEL consists of bursts with 2700 X-ray pulses with a repetition rate
of 4.5 MHz within the bunch. The bunch repetition rate is 10 Hz.
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Figure 3.13: Peak brilliance of FELs compared to synchrotrons and lasers (Figure taken
with permission from [165], copyright (©) 2012, Annual Reviews).

while the electron bunch travels along the undulator, the power increases exponentially.
Once saturation is reached and all electrons are microbunched, they all radiate coherently
leading to a total irradiated power of X-rays which scales with P, . oc N2 [142, 164].

For comparison, we have added the LCLS, SACLA and European XFEL to Table 3.2,
neglecting the parameter of the useful flux, as the linear relationship between between
total number of useful electrons with the capability to generate X-rays is only valid for
spontaneous undulator radiation and not for the SASE process. Although the electron
bunch charges of XFELs are up to two orders of magnitude smaller than those of syn-
chrotrons, they are capable of producing two orders of magnitude larger photon fluxes of
> 102 per pulse [141, 165].

High electron peak currents are required to facilitate the interaction between the electrons
and the field they irradiated, which after all leads to the microbunching. These high peak
currents are achieved by compressing the electron bunches in magnetic chicanes to ~100
fs. [141] The additional advantage of the short electron bunches are the short X-ray pulses
they generate, with pulse durations <100 fs.
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A well established characteristic to compare synchrotron radiation sources is the peak
brilliance defined as

number of photons

peak brilliance = source size X beam divergence x 0.1% band width x pulse duration -
A plot comparing the peak brilliance of Synchrotrons, XFELs (and also optical lasers),
is shown in Fig. 3.13. XFELs deliver X-ray pulses with peak brilliances 9 orders of
magnitude higher than those of synchrotrons. Optical lasers have already been able to
reach comparable peak brilliances, but at photon energies in the single eV range, thus
several orders of magnitude below X-rays.

Comparing synchrotrons and XFELs we find that the advantages of synchrotrons are the
high pulse-to-pulse spectral and intensity stability of the X-rays, while the pulse-to-pulse
fluctuations of XFELSs are extremely large, requiring at least single pulse Iy normalization.
Even single pulse spectral monitoring would be beneficial. Furthermore, the regenerative
use of electrons in a synchrotron storage ring allows for large numbers of simultaneously
operating beamlines in a single storage ring facility, making it a ”cheaper” X-ray source
compared to XFELs. The key advances of XFELs over synchrotrons are the three orders
of magnitude shorter pulse duration and the ~two orders of magnitude larger number of
available photons per pulse.

The third main difference in the photon beam characteristics, which we do not exploit for
our class of experiments, but should also be mentioned here, is the coherence of XFEL

radiation.

3.8 Experimental Setups for Combined Time-resolved X-ray
Absorption and Emission Spectroscopy and X-ray Diffuse
Scattering

First attempts to combine different X-ray spectroscopies with scattering in a single ex-
perimental setup have been made in our group and setups at both synchrotrons [25, 28]
and XFELs [40, 41] have been developed. One of the aims of this thesis was to continue
establishing experimental setups in which XAS, XES and XDS are measured quasi simul-
taneously in a single setup. The advantage of such setups are numerous: The information
obtained from different techniques can be used in a complementary way and facilitate an
unambiguous analysis and interpretation of the data. Furthermore, obtaining simultane-
ously as much information as possible is important especially at XFELs, where beamtime is
extremely scarce and expensive. Last but not least, combining all three techniques allows
to map out the time-resolved inter-molecular changes in structure, spin- and electronic
state via XAS and XES as well as the intramolecular interaction such as the changes in
the solvation environment of the molecule via XDS. Although the data presented in this
thesis consists mainly of XAS and XES, the concept of combining all these techniques will
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be presented here. The three experimental setups, at PETRA III/P01, at APS/7ID-D
and at SACLA, which have been used for the experimental work presented in this thesis,

are described in detail.

3.8.1 Experimental Setup

In Fig. 3.14 the setup for combined TR XAS, XES and XDS is shown. A laser system
excites the sample in a free flowing liquid jet, which contains the sample typically consisting
of a solution of molecules. The X-rays generated in undulators or bending magnets (all
beamlines used for the experiments in this thesis used undulators) enter the setup from
the right and are monochromatized, here by a double crystal monochromator (DCM).
The X-rays are focused and the incident X-ray intensity I is measured before the X-rays
impinge on the sample.

A 0D detector, such as a Si PIN diode, an APD or a scintillator in combination with a
photomultiplier tube, is used to measure the XAS in TFY. The liquid jet is usually turned
to ~45° with respect to the X-ray beam, which facilitates measuring the fluorescence from
the jet at an angle of ~90°. Additionally, this is used to suppress the contribution from
elastic scattering, which is minimal along the X-ray polarization direction. An analyzer
crystal is employed to energetically disperse the X-ray fluorescence in order to measure
XES. Furthermore, a 2D detector can be used to collect the XDS patterns in forward
direction.

Laser

Focusing
lo Optics

:.4 X-rays

APD% \Liqui 4 Jet Monochromator
Sample

2D APD
Detector E] .

Analyzer Crystal

Figure 3.14: Experimental setup for combined TR XAS, XES and XDS. See text for
details.

3.8.2 Synchrotrons: Beamline 7ID-D at the Advanced Photon Source

The experimental setup at the Advanced Photon Source, which has been used for the
experiments presented in this thesis, is described in detail in [32] and has been applied in
several experiments [25, 27-29, 126]. Here the setup will be described in brief following
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the descriptions in these references.

For all measurements the 24 bunch mode of the APS with an X-ray repetition rate of
6.52 MHz, corresponding to 153 ns inter bunch spacing, and a storage ring current of 102
mA has been used. The photon flux at the Fe K-edge (7112 eV) yields typically ~10'2
photons/s. The X-rays are monochromatized using a diamond(111) DCM to 5 x 10~°
(almost three-fold better than a Si(111) monochromator). The X-rays are further focused
to a spot size <10 pm using KB mirrors.

A MHz laser system (Duetto from time-bandwidth products) is used as the optical pump
source, delivering laser pulses at an adjustable repetition rate between 54 kHz and 6.5
MHz. Often the laser repetition rate is set to a repetition rate which allows to make use
of all of the 24 bunches as the probe of the laser excited sample at a certain point in
time. In other words, the repetition rate is set to "run around the storage ring” with the
laser excitation. To clarify this let’s consider the following example: If the repetition rate
of the laser is set to 1.3 MHz it takes 5 round-trips of the synchrotron until each single
electron bunch has been matched with a laser excitation. The consequence of this is that
not only a subset of the 24 bunches is used for the laser ON measurements (as it would be
when setting the repetition rate to e.g 3.26 MHz). This synchronization scheme allows for
using a slow Iy detector and the measurement does not suffer from uneven distribution of
electrons into the bunches (i.e. during top up).

The fundamental laser wavelength of 1064 nm can be frequency doubled, tripled and
quadrupled to obtain 532 nm, 355 nm and 266 nm, respectively. The laser pulse duration
is ~10 ps (FWHM) thus about an order of magnitude smaller than the X-ray pulse dura-
tions at the APS in 24 bunch mode of ~70 ps.

X-ray absorption is measured in TFY mode, which is ideal for dilute (Fe) samples with
concentrations of below 30 mM (see section 3.3.3), and both scintillation detectors as well
as APDs are available. The data acquisition scheme relies on constant fraction discrimi-
nators (CFDs) which discriminate the single photon events coming from the detector to a
logic signals. These logic signales are send to a counter, limiting the detection to a single
photon per X-ray pulse. In practice, to prevent pile-up effects, the average count rate has
to be kept below ~0.2 photons/pulse. A more detailed comparison of single photon and
multi photon detection schemes is discussed in chapter 4.

To measure the XES presented in this thesis, both von Hamos dispersive and Johann
scanning spectrometers have been used. The von Hamos spectrometers consist of cylin-
drically bent analyzer crystals with 0.25 m radius and typical crystal sizes of 10 cm, which
dispersed the spectra onto a gated Pilatus 100k detector [166]. The Johann spectrometers
consisted of 1 m radius spherically bent analyzer crystals with typical crystal diameters
of 10 cm.

Additionally, a 2D detector is available and can be set up to collect XDS [28].
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3.8.3 Synchrotrons: Dynamics Beamline P01 at PETRA IlI

Within the scope of this thesis, we have developed a setup to measure TR XAS at beamline
P01 of PETRA III. The setup is optimized to fully exploit the high photon flux of 7 x 10'3
photons/s available at the PO1 beamline as well as the high repetition rate of PETRA III
in 40 and 60 bunch modes of 5.2 MHz and 7.8 MHz, respectively. This setup consists of
two key components: a synchronized (and repetition rate tunable) MHz laser system and
a multi-photon counting data acquisition scheme with single photon sensitivity. The setup
is described in detail in 4. Recently, a 16-crystal von Hamos dispersive XES spectrometer

with 0.5 m radius, similar ot the one in [131], has been added to the setup.

3.8.4 X-ray Free Electron Lasers: SACLA

For experiments with improved temporal resolution (<1 ps), the SPring-8 Angstrom Com-
pact free-electron Laser (SACLA) in Japan has been used. Earlier studies at SACLA have
applied a dispersive transmission XAS setup to study solvated Fe centered complexes [38,
167] as well as combined XDS and XES studies on a solvated Ru-Co electron donor-
acceptor complex [40]. Nevertheless, the full setup combining all three techniques, XAS,
XES and XDS, has been developed by us in 2014 and 2015 and applied to studies on
Zn0, Fe(CN)g as well as on the here presented trans[(cyclam)Fe (N3)s]™. For a detailed
description of the SACLA facility Refs. [157, 160] are available, here the experimental
setup as used for collecting the experimental data of this thesis is briefly described with
all relevant parameters.

SACLA is capable to produce X-ray pulses with a total energy of ~0.5 mJ and a band-
width of ~0.5 %. At 7.1 keV this corresponds to a flux of ~4 x 10! photons/pulse and a
bandwidth of 35 eV. For XES and XDS experiments usually the pink beam with the full
0.5 % bandwidth and 0.5 mJ X-ray pulse energy is used to benefit from the high total flux
per pulse in the full spectrum. For XAS experiments a four-bounce channel cut Si(111)
monochromator has been applied to monochromatize the X-rays to a level of ~1.4 x 1074,
which reduces the X-ray flux on the sample by almost two orders of magnitude. Although
SACLA is in principle designed to operate at a repetition rate of 60 Hz, during the exper-
iments described in this thesis SACLA has been operated only at 30 Hz. The X-ray beam
can be micro-focused to achieve <10 pm spotsizes at the sample position.

A Ti:Sa system with fundamental wavelength of 800 nm is used as an optical pump laser.
To produce light with wavelengths in the visible or UV, this 800 nm can be frequency
doubled or tripled. Alternatively, an optical parametric amplifier (OPA) [168] can be used
to generate other wavelengths in the IR which are subsequently frequency doubled, tripled
or quadrupled to obtain excitation wavelengths tunable over a large part of the optical
and near-UV spectral range. In the experiments described in this thesis, the wavelength
266 nm and 355 nm are used to excite the sample. 266 nm radiation is obtained from
third harmonic generation of the fundamental 800 nm. To generate 355 nm light, the 800
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Figure 3.15: Experimental setup at SACLA. See text for details.

nm are converted to 1420 nm in the OPA and the 1420 nm are subsequently frequency-
quadrupled to 355 nm.

The setup which we have implemented is shown in Fig. 3.15 and is very similar to our
aforementioned setups at the synchrotrons PETRA III and APS. The sample consisted
of a solution pumped through a 100 pm thick sapphire nozzles. X-ray absorption is mea-
sured in TFY using Si PIN diodes. To measure XES, we have implemented von Hamos
spectrometers with 0.07 m and 0.25 m radii. The energetically dispersed XE spectra are
measured with single tile MPCCD detectors (i.e. with one detector tile of 1024 x 512
pixels with 50x50 pm? pixels size [169]). Furthermore, octal (8 tiles) MPCCD detectors

are used to collect diffuse scattering patterns in forward direction.
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4 Time-resolved X-ray Absorption
Spectroscopy at PETRA IlI

In this chapter the implementation of a setup for time-resolved X-ray absorption spec-
troscopy at the P01 beamline of PETRA III is presented. The setup combines a synchro-
nized MHz fiber amplifier laser system with a multi-MHz data acquisition scheme capable
of detecting multi-photon events in a single X-ray pulse. This system is optimized to fully
exploit both the high-repetition rate and the high photon flux per pulse of PETRA III
in 40- and 60-bunch modes. Thus it permits recording time-resolved X-ray absorption
spectra with quasi static signal quality. This chapter has already been published in Ref.
[33] and has only been slightly modified from the original publication.

4.1 Introduction

Time-resolved (TR) XRD [146, 148, 170-172], XDS [173] and XAS [19, 25, 69, 85, 156]
experiments have been quite successful on solvated chromophosyores in liquids by using
free-flowing flat sheets (with typical thicknesses in the 0.1-0.5 mm range) intersected by
the X-ray probe beam (with typically 0.1-0.3 mm X-ray beam diameters). Optical lasers
providing sufficient pulse energies to excite a significant fraction of reactant molecules (typ-
ical concentrations in the 0.01-0.1 M range), over a typical sample volume governed by the
X-ray probe beam size (on the order of nL), required laser pulse energies right below the
milli-Joule range [16], e.g. as routinely delivered by amplified titanium-sapphire (Ti:Sa)
laser systems at 1-10 kHz repetition rates. Synchrotrons generate X-ray pulses at much
higher repetition rates (on the order of several MHz, see Table 3.2), causing a mismatch
of more than 3 orders of magnitude in repetition rate between laser excitation and X-ray
probe sources. In such a kHz pump-probe scheme one needs to secure synchronization
between the laser and X-ray sources [30], but also establish appropriate gating schemes
to record those few selected X-ray pulses, and both mechanical [148] and electronic [30,
156] solutions have been realized at 1 kHz repetition rate. The recorded X-ray data thus
suffers dramatically in signal quality, as compared to steady-state X-ray studies using the
full (or thousand-fold larger) X-ray flux available, and this penalty results in excessive
collection times (on the order of several hours) needed for moderate signal-to-noise ratios
(S/N) [26, 156]. In a pioneering early attempt Stern et al. used a 272 kHz Ti:Sa laser
system synchronized to the APS storage ring to drive solid-amorphous phase transitions in
Ge samples, which were probed via extended X-ray absorption fine structure spectroscopy

49



Chapter 4. Time-resolved X-ray Absorption Spectroscopy at PETRA III

(EXAFS) with sub-nanosecond time resolution [174]. Their laser system delivered 4 pJ at
800 nm, which was sufficient to excite the solid Ge film. For chemical dynamics applica-
tions, one would need to reduce the illuminated spot size to well below 50 pm diameter and
increase the fundamental laser pulse energy to higher values, since for most photochemical
reactions the optical pump wavelength lies in the UV-VIS range, which can be generated
with nonlinear optical crystals at selected wavelengths with 10-50 % efficiency from the
IR fundamental.

With the advent of ultrafast high repetition rate amplified laser systems, which deliver
rather high pulse intensities in the IR (typically on the order of 10-30 pJ, and currently
reaching 100-200 pJ) at variable (and adjustable) repetition rates throughout the 0.1-25
MHz range, the repetition rate mismatch to SR sources is largely overcome [31, 175-177].
Now the X-ray signal quality increases by much more than an order of magnitude for other-
wise equal data collection times. Such MHz optical laser pump - X-ray probe experiments
can now deliver S/N values matching those of conventional static X-ray experiments. For
TR experiments this leads to an unprecedented sensitivity in revealing accurate excited
state geometrical structures [25]. Furthermore, these high repetition rates now allow ex-
tending the TR methodology into more flux-hungry techniques, such as TR non-resonant
XES [26], resonant XES (resonant inelastic X-ray scattering, RIXS) [27], and possibly
even towards TR X-ray Raman spectroscopy [178-183].

At MHz repetition rates one can still record the laser-excited and dark sample in rapid
alternating sequence, but such a scheme requires appropriate electronic gating and record-
ing schemes for the X-ray signal (as mechanical solutions do not exist). Fast MHz gating,
recording, and sorted averaging is laboratory standard for low signal content, i.e., for sin-
gle photon counting (SPC) methods. This is done using, e.g. scintillators or APDs in
combination with gated constant fraction discriminators (CFD) to measure for example
X-ray absorption spectroscopy [25, 32]. The successful use of SPC techniques limits the
useful pulse intensity on the detector to well below one photon per X-ray pulse in order to
prevent pile-up artefacts due to multiphoton events, which are counted as single photons.
To exploit not only high repetition rates, but equally the large single X-ray pulse inten-
sity available at third generation synchrotrons, we have developed a TR XAS setup at
PETRA III, which permits recording X-ray intensities with suitable dynamic range using
a Si-based APD, which is capable to measure intensities from well below single photons
up to in principle several thousand photons per pulse (or more) [26, 30, 156]. This setup
can thus be also applied at intense XFEL sources, and European XFEL will have similar
repetition rates (albeit with much higher single pulse intensities) [158] as we experience
today at SR sources, which underlines the need for dynamic range at MHz repetition rates.
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4.2 Experimental Approach for Implementing MHz Pump-Probe
Experiments in the Hard X-ray Domain at P01 Beamline of
PETRA 11l

Time-resolved (pump-probe) measurements at synchrotron radiation sources benefit enor-
mously, when the repetition rate of the laser system matches that of the delivered X-ray
pulses. However, in practice, there are limits to how much the optical laser repetition
rate can be increased, either due to the time scale of the investigated reaction, or due
to conditions resulting in repeatedly striking the same sample volume, before it has been
moved out of the probe volume. In the following we describe the implementation of the re-
quired instrumentation at beamline P01 at PETRA III for repetition rates from 0.13 MHz
(single bunch round trip frequency) up to 7.8 MHz available in 60 bunch mode. Our data
acquisition (DAQ) scheme was also applied at beamline P11 of PETRA III at 0.13 MHz
probe repetition rates for experiments using a 65 kHz laser system [184], but could also
operate reliably at even higher repetition rates towards the inverse pulse width of typical
electrical photodiode signals (ca. 30 MHz).

4.2.1 The PETRA Ill SR Source for Pump-Probe Studies

The PETRA III electron storage ring has a circumference of 2304 m, its RF-accelerating
cavities operate at ca. 500 MHz, generating 3840 of the so called buckets with 2 ns sepa-
ration, which can each support stable storage of electron charges. In practice, only 40, 60,
or 960 buckets are filled with electrons yielding bunch separations of 192 ns, 128 ns and
8 ns, respectively. The total current of the ring is kept constant at 100.5 mA within +
0.5% via relatively frequent (every 1-2 min) injections of electrons, in the so-called top-up
operation mode. For the TR (pump-probe) measurements described in this work, only 40-
and 60-bunch modes are used. In 60-bunch mode, where the X-ray pulse-repetition rate
is 7.8 MHz, every other (= every second) X-ray pulse records the laser-excited sample,
when the laser is tuned to half of its repetition rate. The high stability of the X-ray flux
allows for accurate comparison (normalization) of the recorded intensities for the dark and
laser-illuminated sample.

One issue about top-up operation of the synchrotron concerns fluctuating X-ray inten-
sities on the sample during the injection process itself, which lasts for a few seconds.
These top-up-induced fluctuations occur on a slow time scale (much slower than 1 kHz),
so rapid recording of alternate intensities is not at all hampered, and transient sig-
nals (= normalized laser-on and laser-off X-ray signals) do not detect the injection pro-
cess (apart from subtly larger error bars, more details below in section 4.3.4). However,
each of the 60 stored electron bunches is not equally refilled in a controlled fashion, and
this leads therefore to small step-wise changes in the recorded transient signal, when e.g.,
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the top-up mode preferentially filled into some of e.g. the even buckets. We have pre-
viously circumvented this (though weak) issue by synchronizing the laser to a repetition
rate, which is not an integer of the single bunch frequency of the storage ring (e.g., every
5th pulse at APS in 24-bunch mode) [25], which eliminates this artefact conveniently, since
the laser-excited and laser-off X-ray signals are equally generated and averaged over every
single pulse inside the storage ring. Another way to eliminate this artefact is to simply
use a gated 10 detector for single shot intensity normalization, which have been applied in
this work.

4.2.2 The Dynamics Beamline P01

The experiments were performed at the Dynamics beamline, P01, of PETRA III at DESY
in Hamburg [185]. This beamline is dedicated to nuclear resonant scattering measure-
ments in experimental hutch 1 (EH1) [186], to inelastic X-ray scattering (IXS) in EH2
[187], and towards laser-driven melting of geologically relevant samples (e.g. silicate
melts with a cw/ns heating laser) [182]. EH2 has recently upgraded its capabilities to
permit laser-driven pump-probe experiments on solvated samples together with our ad-
justable 0.1-10 MHz femtosecond laser system, the latter having already passed its proof-
of-principle test at ESRF [25]. The present work concerns experiments at 7.8 MHz repe-
tition rate, thus to the best of our knowledge at the highest repetition rate ever applied
for TR XAS measurements at any SR source worldwide.

A schematic of the beamline setup used in these experiments is shown in Fig. 4.1. X-ray
pulses are created when electron bunches pass through two 5 m long undulators. The
X-ray pulses are monochromatized to A E/E=1.4x10"% with a liquid Ny cooled Si(111)
fixed-exit double crystal monochromator (DCM). Beryllium lenses after the monochroma-
tor are used to pre-focus the beam to match the acceptance of the Kirkpatrick-Baez (KB)
mirrors, which subsequently focus the beam on the sample to a size of about 15 x30 pm?
(VxH). The total number of monochromatic photons at the sample position is on the
order of 10'3 per second.

Sample /’ KB mirrors ~ Belenses
ATkl X-rays
< EEEE EEENR
Slits FEE Eem——
Mono Undulators

Figure 4.1: Sketch of the dynamics beamline P01 of PETRA III consisting of 2 x 5m
long undulators to generate X-rays, a Si(111) double crystal monochromator, a stack of
Beryllium prefocusing lenses followed by slits and KB mirrors for micro-focusing.
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4.2.3 The Liquid Jet Flat Sheet Target

The experimental setup described here has been developed with the aim to investigate
photoexcited solvated molecular systems, and extends our previously implemented setups
[30, 156] into the MHz repetition rate range, similar to developments at other synchrotron
radiation sources [31, 32]. It is based on using flat sheet liquid jets generated through
rectangular shaped nozzles (Victor Kyburz AG) with selected thicknesses in the 0.1 to
0.3 mm range (and widths of about 6-8 mm). Fig. 4.2 shows a picture of the liquid jet
produced by the sapphire nozzle.

We generally use the 0.1 mm thick nozzle flowing the liquid downwards at an adjustable
speed in the range of 0.5 to 30 m/s with either a (specially coated, thus chemically resis-
tant) gear pump or with a (slower) peristaltic pump with Teflon-tubing. Stable flat sheets
were obtained with both pumps, but using the micro annular gear pump (mzr-11508X1,
HNP Mikrosysteme) proved to operate reliably with various solvents covering a fairly
broad range of viscosities. The thin film jet is usually rotated around the vertical axis to
about 45° with respect to the X-ray beam direction. This permits to record XAS in TFY
mode with its detector placed sideways from the sample (and/or to disperse the sideways
emitted X-ray fluorescence with a secondary crystal-based bent crystal arrangement to
record the X-ray emission spectra [28].

Figure 4.2: The sapphire nozzle produces a liquid flat sheet jet of 100 pm thickness over
a width of about 6 mm. The sheet flows downwards at an adjustable speed in the range
of 0.5 m/s to 30 m/s (in this photo: ~5 m/s).

4.2.4 Multi-MHz Fiber Amplifier Laser System

The high repetition rate laser consists of a bulk oscillator (t-Pulse, Amplitude Systemes)
[188], synchronized and locked to the RF of the storage ring, which seeds a high energy fiber
amplifier (Tangerine 20W, Amplitude Systemes). The Yb:KYW bulk oscillator generates

53



Chapter 4. Time-resolved X-ray Absorption Spectroscopy at PETRA III

a stable train of 200 fs mode-locked pulses at 62.5 MHz with an average power of 1.5 W.
The laser cavity contains a set of actuators that are used to precisely lock the frequency of
the laser cavity to the PETRA III RF frequency and reduce the timing jitter to less than
one picosecond (the synchronization scheme is described in section 4.2.7). A small fraction
of the average power is coupled into a single-mode polarization-conserving fiber and seeds
the high-power fiber amplifier. Using chirped pulse amplification together with a state-
of-the-art single-mode rod-type fiber (which mitigates the accumulation of non-linearities
during propagation and amplification in the core of the fiber amplifier), a maximum pulse
energy of 60 pJ (and 300 fs pulse width) are produced at 400 kHz. The repetition rate of
the output pulses can be changed from below 400 kHz to 15.6 MHz via an acousto-optical
modulator (AOM) based pulse picker situated upstream in the amplifier chain. The output
power and all spatial beam parameters remain constant at all selectable repetition rates
ensuring the production of 300 fs / 6 pnJ pulses at 3.9 MHz and maintaining the pointing
stability. The laser wavelength of 1030 nm can be converted to 515 nm, 343.3 nm and
257.5 nm by second- (SH), third- (TH) and fourth-harmonic (FH) generation crystals,
respectively. The optical laser beam is then guided to and focused on the liquid jet, the
losses from the amplifier output to the sample position can reach 50 %. The beam size at
the position of the jet is on the order of 50x50 pm?, thus slightly larger than the X-ray
spot size of 15x30 pm?. The conversion efficiencies which we obtained amount to ~36 %,
~9.6 % and ~4.6 %, at 400 kHz repetition rate this leads to maximum pulse energies at
the sample position of ~30 pJ, ~11 pJ, ~2.9 nJ and ~1.4 pJ for fundamental, SH, TH
and FH, respectively. For example at 257.5 nm we can adjust the excitation intensities
with this system (using a half-waveplate and a polarizer) up to 240 GW /cm?.

4.2.5 Spatial and Temporal Overlap of X-ray and Laser Beams

The X-ray and laser beams are overlapped in a near-collinear geometry. The angle between
both beams is as small as possible (5°- 20°, depending on setup, here we used ~10°), to
ensure a long longitudinal range with good overlap. Both beams are spatially overlapped
using tungsten pinholes with different diameters between 25 pm and 100 pm. To achieve
temporal overlap, a fast photodiode (Opto Diode Corp., Model AXUVHS5) with a 700 ps
rise-time on a fast oscilloscope (LeCroy WaveRunner 640Zi with 4 GHz analog bandwidth
and 20 GS/s acquisition) are used to record traces of laser and X-ray pulses. The half-rise
position of each pulse and thus their time separation can be determined with an accuracy
of around 100 ps. Eventually, the actual pump-probe signal is used to determine time zero
accurately. Adjusting the time delay between both laser and X-ray pulses is described
below in section 4.2.5.
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4.2.6 X-Ray Fluorescence Detection Strategy

The total X-ray fluorescence yield (TFY) from the liquid jet is detected with an APD
[189] system, consisting of an APD head combined with a fast preamplifier (APDO000S,
FMB Oxford) and a control/power supply unit (ACE BOX, FMB Oxford). The APD
head (10 x 10 mm? active surface area) is placed about 20 mm away from the sample
perpendicular to the X-ray propagation direction (or along the linear polarization axis
of the X-ray beam), to minimize the detection of elastic scattering from the solvent. In
this geometry the detector covers a solid angle of 0.25 sr (or 2 % of 4 m). A second
APD system can be used to measure the TFY of a lower Z material, e.g. a Mn foil (in
case of Fe-containing samples), located downstream from the sample position. Although
located behind the actual liquid sample, we exploit this device as a reliable indicator of the
incident intensity (Ip), especially concerning the frequent intensity fluctuations due to top-
up injections: The X-rays impinging on the sample (here: 20 mM of aqueous [Fe(bpy)s]**)
penetrate through the entire length of the sample of about 0.14 mm (corresponding to the
0.1 mm thick jet rotated to 45°), and this results in an attenuation by 18 % due to the
solvent alone (which is very constant at all energies used around the Fe K edge). The
solute contributes to 0.1 % below and to 0.6 % above the Fe K edge (with an excited state
fraction f = 0 for the stationary sample) and the X-ray transmission through the liquid
flat sheet jet T}, is given by the ratio of intensity before and after the sample via [16]

I

T.. = I—l = expP (—Ne01Tc1d) XP (—NeamOrestd) - - - (4.1)
0

X exp (—(1 = f)NeamOcsd) exp(— fgamorsd) (4.2)

Here n,, and n.,,, are the solvent and sample concentrations (in particles/ mm3), respec-
tively, 0.1, Oas, Ops and o, are the X-ray (thus energy-dependent) absorption cross
sections of the solvent and solute molecules in their ground (GS) and excited states (ES)
and rest of all other elements within the solute molecule (including counterions), respec-
tively. The laser power (given in number of laser photons per pulse Ny, o) enters via
the photoexcitation yield of the excited solute molecules via f = f(7um, Nph0s Oopt), With
o.p: being the optical absorption cross section of the solute molecule at the selected laser
wavelength (for the current estimate of sample transmission we use f = 0, but we include
it later for the analysis of the TR signals), the incident X-ray intensity is Ip. Thus the
X-ray transmission through the sample to the second foil is 81.9 % below and 81.4 % above
the Fe K-edge, and the difference between both transmission values is thus 0.7 %, which
would only become distinguishable (within Poisson statistics), if the collected intensity is
>10% (we typically collect ~ 108 photons/s).

Finally, in this setup we record an X-ray fluorescence signal, e.g., from the Mn foil down-
stream of the sample, of

Inen = Io X Tiee X (1 = Thin) X €Mn X Xdet X Gdet, Mn, 5 (4.3)
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thus correcting the incident intensity Iy for the transmission 7}, through the liquid sample,
the absorption (1—T),) in the Mn foil, the X-ray emission quantum yield €y, the covered
X-ray emission solid angle Yge; to the detector and the detector efficiency ¢(ge, arn)- This
yields a fluorescence count rate of >50 photons under our experimental conditions with
an incident flux of 10'® photons/s (corresponding to about 10° photons/pulse incident on
the liquid sample). The fluorescence count rate Iy, is adjusted to at least the count rate
of the X-ray fluorescence signal Irry from the sample itself to ensure that normalization
(to remove top up injection artefacts) does not spoil the overall error of this measurement.
When measuring with less than 10* photons/pulse the small variation of T, (below/above
the edge) does not change the count rate for Iy, significantly, and can thus even serve for
(rough) single shot normalization for the incident intensity Iy. Of course, when collecting
several millions of shots this deviation becomes measurable (see section 4.3.4 later), but
the goal here is to normalize to the top up injection process on a shot-by-shot basis, which
increase certain X-ray pulses by up to a few percent (and averages over all bunches within
a round trip) to the limiting set value of 1 % top up injection).

The actual setup aims to measure TR XAS of photoexcited samples in the hard X-ray
regime in TFY mode. This is done by scanning the incident X-ray energy with the primary
DCM and recording the TFY with the sideways placed APD (Fig. 4.3). The number of
total fluorescence photons Iy is given by the number I, of absorbed X-ray photons by
the solute alone, by the total fluorescence yield €447, the covered solid angle ¥ 4pp and
detection efficiency ¢(g4es 1) of the APD as scaling factors via [116]

Ity = lis X €rorar X Liapp X P(det1n) (4.4)
(1 - f)nsamaGS + fnsamUES
Ns010s01 + M samOrest + (1 - f)nsamJGS + fnsamUES

with Ly, = In(1—T.) . (4.5)
To roughly estimate the fluorescence signal per X-ray pulse of a 20 mM Fe compound
in aqueous solution in a 100 pm jet tilted to 45° we assume an incident X-ray flux of
10% photons/pulse at photon energies just above the Fe K-edge. About 5000 photons are
absorbed at the Fe K-edge (thus 0.5 % of the incident ones, which can emit K radiation),
which results together with the total fluorescence efficiency of Fe €001 & €0+ K ~ 36%
[76], the 0.25 sr covered by the APD and the ~95 % detector efficiency of the APD at 6
keV [117] to an expected flux of about 35 photons/pulse.

In the case of relatively thin samples (1,010501+ NsamTrest + (1 — f ) NamT s+ fNeamOps K 1) the
exponential term in Eq. 4.1 can be simplified and we can approximate I,,, &~ Iodngm,[(1 —
f)oas + fows] [116]. Using this, we can provide an estimate for the expected pump-probe
transient signal S = Ijrey,ony — Lirry,orr) = Lerey (f) — Lerey(f = 0), which is given by the
normalized difference of the total fluorescence yield Iirpy on With and Ity orr Without

laser excitation to

S - f X (UES - UGS) X Nsam X d X IO X €total X EAPD X ¢(det, 1) - (46)
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For the above-mentioned case the excitation yield f is typically 10 %, while the X-ray
absorption cross sections for the ground and excited species typically differ by less than 100
% (in the XANES region, compared to the K edge jump), thus we obtain for the transient
X-ray fluorescence signal a value of 3.5 photons/pulse (on the static 35 photons/pulse),
or 10 %. When the expected pump-probe signal becomes smaller (e.g., in the EXAFS
region or due to smaller differences in or small f), it is therefore paramount to increase
the statistics significantly, which the presented experimental DAQ scheme, in combination

with a MHz laser system, provides.

Electrons  PETRA I
—- - \ 60 bunch mode

i iquid j 515 '
Mn foil Liquid jet nm Divider (/8) Bunch clock
62.5 MHz 130 kHz
1030 nm *
Set
Amp. delay|] Phase
IVin 3.9 MHz —  shifter
| < :
Laser trigger | Y
MHz DAQ 0 <
ITEY SC. -« Synchro-
5] 62.5 MHz > lock
Data * A Trigger

Figure 4.3: Sketch of the experimental setup at the dynamics beamline P01 of PETRA 111
(here: in 60 bunch mode delivering X-ray pulses at 7.8 MHz), including a fiber amplifier
laser system synchronized to the RF frequency of the storage ring and our MHz DAQ
system capable of digitizing and integrating the APD detector signal traces.

4.2.7 Synchronization and Data Acquisition Strategy at MHz repetition
Rates

The laser system is synchronized to the storage ring in the following way (Fig 4.3): The RF
signal from the storage ring (a 500 MHz sinusoidal) is converted into a 62.5 MHz trigger
signal by a frequency divider (1/8). This trigger is sent over a phase shifter module before
it enters a frequency mixer unit, where it is combined with the 62.5 MHz signal from the
laser oscillator to derive and actively correct for any phase variations. These phase varia-
tions between both signals cause a variation of the relative timing between the laser and
X-ray pulses, and are minimized in the synchronization lock unit to maintain a reliable

(constant) timing between laser and X-ray pulses. This is realized with a timing jitter
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much better than the laser-X-ray instrument response function which mainly consists of
the X-ray pulse width of ca. 100 ps [190] (see, e.g., later Fig. 4.10). In order to change
the relative timing between laser and X-ray pulses the frequency-divided (1/8) RF signal
is phase-shifted using an electronic phase shifter unit, so that the signal entering the syn-
chronization lock unit leads to an adjustment of the laser oscillator frequency (via moving
one of the end mirrors in the laser cavity), so that the output laser pulses exit at a slightly
shifted time, until the desired time delay has been reached. Therefore, the phase shifter
unit acts as a tool to control the relative laser-X-ray time delay. This is done by coarse and
fine adjustment of the optical path length in the oscillator by translating one mirror with a
servo motor and the second one with a piezo actuator. A proportional-integral-derivative
(PID) controller in the synchronization lock unit is used to online correct timing jitter by
controlling the piezo of the one mirror. With the 62.5 MHz of the RF-signal, we calculate
that a phase shift of 1° results in a time shift of the laser pulses of 44.44 ps with respect
to the X-ray pulses. The phase shifter unit is connected to the data acquisition PC in
order to monitor and control the time delay while acquiring data during a scan.

The X-ray TFY signal generates APD signal traces that are fed into the DAQ system (a
micro TCA based solution with high speed digitizers, SP Devices). Each digitizer consists
of four 12 bit analog-to-digital converter (ADC) accompanied with a Field Programmable
Gate Array (FPGA, Xilinx Virtex 6) for online data processing. In its standard con-
figuration, this ADC is able to digitize the traces of our APD detectors at a sampling
rate of 2 GS/s. Alternatively, it is also possible to configure the digitizer in the so-called
two-channel interleaved mode to increase the sampling rate to 4 GS/s per channel (which
reduces the number of available channels to 2 per ADC). The digitizer is synchronized
to a sub-harmonic of the accelerating RF to ensure stable phase relations. In addition
a time-to-digital converter (TDC) firmware core has been implemented in the FPGA for
precise measurement of the rising edge of the provided trigger relative to the sampling
clock. The TDC implementation allows for an accuracy of about 42 ps RMS. A similar
approach reported on a quadrant APD together with a commercially available ADC at an
8-fold lower sampling rate (and no TDC implementation) to measure multi-photon events
at MHz repetition rates [191]. Our large sampling rate has proven to be beneficial in order
to extract precise integrated signal intensities. As the maximum peak-to-peak input signal
to our ADC is limited to 800 mV, the APD signal must be attenuated accordingly when
signal intensities exceed this limit.

The trigger and gating scheme for DAQ with the XFEL MHz DAQ is depicted in Fig.
4.4 and works as follows: The entire detection system is triggered by the so called Bunch-
clock, a device which generates trigger pulses either at the repetition rate of the X-ray
pulses or at the round trip frequency of a single bunch from the 500 MHz RF signal.
In our scheme, the round trip frequency of about 130 kHz is used to trigger the data
acquisition, even if the laser operates at higher repetition rates, i.e. 20-fold (40 bunch)
or 30-fold (60 bunch). The APD traces are sampled and processed for the duration of
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the following 40 or 60 X-ray pulses (following each trigger signal at 130 kHz), depending
on the bunch mode of the experiment. The sampled traces can be displayed online to
select regions of interest for i) the background signal before the pulse, and ii) the X-ray
pulse, respectively. An example of such a sampled single APD trace can be found in Fig.
4.5a). The following parameters are defined during operation and are applied to the sys-
tem employing an integration algorithm: The starting point and total number of sampling
points i) of the background/baseline and ii) of the APD signal trace (see Fig. 4.5a)). The
FPGA-based algorithm calculates the sum of the pulse and background samples and scales
the background sum to be correctly removed from the pulse sum resulting in the single
shot detection signal I1ry. A second trigger, derived from a photodiode within the MHz
laser amplifier, is used to distinguish between traces i) right after laser excitation and ii)
those without prior laser excitation; these are rapidly sorted into Irpy on and Irey orr for
pumped and un-pumped signals, respectively. Additionally, some parameters are calcu-
lated online as e.g. mean values of Irpy on and Ippy orpr and their respective standard
deviations. In the current state of the MHz DAQ we are able acquire, integrate, baseline
correct and average up ~ 6 x 10° pulses/s in real time (neglecting ~10 % dead time due to
communication between beamline control PC and e.g., the X-ray monochromator motor

controls, or the phase shifter mirror controls).

_II— 7680 ns ,_Il | Bunch clock (130 kHz)

] 2nSS6 L _|_ Laser trigger (3.9 MHz)
J\ l\ l\ l\ l\ l\ l\ l\_' h l\ X-rays (7.8 MHz)

L L e

Figure 4.4: Example of the trigger and gating scheme of the MHz DAQ in 60 bunch
mode of PETRA III, where the laser repetition rate is set to 3.9 MHz. In our experiments
we mainly used 60 bunch mode, but 40 bunch mode is equally useful (for details see text).

4.3 Results: Signal Statistics and Time-resolved XAS
Measurements

In this section, first results obtained with the above described setup are shown. These

include tests of the linearity of the detector/DAQ system combination, a characterization

of the detector signal statistics and benchmark TR XAS measurements of transition metal

complexes with extremely high signal quality.
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4.3.1 Detector Signal Statistics

To test the detector/DAQ combination we have measured the TFY from a 300 pm liquid
jet containing a 50 mM aqueous solution of K4[Fe(CN)g]. The total fluorescence from
the iron atom consists of mainly K« X-ray photons around 6.40 keV and the weaker Kj3
emission at 7.05 keV (the ratio of fluorescence yield is Ka/Kf ~ 150/17, so 90 % of
the fluorescence mainly contains K« photons [76], the remaining valence-to-core emission
we disregard here, since it is 500-fold times weaker than the Ka emission [118]. We
have varied the APD bias voltage from 200 V up to 350 V (right below its break-down
voltage) to adjust the internal APD gain, depending on the recorded X-ray flux. For
calibration purposes the upstream beamline slits have been gradually closed to attenuate
the incident X-ray intensity, and the incident flux on sample was monitored with a PIN
diode measuring scattered X-rays from a Kapton window downstream of the high-vacuum
KB focusing mirror system (and before the sample). The recorded sample fluorescence
signal for a collection of 10° shots with attenuated beam reveals the expected Poisson
statistics for an average single pulse intensity of about 5 photons/pulse (Fig. 4.5) Being
mainly of statistical nature, the signals follow a Poisson distribution,

M exp (=)

POLK) = =

(4.7)

Hereby k corresponds to the number of photons detected in a single pulse with A being the
mean value of photons detected after a large (towards infinite) number of acquired pulses;
in our case A corresponds to the total fluorescence yield I1py extracted via Equation 4.7
after, e.g., 10° acquired pulses (as shown later in section 4.3.2).

In case of few photons only striking on the detector the discrete peaks representing one,
two, three, etc photon events are well separated (up to ~10 per pulse). This already
allows for a very precise calibration from the integrated signal voltage to absolute number
of photons. The broadening of each peak is due to effects in the amplification process in
the APD itself including avalanche gain noise and preamplifier noise, next to electronic
noise, which can be best seen in the zero photon event (Fig. 4.5b)). To separate the
signals belonging to each integer number of photons, a sum of Gaussian peaks has been
fitted to the measured pulse height distribution (Fig. 4.5b)), and the area of each single
Gaussian is proportional to the number of events for this chosen number of photons. These
Gaussian areas are then normalized to a total area of 1, and a fit to a Poisson distribution
(Equation 4.7) delivers the precise single pulse intensity of Itxy = 4.85 (Fig. 4.5c)). For
larger single photon intensities (thus at higher incident flux), the Poisson distribution
curve (blue trace in Fig. 4.5¢)) merges into a Gaussian distribution, and this already (via
Equation 4.7) for single pulse intensities around/above ten. In the case of a Gaussian
distribution, where a clear separation of the discrete peaks is no longer present, the mean
number of photons can still be precisely determined: For a shot-noise limited measurement
the standard deviation of measured average signal becomes op = VA and we can relate
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Figure 4.5: a) A single X-ray induced APD signal trace sampled with 2 GS/s. These
are then processed to determine the baseline and the integrated signal area (indicated),
delivering a measure of the X-ray intensity of the corresponding pulse. Here ~100 samples
are used to extract the background and ~70 for the signal, delivering 10 fold more precise
values than the standard deviation of ~1.4 mV of the baseline signal. b) Measured pulse-
height distribution of the integrated APD signal traces for 10° single shots. The bottom
ordinate denotes the raw signal amplitude per pulse, and the upper ordinate identifies the
number of photons/pulse. A sum of 12 Gaussians, each corresponding to integer photon
numbers between 0 and 11 has been fitted. The integrated areas of each Gaussian, shown
in ¢), follow a Poisson distribution delivering a mean value of 4.85 photons per X-ray pulse
in this measurement.
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Figure 4.6: Pulse height distribution of the integrated APD single pulse intensity for 10°
X-ray pulses (black dots). A mean flux of 80 photons per pulse is derived, when scaling
the measured signal to the values as derived in Fig. 4.5. A Poisson function with Iz =
80 (blue solid line) and Gaussian fit to the data with =11 (red dashed line) are shown for
comparison

I1py with its experimentally determined standard deviation via [30]

()= ()

In case of a purely shot-noise broadened distribution (neglecting all electronic noise), the

greater-equal sign becomes an equal sign. An example of a pulse-height distribution of the
detector signal with a mean signal corresponding to I1zy=80 photons (recorded at a bias
voltage of 350 V, and scaled using the extracted single photon correlation as seen in Fig.
4.5 and Fig. 4.7) is shown in Fig. 4.6, thus already scaled to the calibrated number of
recorded photons/pulse. The corresponding Poisson distribution with op = v/80 &~ 9 next
to a Gaussian fit yielding =11 is shown, the latter indicating a roughly 20 % additional
contribution to the shot noise. This increase in the standard deviation of the experimental
data is due to several reasons which, amongst others, are: i) The broadening of each single
discrete photon peak as described above, ii) in top-up mode not all 40/60 bunches are
equally refilled at once, which effectively leads to charge fluctuations in individual electron
bunches, which are larger than the 1 % top up limit of the total (= bunch-averaged) storage
ring current. In summary, the result in Fig. 4.6 shows that we have a nearly shot-noise
limited detection scheme operational, where only less than 20 % of the noise is accountable

by electronic (and other systematic) noise contributions.
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Figure 4.7: Integrated detector signal for a collection of single measurements (or pulse
height distributions) for 200 V bias and low (a) and high (b) photon flux, 300 V bias with
low (c) and high (d) photon flux, 350 V bias with low (e) and high (f) photon flux. The
strong preamplifier gain amplifies the signal to its limiting value leading to the asymmetric
pulse shape near 60 photons in (f) (see also Fig. 4.8).
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4.3.2 Linearity of APD and Dynamic Range

To assess the linear detector response over the entire dynamic range, we analyzed in detail
the pulse height distributions of each integrated APD pulse (Fig. 4.6): In the low flux
cases shown in Fig. 4.7 a), c¢) and e), the detector response is rather linear, independent
of the bias voltage on the APD. In the high flux distributions (Fig. 4.7 b), d) and f)),
the distributions clearly indicate a non-linear behaviour (slowly merging to saturation)
at the larger bias voltages of 300 and 350 V. Qualitatively this is due to a saturation
of the integrated pre-amplifier within the APD head. In order to quantify the linear

80 @ 200V
<4 300V <
6ol * 350V <

Photons / pulse

0 1 2 3 4 5 6 7
Incident x—ray intensity / arb. un.

Figure 4.8: Mean APD signal as a function of incident X-ray intensity for 200 V, 300 V
and 350 V APD bias voltages, derived from the histograms in Fig. 4.7. The APD signal
is given in units of Fe fluorescence photons, which constitute of mainly K photons of 6.4
keV. At the highest bias of 350 V the APD response is linear up to a mean signal of 20
photons, at 300 V bias up to 40 photons and at 200 V bias of beyond 80 photons.

response regime of the APD as a function of the bias voltage, the mean APD signal as a
function of incident X-ray intensity is plotted in Fig. 4.8. At the highest bias of 350 V the
APD response is linear up to a mean signal of 20 photons, at 300 V bias further up to 40
photons and at 200 V bias up to at least 80 photons. In addition, these measurements also
verify the linear response of the entire system up to these limits. Thus our setup is able
to operate at total fluorescence yield count rates of up to 100 photons/pulse with single
photon sensitivity or >10% photons/s when applied at PETRA III in 60 bunch mode.
This also shows the dynamic range increase of two to three orders of magnitude compared
to single photon counting methods, where the count rates are limited to <1 photon/pulse.
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Figure 4.9: Time-resolved XANES scan without (blue dashed curve) and 100 ps after
(red dashed curve) laser excitation of photoexcited [Fe(bpy)s]?t/CH3CN together with its
transient absorption signal (green curve).
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Figure 4.10: Time delay scan of the transient signal of [Fe(bpy)s]?t in HaO (black
triangles) and CH3CN (blue circles) at 7125 eV (arrow in Fig. 4.9), together with a fit of
a Gaussian error function convoluted with a single exponential decay. The decay times of
0.6 ns in HoO (dotted black line) and 0.9 ns in CH3CN (solid blue line) agree with the
literature data. The rise time of 0.1 ns is almost equivalent to the pulse duration of the
X-rays. The relatively low S/N of ~20 is due to the fact that these spectra were recorded
with relatively poor laser/X-ray overlap conditions (after these initial time-delay scans we
usually optimize overlap conditions to achieve S/N values as shown e.g. in Fig. 4.9).
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Figure 4.11: Comparison of different normalized transient XANES spectra. A) shows
the result using a 1 kHz laser system with a total collection time of about 10 hours [24].
B) displays the result with the current DAQ scheme, but averaging only 2x10° X-ray
pulses per data point, C) is a measurement of the similar [Fe(terpy)s]?T measured with
a Single Photon Counting DAQ scheme [25], and D) displays our recent measurement on
[Fe(bpy)s]?* using ~ 5 x 10 pulses per data point (or only ~1 s per data point).
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4.3.3 High Signal Quality for Measuring a Spin Transition Process: Solvated
[Fe(bpy),]**

As a benchmark experiment to compare the present DAQ scheme with previously reported
TR-XAS measurements, we have chosen aqueous iron(I)-tris(2,2)-bipyridine ([Fe(bpy)s]?™)
which has been readily studied using both low- and high-repetition optical laser pump /
X-ray probe setups both at synchrotrons and XFELs [22, 24, 34, 192, 193]. Upon laser
excitation with 515 nm light the system is excited from a low-spin (LS) ground state to
a Metal-to-Ligand Charge Transfer (MLCT) excited state and subsequently relaxes (on
a 100 fs time scale) to a high-spin (HS) quintet state [194]. This LS to HS spin transi-
tion is accompanied by an Fe-N bond elongation of ~0.2 A, giving rise to a fairly strong
transient XANES signal. The HS state relaxes back to the LS ground state with a solvent-
dependent lifetime, e.g. with 0.6 ns in HoO [193] and 0.96 ns in CH3CN [52]. The changes
in structure and spin states result in a change of the X-ray absorption spectrum and have
been analyzed via EXAFS [24] and XANES [193]. We show TR XANES data during
two different measurement campaigns: earlier results have been limited in signal quality
due to software constraints, so only the raw digitized APD signal traces were recorded
(Fig. 4.5a)) and post-processed but more severely - the number of acquired pulses per
data point was constrained to only a few tens of thousands (albeit the laser operated at
MHz repetition rates). After soft- and hardware improvements our latest results not only
reproduce the earlier data quality (when taking the dramatically different statistics into
account) but facilitated nearly real-time data acquisition and pre-processing at 7.8 MHz
(60 bunch mode), which includes i) baseline correction and integration of all signal traces,
and ii) averaging over several samples to deliver an average signal value Ixy together with
its standard deviation o.

Fig. 4.9 shows the TR XANES of [Fe(bpy)s]*" dissolved in CH3CN, thus the ground state
(= laser-off ), ~100 ps after photoexcitation (=laser-on) and the resulting transient signal
(=difference). The average laser power measured at the sample position was ~2W at 1.3
MHz repetition rate (thus a pulse energy of ~1.5 nJ), and the laser spot size ~50x50
nm? (slightly larger than the X-ray spot size of ~15x30 pm?). The X-ray probe energy
was scanned over a range of 50 eV in 0.5 eV steps (to cover the XANES region) with the
collection time set to 1 sec per data point. The excited state fraction was determined by
the amplitude of the transient signal (relative to the absorption edge jump) to ~28 %.
The kinetics of the transient signal at its maximum value (7125 eV, or vertical arrow in
Fig. 4.9) have been recorded via time-delay scans (in steps of 44.44 ps) for both solvents
(Fig. 4.10). A convolution of a Gaussian error function with a single exponential decay
has been fitted to the measured values, yielding a decay time of 0.6 ns in HoO and 0.9 ns
in CH3CN, both agreeing well with published values [52, 193]. A slight lifetime shortening
for CH3CN (0.9 versus 0.96 ns) can be attributed to the higher temperature of the laser-
heated solvent in this MHz pump-probe experiment. The rise time of 0.1 ns corresponds
to the X-ray pulse duration (the laser pulse width of 0.3 ps does not contribute here) and
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no significant broadening of the rise time due to possible additional timing jitter between
laser and X-ray pulses is present.

In order to judge the performance of the current MHz scheme we compare the transient
XANES spectra with different setups using kHz and MHz laser systems, with integrated
detection scheme and SPC schemes (Fig. 4.11). With a 1 kHz laser system and gated
integrator scheme [193] an appreciable S/N is achieved only after long measurement times
(about 10 hours in total, Fig. 4.11A). With the present MHz DAQ scheme we already
achieved with limited pulses (2 x 105, Fig. 4.11B), or only 26 ms collection time per data
point, only a roughly two-fold worse S/N ratio, which underscores the high potential of
the current DAQ scheme. Fig. 4.11C shows the state-of-the-art for SPC at 1.3 MHz
pump-probe rate (thus after 35 s collection time per data point) [25], which is topped by
our recent integrated detection scheme (of aqueous [Fe(bpy)s]?", Fig. 4.11D), recorded
in 1 s per data point. The multiplication factors in Fig. 4.11 reflect the achieved excited
state population, which is only governed by the exciting laser source and the X-ray/laser
focusing conditions, thus it does not depend on the utilized DAQ scheme. The 2.5 x larger
factor for the present study versus the SPC experiment at APS reflects the smaller focusing
conditions at APS (which excite accordingly 2.5 x more molecules), and is fully in line with
our shot-noise analysis presented earlier (section 4.3.1). In order to compare these different
experiments we have analyzed the achieved signal-to-noise ratio (S/N). In this regard we
define the experimental S/N of the transient XANES spectrum (in Fig. 4.11) as the ratio
S/Neyp = (S/0g) of the transient absorption signal S and its standard error og at the en-
ergy, where the transient XANES exhibits its maximum (absolute) value S,.., e.g. in the
case of [Fe(bpy)s]?t at 7125 eV (the maximum transient value in Fig. 4.11, or the vertical
arrow in Fig. 4.9). We thus corrected each experiment for its different laser excitation
condition, since these do not influence the capacity of the utilized DAQ scheme, but merely
reflects the varying focusing (and thus laser fluence) conditions of the exciting laser source
(together with the achievable X-ray focus). The normalized conditions together with the
relevant experimental parameters for each experimental scheme are summarized in Table
4.1. Interestingly, this comparison equally confirms that all these different DAQ schemes
deliver very much similar S/N ratios (when normalizing their values to the expected ones,
see Table 4.1): The [Fe(terpy)a]?t transient spectrum represents the current state-of-the-
art S/N in TR XAS, and the comparison with our MHz measurement of [Fe(bpy)s]?T in
CH3CN (Fig. 4.11D) shows that we have achieved a comparable signal quality, however,
with 35 times less collection time per data point, agreeing with our expectations: SPC
techniques (Fig. 4.11C) limit the detected flux to about 0.1 photons/pulse (to avoid pile-
up artifacts), while we detected about 5 photons/pulse (Fig. 4.11D), and together with
the different excitation yields in both measurements we get nearly identical results, thus
with better signal quality (in less time) with the current MHz DAQ scheme. Summarizing
this collection in Table 4.1, in the last line we scaled the S/N,, to comparable values
of transient signal Smax (thus correcting out the different excitation yields and maximum
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transient signal) together with the different data collection times. This allows comparing
the different DAQ schemes: The 1 kHz experiment shows the lowest S/N,...qa With the
MHz SPC method delivering ~10 larger S/N,..q, while the current MHz DAQ scheme
delivered the largest S/N,...a under otherwise comparable experimental conditions. The
up to ~30 fold increase from the MHz SPC experiment to the here presented MHz DAQ
scheme clearly reflects the ~1000 fold increase in counted photons/pulse, leading to an
increase of v/1000 in S/N. We can also compare our representative single scan XANES
transient of [Fe(bpy)s]*" in Fig. 4.9 with a S/N of 350 to the representative single XANES
transient scan of the same molecule in [31] with a S/N of 45. Our measurement presented
here yields a factor 350/45 ~ 7.8 better S/N which agrees nicely with the expected im-
provement of /62.4/1.2 ~ 7.2 from the ratio 62.4/1.2 of useful flux between both sources
(see Table 4.1). Furthermore, the dynamic range of an APD can in principle be boosted
from ~100 to several thousands (10%) photons per pulse, as was demonstrated in the kHz
experiment at SLS and ALS [30] measuring transient XAS signals in transmission mode,

which provides ample room for even further improvement.

4.3.4 TR XANES of Weakly Excited Aqueous [Co(CN)s]*"

We further applied the implemented DAQ scheme to aqueous hexacyanocobaltate(I1I)
([Co(CN)g)3*). This sample exhibits two ligand field absorption bands around 260 and
310 nm [195], and light excitation into these bands is followed by an intersystem crossing to
a ligand field excited triplet state with a near-unit quantum yield [196]. This triplet state
has a lifetime of about 2.6 ns and decays back to the ground state (with a quantum yield
of 0.69) or undergoes (CN)~ ligand detachment (with a yield of 0.31), and is promptly
followed by association of a solvent water molecule. [197] This system serves ideally as a
challenging benchmark experiment as its molar absorptivity at 257.5 nm is only about 130
(M cm)~!, thus about 45 times smaller than that for [Fe(bpy)s]?" in HoO at 515 nm. The
present [Co(CN)g]3* thus represents a sample with very low excitation yields. The details
of the photocycle of this molecule will not be addressed in this publication; we will only
use this sample to demonstrate the capabilities to measure small TR transient signals in
fairly short data acquisition times.

We have measured TR XANES of a 100 mM aqueous solution of [Co(CN)g]>* after pho-
toexcitation with 257.5 nm light (the 4th harmonic of our laser system) operating at 1.95
MHz, and probing in 40 bunch mode of PETRA III at 7.8 MHz. The XANES spectrum
measured with an acquisition time of 2 s per energy point shows a very weak transient
signal of about 1/1000 of the K-edge-jump itself, but the S/N is already ~10 (Fig. 4.12a)).
We have also compiled the relevant experimental parameters in Table 4.1, which show that
the signal quality is very close to our expectations. Concerning the strategy to record all
pulses at 7.8 MHz while the laser-on X-ray pulses arrive at 1.95 MHz (or for every 4th
X-ray pulse), this is nicely apparent from the statistically derived error bars for the groups
of laser-on and laser-off data: the laser-on error bars are indeed v/3 times larger than the
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Table 4.1: Experimental laser excitation and X-ray probing parameters of the transient
XANES shown in Fig. 4.11 and Fig. 4.12a)): To compare the achievable S/N with
different DAQ schemes and laser excitation conditions the scaled experimental S/N,.,iq is
calculated by normalization of the experimental S/N.,,, to S/N,..q for identical conditions
(here S,... = 10% of the respective K-edge jump and ¢,., = 1s).

Sample [Fe(bpy)s]**  [Fe(bpy)s]** [Fe(terpy)a]** [Fe(bpy)s]** [Co(CN)gJ**
in HQO [22, in HQO in H2O [25] in HQO in HQO
24, 30] (this work) (this work)  (this work)
Beamline Micro- P01 @ 7ID-D @ P01 @ P01 @
XAS@SLS PETRAIII APS PETRA IIT PETRA III
Concentration 25 mM 20 mM 13 mM 20 mM 100 mM
Laser excitation 400 nm 515 nm 532 nm 515 nm 257.5 nm
wavelength
Laser pulse energy ~200 nJ ~2 nJ ~2 nJ ~1.5 nJ <1nJ
Laser spot size (um? ~300x300 ~150x120 <100x100 ~50x50 ~50x50
VxH)
Laser repetition rate 1 kHz 3.9 MHz 1.3 MHz 1.3 MHz 1.95 MHz
Excited state fraction 17 % 2% 76 % 28 %
f
X-Ray repetition rate 2 kHz 7.8 MHz 6.5 MHz 5.2 MHz 7.8 MHz
X-ray spot size / pm?  100x260 500x 100 ~ 8xT7 ~ 15x30 ~ 15x30
(VxH)
Max trans. norm. to 10 % 1.2 % 46 % 17 % 0.1%
edge jump (Spax)
Acquisition time per ~100 0.026 35 ~1 2
energy point t,., / s
Detected X-ray ~1 ~50 <0.1 ~b ~100
photons/pulse
Calculated S/Nipeo at 28 18 750 450 15
Smax
Observed S/N.,, at 23 9 550 350 10
Smax
S/Necatea® (tacq=1s; 2.3 465 20 206 710°
Smax=10%)

“normalization via S/Nscaled = S/Nexp/(Smax/Tacq)

*Note that this value is for DAQ capability comparison reasons only, since its experimental realization
would require much larger UV pulse energies (which in return would open the door to nonlinear ex-
citations and thus change the experiment drastically). However, with regular laser intensities in the
deeper UV range (not reasonably possible with the current laser system), where the sample exhibits a
larger optical cross section, this S/N could be realized, in principle

70



Chapter 4. Time-resolved X-ray Absorption Spectroscopy at PETRA III

a , :
) 1} w— | gser ON
_ Laser OFF
= ON-OFF
S 0.5
]
2 ol !
@ o
o o 5 g ' }} #Hﬁﬁ}
E ------------ o } Hi iiH{{E
) # R
05 %1000 }Hﬁi BRI
b) al
N -
0
) B
x 2 L
8 ...... 009%° so0ee
8 .
- ’-..-'..“'
Mw.a-"m
0
loe &
) 10/ i
: S
< 0.4 S
2 9 =
(U ~—~~
8 10.2 &
. o
c 8 :
E [
8
.| <
1-0.2 =

7700 7710 7720 7730 7740 7750
X-ray energy / eV

Figure 4.12: a) XANES of [Co(CN)g]3* after 257.5 nm excitation, b) squared error bars
of transient difference and c¢) Iy, measurement which is used as an [y measurement as
well as the normalized difference between I, for laser ON and OFF which shows the
unbalanced top up of electron bunches corresponding to laser ON and laser OFF.
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laser-off error bars. Equally important is to inspect the error bars on the transient data
(difference between laser-on and laser-off data), derived from the on-board fast averag-
ing process: the value of the error bars in the transient of Fig. 4.12a) are squared and
plotted in Fig. 4.12b) for each energy point. It resembles very much the ground state
spectrum, which is indeed expected for a shot-noise limited detection method. But one
also observes occasional deviations (outliers) with larger values. These are due to the
top-up operation mode of PETRA III, which are easily identified for this scan in Fig.
4.12¢): The blue curve shows the measured fluorescence intensity from the Mn foil down-
stream of the sample, which we used for correcting the abrupt intensity changes in our
measurement. Every time an injection occurs, the intensity into the beamline fluctuates
for a few seconds. These fluctuations lead in return to worse statistics in the MHz DAQ
averaging, which nicely explains the increased error bar sizes. Two examples are marked
in red circles in Fig. 4.12, but actually every single injection delivers such increased error
bar sizes, equally supporting the soundness of the implemented averaging scheme. It also
helps understand better the issues when filling a few bunches among the 40/60 stored
bunches: some electron bunches are preferentially filled, and since we record the laser-on
and laser-off data on alternating thus different bunches, there is some probability that
the groups of even or odd bunches are slightly preferentially filled. Fig. 4.12c) shows this,
when we divide the measured intensity on the laser-on bunches by those being used for
the laser-off signal (and in absence of any laser-induced effect). The intensity on each
subgroup changes by up to 0.2 % following each injection. This is substantially higher
than the 0.1 % transient difference signal which we desire to measure, but normalization

takes care of these fluctuations.

4.4 Summary and Outlook

We have implemented a setup for TR XAS at the dynamics beamline P01 of PETRA III
with two key components, which improve the data collection efficiency by a total of up to
six orders of magnitude. The first one is a MHz fiber amplifier laser system with a 24 W
average output power and an adjustable repetition rate from 400 kHz to 15.6 MHz synchro-
nized to the RF frequency of the PETRA III storage ring. Compared to a traditional kHz
Titanium-Sapphire laser system this allows for a thousand fold faster acquisition of laser
excited XAS data in TFY mode. The second element is a MHz DAQ system developed
at European XFEL, which acts similar to a gated integrator, but operates - in principle -
up to the full RF of PETRA III (500 MHz). Here we recorded X-ray spectra by averaging
typically ~107 shots at 7.8 MHz, which were pre-sorted according to laser-on and laser-off
conditions. The APD signal traces were sampled with 2 GS/s (and 12 bit) over the APD
pulse trace and the integration algorithm delivered a reliable measure of each integrated

single pulse intensity. We have confirmed the linear operation of the entire DAQ scheme
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and furthermore characterized in detail the linear working regimes of the APD as a func-
tion of the bias voltage. These measurements exploit the increased dynamic range of this
setup compared to standard single photon counting techniques by about three orders of
magnitude; overall, we can achieve total fluorescence yield count rates up to 100 pho-
tons/pulse or >>10® photons/s at PETRAIII in 60 bunch mode. Currently the limitation
to measure even higher photon numbers (>>100 photons/pulse) with our commercially pre-
amplified APD is related to its fixed large pre-amplifier gain and will be eliminated in the
near-term by implementing a switchable gain preamplifier. At even higher photon fluxes
(exceeding 104 photons/pulse) the APD without pre-amplifier should be able to reliably
operate, and we also use the internal APD gain (driven by the bias voltage) to fine tune
the output trace to the desired voltage level on the ADC input. This will enable the setup
to be used at powerful X-ray free electron lasers, such as the European X-ray Free Elec-
tron laser, which delivers even larger X-ray intensities (102 ph/pulse) at 4.5 MHz, thus
conveniently within the specs of the current setup. Last but not least we have measured
TR XANES spectra with quasi static S/N of Fe-based spin transition systems next to a
weakly (UV light) absorbing Co complex. Comparing the measurements of the MHz DAQ
to those of a SPC DAQ scheme shows that we can effectively decrease acquisition times
by a factor 500 or acquire accordingly better TR signals at equivalent acquisition times,
which is quantitatively fully in line with the corresponding reduced SPC intensity. One
next step will be to make use of the significant decrease in acquisition time, e.g. for mea-
suring TR XAS of samples undergoing non-reversible dynamical changes. The increase
in S/N ratio will allow measuring TR XAS with very small changes thus improving the
sensitivity to even smaller light-induced electronic and structural changes. Furthermore,
we will be able to measure transients with very small excited state fractions, allowing for
decreased laser excitation energies, thus performing tickle-and-probe experiments under
the same laser excitation conditions used in laser-only pump-probe experiments. Just re-
cently, this setup has been complemented by a multicrystal dispersive von Hamos X-ray
emission spectrometer similar to a previously published one [131], which utilizes the MHz
pump-probe scheme to collect high quality TR X-ray emission spectra as in [26, 27].

In the Appendix A a user’s guide to the data acquisition system at POl beamline at
PETRA III can be found.
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5 Iridium Photosensitizer for Solar Hydrogen
Generation

This chapter describes the study of an iridium-based photosensitizer for solar hydrogen
generation via time-resolved X-ray spectroscopies. The study focuses on the changes in
the electronic structure of the photosensitizer in acetonitrile solution and the measure-
ments are extended to the the study of the photosensitizer as part of the fully functioning
homogeneous catalytic system. In the first section, the photocatalytic system is briefly
introduced, in the second section the experimental results are shown and in the third sec-
tion these results are analyzed and discussed in detail before the chapter ends with final

conclusions and an outlook towards possible future research projects.

5.1 Introduction — [Ir(ppy)2(bpy)]*

The photocatalytic system for solar hydrogen generation, which is investigated in this
work, consists of a homogeneous solution of a sacrificial reductant (SR), a photosensitizer
(PS) and a water reduction catalyst (WRC). A schematic showing the reaction cycle
is depicted in Fig. 5.1. The specific system studied here employs the iridium-based
photosensitizer (IrPS) [Ir(ppy)2(bpy)](PFg) [48] shown in Fig. 5.2, where bpy = bipyridine
and ppy = phenylpyridine. Furthermore, triethylamine (=TEA=N(CH2CHs)3) is used
as a SR and Fe3(CO)1o as the WRC! [49]. The function of this system is described
in [49, 199-202] by a four-step process: The IrPS absorbs a photon and is excited to
an electronically excited state IrPS* (step I). The IrPS* is subsequently reduced by an
electron transfer (ET) process from the TEA to IrPS™ (step II) and the IrPS™ further
transfers the electron to the WRC (step III). The WRC then reduces a proton of a water
molecule to hydrogen (step IV). This thesis focuses on the photocycle of the IrPS, i.e.
processes I-I11I.

A UV-vis absorption spectrum of Ir[(ppy)2(bpy)](PF¢) in CH3CN is shown in Fig. 5.3 and
spectral peaks were assigned to electronic transitions in [205] as follows: The relatively
week bands around 330 to 500 nm consist of SMLCT and LC transitions, the shoulder
at around 300 nm contains two 'MLCT transitions. The dominating peak at around 260
nm contains further LC (7(bpy) — n*(bpy) and 7 (ppy) — 7*(ppy)) transitions as well as
transitions to the strong and medium CT states.

'Actually, Fe3(CO)i2 is only the precursor of the WRC. It decomposes into different iron-carbonyls in
the solution, and the radicals [HFe3(CO)11]~ and [HFe(CO)4]~ have been identified as major catalytic
species [198]. For simplicity in this thesis, we call the precursor Fe3(CO)12 the WRC.
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Figure 5.1: Reaction cycle of a photocatalytic system consisting of a homogeneous solu-
tion of a sacrificial reductant (SR), a photosensitizer (PS) and a water reduction catalyst
(WRC) for solar hydrogen generation [49, 199-202]. The system discussed here consists
of the PS [Ir(ppy)2(bpy)]™, triethylamine (TEA) as the SR and Fe3(CO)12 as the WRC.

The photocatalytic reaction in Fig. 5.1 is initiated by excitation in the MLCT bands, thus
in the near UV regime around 350 nm, and the photophysical and -chemical processes
of the IrPS as occurring in the photocatalytic reaction upon excitation in the 'MLCT
band are shown in detail in Fig. 5.4. The excitation of the molecule occurs within the
Franck-Condon regime from the singlet 'A; ground state to one of the singlet MLCT
states labeled S,, and is followed by rapid relaxation via internal conversion (IC) and
intersystem crossing (ISC) into the lowest lying triplet MLCT state labeled T;. In the
long lived charge separated T state the IrPS can be reduced to the doublet Dy state by an
ET from the SR and the excess electron of the IrPS™ in the Dy state can be further passed
on to the WRC. A competing mechanism to the reduction is a radiative or non-radiative
deactivation of the T back into the ground state of the IrPS. The photoluminescence
lifetimes of the T; state in tetrahydrofuran (THF) solution in absence of a SR as well as
with the TEA as a SR present as a co-solvent in a THF/TEA mixture with a 5/1 volume
ration have been determined to 370 ns and 13 ns, respectively [201].

The goals of the experiments reported on here were to first find an X-ray spectroscopic
signature of the excited states of the PS and later to use this signature to monitor the
previously described steps in the photocycle, i.e. processes I-III of Fig. 5.1, during the
photocatalytic activity. Prior to the actual experiments we evaluate the expected changes
in structure, spin and electronic states of the IrPS within the photocycle as in Fig. 5.4.
In contrast to the Fe-based spin transition systems (see Chapter 6), almost no structural
changes are expected. This can be seen in Tab. 5.1, in which the bond lengths of the first
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Figure 5.2: a) Two dimensional representation of the [Ir(ppy)2(bpy)]* with the two ppy
ligands on the left of the Ir™ center and the bpy ligand on the right side. Figure has been
plotted with MarvinSketch [203]. b) 3D view of the approximately octahedral structure
of [Ir(ppy)2(bpy)]". Figure has been plotted with Chimera [204].

Table 5.1: First coordination shell bond lengths from density functional theory (DFT)
calculations of Ir[(ppy)2(bpy)]™ in the singlet ground state Sy, in the energetically lowest
singlet excited state Si, in the lowest lying triplet excited state T; and in the reduced
doublet state Dg. The calculations have been performed by O. Kiihn, S. Bokarev et al.
201, 205, 206].

Electronic state R(Ir-Nyyy) R(Ir-Nppy) R(Ir-Cppy)
So 2.164 A 2.058 A 2.012 A
Sy 2.164 A 2.056 A 1.992 A
T, 2.163 A 2.057 A 1.986 A
Do 2.149 A 2.050 A 2.014 A

coordination shell around Ir of the Sy ground state as well as of three relevant excited
states, the energetically lowest lying singlet and triplet MLCT states (S; and T7) and of
the reduced Dy doublet state, are summarized. The strongest structural changes, though
small compared to those of Fe-based spin transition systems (see Chapter 6), can be found
in the Ir-C,,, bond, which is contracted by about 0.02 A in the MLCT states. The spin
state of the Ir center changes only by 1/2: In the Sy GS as well as in the reduced Dy
state the electronic configuration of the Ir center is 5d°, while in the S, and T,, MLCT
states the configuration is 5d°. As discussed in Section 3.4, core-to-core XES can be used
to determine the local metal center spin state in 3d TM based complexes, thus we have
tested if La XES can be used accordingly to determine the changes in the spin state
of the Ir center here. Finally the strongest time-resolved changes are expected to be of
electronical nature and we can use L-edge XANES at 11215 eV (L3) and 12824 eV (Lg) to
map out the unoccupied orbitals of the IrPS. The L3 and Lo edges correspond to ionization
from the the 2p orbitals with the additional advantage that the 2p — 5d bound-bound
transitions are dipole allowed and thus expected to be very strong.
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Figure 5.3: UV-vis absorption spectrum of Ir[(ppy)2(bpy)](PFs) in CH3CN. The rela-
tively week bands around 330 to 500 nm consist of MLCT and LC transitions, the shoulder
at around 300 nm contains two 'MLCT transitions. The dominating peak at around 260

nm contains further LC transitions and the transitions to the strong and medium CT
states [205].
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Figure 5.4: Potential energy surface scheme of the relevant potentials as well as the
photophysical and -chemical reactions of the Ir[(ppy)2(bpy)]™ acting in the
photocatalytic system described in Fig. 5.1. (Figure reproduced from [202]).
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5.2 Results - Picosecond-resolved X-ray Spectroscopy

5.2.1 Experimental Conditions

Time-resolved X-ray absorption spectra of [Ir(ppy)2(bpy)]™ have been measured at beam-
line 7ID-D at the APS both in total fluorescence yield (TFY) as well as in high energy
resolution fluorescence detection (HERFD) mode. A detailed description of the experi-
mental setup can be found in section 3.8.2. Here, only the X-ray and laser parameters
which have been applied in this experiment are briefly summarized.

The APS was used in 24 bunch mode, delivering X-ray pulses at a repetition rate of 6.52
MHz. The X-ray flux at 11.25 keV was 4 x 10!! ph/s after the KB mirrors which focused
the the X-rays to a spotsize of 4 x 5 pm? (VxH) on the sample. As an optical pump
source, the third harmonic of the laser system with a wavelength of 355 nm, where the
molar absorptivity of [Ir(ppy)z2(bpy)]™ is €=7525 (M c¢m)~!, has been used. The laser
repetition rate was set to 931 kHz, the 7th sub-harmonic of the X-ray repetition rate, thus
the spacing between consecutive laser pulses was ~1.07 pns. The 6th X-ray pulse after the
optical excitation, i.e. the one just before the following optical excitation, has been used
as a laser OFF pulse. The six X-ray pulses between laser pulses between laser ON and
laser OFF measurement correspond to 917 ns, thus about 2.5 times the 370 ns ground
state recovery time of the IrPS measured in THF, which allows for an almost complete
ground state recovery. The laser was focused to 21 x 13 pm? (VxH) on the sample. During
the Ls-edge XANES scans the laser power was set to 132 mW corresponding to a pulse
energy of ~142 nJ, thus a laser fluence of 66 mJ/cm? and a laser peak intensity of 6.6
GW /cm?. During the Lz-edge EXAFS as well as during the Lo-edge XANES scans the
laser power was set to 227 mW corresponding to a pulse energy of 244 nJ, a laser fluence
of 114 mJ/cm? and a laser peak intensity of 11 GW /cm?.

We have investigated the following three samples:

- Sample 1: [Ir(ppy)2(bpy)|PFs solution in CH3CN with a concentration of 15 mM
and a total volume of 25 mL. The optical density of this sample in a 100 pm thick
jet turned to 45° is 1.6.

- Sample 2: [Ir(ppy)2(bpy)|PFs in a CH3CN/TEA mixture with a concentration of
15 mM and a total volume of 25 mL. The TEA/CH3CN ratio was about 1:4 in
volume. The concentration of [Ir(ppy)2(bpy)]™ is equivalent to the one in sample 1
and thus the OD is also 1.6.

- Sample 3: [Ir(ppy)2(bpy)|PFs and Fe3(CO)i2 in a CH3CN/TEA mixture. The
TEA/CH3CN ratio was about 1:5 in volume and the total volume of the sample was
30 mL. The [Ir(ppy)2(bpy)]T concentration was with 12.5 mM slightly lower, leading
to an OD of 1.33. The Fe3(CO);2 concentration was 9 mM.
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The [Ir(ppy)2(bpy)|PF¢ has been synthesized by our collaborators in Rostock (Stefan
Lochbrunner, Nils Rockstroh, Oliver Kiihn, Sergey Bokarev, Henrik Junge and Matthias
Beller). The TEA and Fe3(CO);2 are commercially available and have been bought from
Sigma Aldrich.

Due to the fairly small sample volumes we had to compensate the evaporation of CH3CN
by frequent injections of pure CH3CN to the sample, e.g. once per hour a few (< 5) mL.
The TFY XAS spectra were measured with a scintillator placed at an angle of 90° with
respect to the X-ray propagation direction. Static La XES have been measured with a
25 cm von Hamos spectrometer using the Ge(800) reflection of a Germanium crystal and
a Pilatus 100k detector. The HERFD XAS spectra were measured with a 1 m Johann
spectrometer using also the Ge(800) reflection and fixing the Bragg angle to the maximum
of the La XES line, i.e. to 9175 eV.

5.2.2 Static La X-ray Emission Spectroscopy

The static La X-ray Emission Spectra (XES) of powder samples of Ir""[(ppy)2(bpy)](PFs),
Ir'VO4 and SraFelrYOg have been measured. In Fig. 5.5 the spectra over a range from 9070
eV to 9195 eV are shown, consisting of two discrete XES lines, Las at 9100 eV and Lay
at 9175 eV [76]. The emission lines appear structureless and no clear differences between
the three spectra are visible. As the three spectra correspond to Ir in different chemical
environments and of three different oxidation states, namely +III (Ir''""[(ppy)2(bpy)](PFs)),
+IV (in I''YOq) and +V (in SroFelrVOg), the La XES does not (within our sensitivity)
show a dependency on oxidation or ligation state.

5.2.3 Time-resolved L;-Edge X-ray Absorption Spectroscopy
Total Fluorescence Yield XANES

The Ls-edge XANES spectra, corresponding to the ionization from the 2ps/, shell, of
[Ir(ppy)2(bpy)]™ in CH3CN have been measured in TFY over a range from 11190 eV to
11250 eV. The spectra corresponding to the laser excited ensemble, the ground state, the
reconstructed excited state as well as the transient difference are plotted in Fig. 5.6a).
The spectral features are very broad due to the 5.25 eV (FWHM) corehole lifetime width
of the Ir Lz-edge [139]. The ground state spectrum shows two main features which are
labeled B and C. The laser excited ensemble shows a slight blue shift of the features B
and C as well as an increase of the intensity in the low energy tail of B. The excited
state fraction of the laser excited ensemble is found to be 12% (how the excited fraction
is determined will be explained later in section 5.3.2), which allowed reconstructing the
excited state spectrum using Eq. 3.22. Here the shifts of features B and C are even more
pronounced and an additional feature, labeled A, is found at the low energy edge of feature
B. In the laser excited ensemble, A was only visible as a slight intensity increase in the
low energy tail of B. The transient difference spectrum shows as the main characteristic
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Figure 5.5: Static Lo X-ray emission spectra of powder samples of [Ir'" (ppy)2(bpy)](PF¢)
(red), Ir'VOq2 (green) and SraFelrVOg (orange). The red arrow at 9175 eV marks the
position at which the HERFD spectra are measured.

an "up-down-up” feature, which is the result of the additional transition A ("up”) and
the shift of the strongest feature B (”down-up”).

We can use the simplified orbital diagram in Fig. 5.11 to tentatively assign B to the
transitions to the 5d(e,) orbitals and A to the transitions to the 5d(ta4). In the GS with
5d° configuration the 5d(ta,) orbital is completely filled, thus A appears only in the ES
which has, due to the 5d° configuration, a vacancy in the 5d(tag) orbitals.

We are currently working with Sergey Bokarev, Oliver Kiihn et al. on calculations of
the X-ray absorption spectra in the dipole approximation at the first principles restricted
active space self-consistent field (RASSCF) level and LS-coupling perturbative scheme for
the spin-orbit coupling [108, 109]. These high level wavefunction based calculations allow
us to tentatively assign the transition above the B feature, i.e. the C feature, to shake-up
transition. These shake-up transitions consist of two electron transitions: a 2ps,,—e,

transition plus a tog—7*(bpy) transition [207].

High Energy Resolution XANES

The HERFD Ls-edge XANES spectra of [Ir(ppy)2(bpy)]* in CH3CN have been measured
simultaneously to the TFY spectra and are shown in Fig. 5.6b), again for the laser
excited ensemble, the ground state, the reconstructed excited state as well as the transient
difference. As the TFY and HERFD spectra are measured simultaneously, the excited
state fraction here is also 12 %. The spectral features of the HERFD XAS are the same
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Figure 5.6: Ls-edge XANES measured in a) TFY and b) HERFD of the laser excited
ensemble (red), the ground state (blue), the reconstructed excited state (orange) and the
transient difference (green) of [Ir(ppy)2(bpy)]T in CH3CN.

ones as in the TFY case, but thanks to the HERFD measurement technique, the features
are by far sharper, allowing also a clear distinction between the peaks A, B and C.

Total Fluorescence Yield EXAFS

A single EXAFS scan of the Ls-edge over a range up to ~150 eV above the L3 absorption
edge has been measured, the resulting spectra are shown in Fig. 5.7. The laser pulse
energy was with 244 nJ a factor 1.72 larger than the 142 nJ during the XANES scans,
which would lead to an excited state fraction of 21 %. We have determined the excited
state fraction independently by scaling the transient in the XANES region of the EXAFS
scan to the one of the XANES scan in Fig. 5.6. The required scaling factor to match the
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transient intensities is 1.7, thus in excellent agreement with the ratio of pulse energies.
This is a clear signature of a purely linear optical excitation. In addition to spectral
signatures A, B and C, an additional feature D at ~50 eV above the L3 absorption edge
can be seen, which also exhibits a blue shift upon laser excitation.
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— Ground state
— Excited state
— Transient
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Figure 5.7: Ls-edge EXAFS measured in TFY of the laser excited ensemble (red), the
ground state (blue), the reconstructed excited state (orange) and the transient difference
(green) of [Ir(ppy)2(bpy)]™ in CH3CN. An additional feature D at about 50 eV above the
absorption edge is visible. In the inset, a fit of a Voigt profile to D in the ground and
excited state is shown.

5.2.4 Time-resolved L,-Edge Total Fluorescence Yield XANES

The La-edge XANES spectra, corresponding to the ionization from the 2p;/, shell, have
been measured and are shown in Fig. 5.8a). The laser excited spectrum has been acquired
at the same laser excitation conditions as the Ls-edge EXAFS, thus the laser pulse energy
of 244 nJ results also here in an excited state fraction of 21 %.

The Ly corehole lifetime width of 5.69 eV (FWHM) [139] is slightly larger than of the
Ls-edge. The ground state spectrum shows, analogously to the Ls-edge, two main features
B’ and C’. Upon laser excitation, these features shift to higher energies, but contrary to
the Ls-edge, no clear feature A’ at lower energies appears. In Fig. 5.8b) the Lo-edge
transient is compared to the one of the Ls-edge. The transient of the Lo edge has an
”down-up” characteristic due to the shift of B’, a clear signature of a feature A’ is missing.
Only the reconstructed excited state spectrum marks a shoulder in the low energy tail of
B’, which could be due to A’.
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Figure 5.8: a) TFY Ly-edge XANES of the laser excited ensemble (red), the reconstructed
excited state (orange), the ground state (blue) and the transient difference (green) of
[Ir(ppy)2(bpy)]t in CH3CN. In b), a comparison between this Lo-edge transient (green)
to the Lz-edge transient (orange) is shown, the transients are normalized to the respective
edge jump and scaled to 100 % excited state fraction.

5.2.5 Time-resolved XAS of Fully Functioning Photocatalytic System
Ls-edge XANES - Total Fluorescence Yield

We have measured the TR Ls-edge XANES in TFY of the IrPS also in a CH3CN/TEA
mixture as well as in a CH3CN/TEA/ Fe3(CO);2 mixture. The static L3-XANES spectra
and the scaled transient differences ~100 ps after photoexcitation are shown in Fig. 5.9
a) and b), respectively. Both the ground state and the transient spectra have been scaled
to match their respective relative intensities in order to facilitate a comparison between
the individual spectra.

Neither the static nor the transient spectra show any qualitative difference. From the static
result we conclude that the addition of TEA and/or Fe3(CO);2 does not (significantly)
change the electronic or geometric structure of the IrPS. Furthermore, from the 100 ps
transients we can conclude that the energetically lowest lying excited state, in which the
IrPS has predominantly arrived 100 ps after photoexcitation, is the same for all three

samples.

Time Delay Scans

Time delay scans at 11.2215 keV (where the transient XANES exhibits its maximum) have
been performed to measure the lifetime of the excited state of the IrPS. The scans of the
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Figure 5.9: Comparison of XANES of [Ir(ppy)z2(bpy)]Tin CH3CN (blue), as well as in
CH3CN/TEA (green) and in CH3CN/TEA/ Fe3(CO);2(red) mixtures, respectively. In a)
the ground state spectra and in b) the transient differences are shown. The static spectra
and the transient differences are arbitrarily scaled in intensity to simplify comparison.

IrPS in CH3CN, in the CH3CN/TEA mixture as well as in the CH3CN/TEA /Fe3(CO)12
mixture are shown in Fig. 5.10. A fit> of a convolution of a Guassian-broadened step
function with a mono-exponential decay yielded the respective lifetimes of the excited
state of the IrPs in these three samples to (39.6+£2.8) ns, (5.0+0.6) ns and (6.7£0.7) ns.
As the delay scans are taken at the rising edge of the B-feature, which shifts proportionally
to the change in oxidation state [208], we directly probe the oxidation state of the Ir
center. This allows us to interpret the measurements the following way: The 39.7 ns

2The time delay scan fits in this thesis have been performed with the Isqcurvefit function in Matlab. The
given error is the 95 % confidence interval which is calculated with the nilparc: function.
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measured for sample 1, the IrPS in CH3CN alone, correspond to the (radiative or non-
radiative) relaxation from the T; state back to the Sy ground state with a rate constant
of kg1 = 2.52x 107 s~!. The 5.0 ns, thus a rate constant kg, = 2.0 x 108 s~!, measured for
sample 2 (IrPS in CH3CN/TEA mixture) corresponds to the decay of the T excited state
via two distinct pathways, the relaxation back to the ground state and the reduction to
the Dy state via ET from the TEA to the IrPS*. The 6.7 ns which we have measured for
the case of the third sample (IrPS in CH3CN/TEA /Fe3(CO)i2 mixture) corresponds to
the same deactivation mechanisms as in the case of sample 2. The slightly longer lifetime
found here is merely caused by the 1.25 times lower TEA concentration, leading to a
roughly 1.25 times lower rate of the diffusion driven and thus concentration dependent

quenching of the to, vacancy via the ET.
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Figure 5.10: Time delay scan of [Ir(ppy)z2(bpy)]™ in CH3CN (blue), as well as in
CH3CN/TEA (green) and CH3CN/TEA /Fe3(CO);2 (red) mixtures. A fit of an exponen-
tial decay resulted in excited state lifetimes of (39.64+2.8) ns, (5.0+0.6) ns and (6.74+0.7) ns
for the three samples, respectively.
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5.3 Analysis and Discussion

5.3.1 XANES Analysis

To determine the energies of the bound-bound transitions and of the absorption edge more
precisely, we have reconstructed the L3-edge spectra using a superposition of Voigt® profiles
for the discrete bound-bound transitions and an arctangent broadened step function for
the absorption edge. This analysis is done in full analogy to the one of TR Ls-edge spectra
of Ru(bpy)s published in [21, 209] and of Ir(ppy)s in [184].

Ground State Excited State
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Figure 5.11: Diagram showing the 2p and 5d Ir orbitals. The 5d orbitals are mainly
split by the ligand field, the spin-orbit coupling leads to a much smaller splitting of the 5d
orbitals (<1 eV), which is neglected here. The 2p orbitals are split by 75 eV due to the
spin-orbit coupling. The transitions of the Ls-edge involve the orbitals 2ps/, and 5d(tag)
and bd(ey), they are shown together with the edge as arrows labeled A, B and Edge,
respectively. The Lo-edge XANES contains the corresponding transitions starting from
the 2p; /o sub-shell (not shown with arrows).

First we have reconstructed the HERFD Ls-edge XANES spectra. For the GS spectrum,
two discrete transitions B and C were required, see Fig. 5.12a). For the ES spectrum
in Fig. 5.12c), an additional transition A was needed. The width of the discrete peaks

%A Voigt distribution is a convolution of a Gaussian distribution G(E) = C1 exp (—(Eo — E)?/(20)) and
Lorentzian distribution L(E) = CoT'/((Eo — E)? + (I'/2)?). Typically L(E) accounts for the core-hole
lifetime broadening I' (FWHM) and G(E) for the experimental resolution 2v/21n20 (FWHM), given
e.g. by the monochromator. The constants C1 and C3 describe the amplitudes of the distributions and
FEoy the energy, where they exhibit their maximum.
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Figure 5.12: Reconstructed XANES spectra together with measured data of
[Ir(ppy)2(bpy)]" in CH3CN in its GS in a) HERFD and in b) TFY as well as of the
ES in ¢) HERFD and d) TFY. In e) and f) the measured as well as reconstructed tran-
sients in HERFD and TFY, respectively, are shown. The x-axis is given relative to the
2p3/y ionization energy of 11215 eV.
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Figure 5.13: Reconstructed La-edge XANES spectra measured in TFY together with
measured data of [Ir(ppy)z2(bpy)]t in CH3CN, a) in its GS, b) in the ES and c) the
measured as well as reconstructed transients. The x-axis is given relative to the 2py
ionization energy of 12824 eV.

as well as the width of the arctangent are on the order of 3.0-3.5 ¢V (FWHM) for all
transitions. In [210] the expected broadening of the Ls-edge HERFD measured via La
XES of Pt and Pb have been calculated to 3.2 eV and 3.4 eV, respectively. Thus the
here observed resolution is within the expectations from literature. The energies of the
transitions found in these fits are summarized in Table 5.2. The residues (plotted as red
solid line offset from zero), consists of merely statistical noise. Using these transitions we
were able reconstructed the transient spectrum shown in Fig. 5.12¢), which is in excellent
agreement with the experimental data.

In the next step we have analyzed the TFY Ls-edge XANES spectra. Here we have fixed
the energy positions obtained in the analysis of the HERFD spectra and only optimized
the broadening and area of each of the transitions. The positions are fixed to within
+0.05 eV for features B, C and the edge and to +0.2 eV in case of feature A, to account
for uncertainties in the determination of the exact positions from the HERFD spectra.
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Table 5.2: Energy positions of Lz-edge and La-edge XANES features obtained from their
respective reconstructions with Voigt profiles and arctangent broadened edges. All energies
are given in eV, in the case of the Lg-edge features relative to the 2ps /o ionization energy
of 11215 eV and for the La-edge features relative to the 2p;/, ionization energy of 12814
eV. The fits were performed in Matlab using the Isqcurvefit function and the error bars
correspond to the 95 % confidence interval which is calculated with the niparci function.

A B Ba edge C D
L3 GS 3.8 +£0.1 9.0+1.0 5.4+1.6 12.840.3 47.440.3
Ls ES 0.24+0.2 48403 9.5 6.4+8.8 14.740.4  4940.4
L; AE +1.0£0.4 +1.1 +1.0 +1.94+0.5 +1.6£0.5
Ly GS 2.740.1 4.5+1.1 11.740.1
Ly ES -0.8+04 3.7£0.2 5.74+3.3 13.4+0.3
L, AE +1.2+0.3 +1.243.5 +1.7£04

Here we noticed, that one additional, although fairly week, transition between B and C is
required to reconstruct the spectra. This transition is labeled Bo and its energy has also
been added to Table 5.2. The reconstructions of the TFY Ls-edge XANES spectra in GS,
ES and of the transient difference are shown in Fig. 5.12 b), d) and f), respectively. The
optimized widths of the arctangent as well as of the bound-bound transitions are on the
order of 5 eV (FWHM), which is in excellent agreement with the tabulated 2ps/, core-
hole lifetime-width of 5.25 eV for Ir [139]. For pure lifetime-broadening, one would expect
the line-shape to have mainly Lorentzian character. Nevertheless, we have observed that
the broadening has a large Guassian contribution, rather than a Lorentzian one. This is
illustrated in the Appendix B and the origin of this remains to date unsolved.

The fact that one additional transition is required to reconstruct the TFY spectrum than
the HERFD spectrum is not completely surprising. The intensity of features such as
shake-up transitions may be reduced in HERFD XAS [210], this possible mismatch has
been explained in even greater detail in [211, 212].

The La-edge XANES spectra measured in total fluorescence yield have been analyzed in
full analogy to the Ls-edge XANES spectra. We were able to reconstruct the GS spectrum
using two discrete transitions B’ and C’, see Fig. 5.13a). To reconstruct the ES spectrum
in Fig. 5.13b), additionally a very weak feature A’ was required. The energies obtained
from the Lo-edge fit are summarized in the lower panel of Table 5.2.

The A’ feature has been discussed in detail in Refs. [21, 209] for the case of 4d5 TM
complex Ru(bpy)s which is compared to the perfectly octahedral Ru(NHs)g. In the Lo-
edge of the 4d> TM complex Ru(NH3)g, the A’ feature is completely missing [213], as
in perfect octahedral symmetry this transition is dipole forbidden. Due to a trigonal
distortion this transition becomes also partially allowed in the excited MLCT state of
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Ru(bpy)s with a 4d° TM center.

In the same table we have also summarized the relative shifts of the energies of the different
features between ground and excited states. As obtained from the L3-edge XANES, feature
B and the absorption edge shift by ~1 eV. This shift is also present in the Lo-edge XANES
and reflects merely the change in oxidation state of +1 between ground and excited state
of the [Ir(ppy)2(bpy)]". The magnitude of the shift is in line with literature: In [208],
XANES spectra of a series of Ir complexes with Ir in oxidation states +II to +IV are
presented and an average shift of the white line peak (here: feature B) of around 1.3 eV
per increase of 1 in oxidation number has been found.

As can be seen in Fig. 5.11 we can estimate the ligand field splitting in the ES as the
difference of the energies of transitions B and A, which results in 10Dq = (4.6 £ 0.4) eV.
This ligand field splitting is larger than the ~3.8 eV found for Ru(bpy)s [21], which is due
to the larger ligand field strength exerted by Ir (a 5d TM) than by Ru (a 4d TM). It is
roughly identical to the 4.4 eV one found for Os(terpy)s [88], which could be understood
by the similar ligand field strengths of terpy, bpy and ppy~ and the fact that Ir and Os are
direct neighbors in the periodic table. For Ir(ppy)s nevertheless, the ligand field splitting
of ~6.4 eV [89] appears by far larger, which could be explained by the stronger ligand
field of the ppy~ ligand.

The fits of both Ls-edge and Ls-edge summarized in Table 5.2 both deliver very large
errors on the edge position, thus without prior knowledge we are not able to precisely
determine the ionization potential of the [Ir(ppy)2(bpy)]™.

The detailed XANES analysis shows further the improvement in resolving the spectral
features by about 1.5-2.0 eV with the help of the HERFD method. Comparing the HERFD
spectra with the TFY spectra, an additional remark has to be made: all spectral features
in the HERFD spectra were shifted by 0.4 eV compared to the TFY spectra. This shift is
caused by a slight offset of the Ge(800) analyzer crystal from the peak intensity of the Lay
line during the HERFD measurement. This artifact becomes clear when considering the
RXES plane (see Fig. 3.11) and taking a lineout along a fixed emission energy. Depending
on the exact choice of the X-ray emission energy at which the lineout is taken, the onset
of the HERFD XANES spectrum (and with this the other XANES features as well) may
shift. This has already been discussed in [210]. The absolute energies summarized in Table
5.2 correspond to the TFY energies, as they reflect the ”real positions” of the features.
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5.3.2 Determination of Excited State Fraction

The excited state fraction of the L3 edge XANES measurements has been determined
using an ionic approximation similar to [21, 89, 209], which can briefly be summarized
as follows: In the excited MLCT state the to, orbitals are occupied with five electrons,
thus yielding one vacancy and the e, orbitals are empty with a total of four vacancies. In
the ground state, the to, orbitals are fully occupied by six electrons. As the transition
probability scales with the density of final states in an ionic approximation [89, 209] we
can assume that the transition probability to the 5d orbitals in the excited state is 25 %
larger than in the ground state. In other words, the transition B in the excited state
should be four times more intense than the transition A.
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Figure 5.14: Reconstructed ES spectrum of [Ir(ppy)z2(bpy)]™ in CH3CN for a series of
anticipated excited state fractions between f = 6 % and f = 18 % for XAS measured in a)
HERFD and b) TFY. The x-axis is given relative to the 2p3/, ionization energy of 11215
eV.

Following this line of argumentation, we can relate the areas Apgs, Aars and Ap Es
underneath the peaks B in GS and A and B in ES, respectively, via

Apcs = Apps =4 X Asps . (5.1)

To determine the excited state fraction f of our experiment, we have reconstructed the
Ls-edge ES spectrum for different anticipated excited state fractions and deconvoluted in
each case the XANES spectrum as in Fig. 5.12. A selection of reconstructed ES spectra
for f =6 %, 9% 12 %, 15 % and 18 % is shown in Fig. 5.14a) and b) for the HERFD and
TFY measurement, respectively. From this reconstruction we can determine the peak areas
Apas, Aaps and Ap pg for each anticipated f. In Fig. 5.15a) the ratios Ap ps/AA Es
and Ap gs/Aa s as a function of f are shown. We find Ap gs/Aa gs =~ Apas/Aaps = 4
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Figure 5.15: a) Plot of ratio of areas Ap/A4 ps underneath the peaks B and A, for B
in GS and ES, repectively, as a function of the anticipated excited state fraction f. This
determines the correct excited state fraction to f = 12% £ 1%, as here Ag ps/Ap ps ~ 4.
For a discussion of b) to d) see text.

for f = 12% + 1%. Thus the excited state fraction is 12% + 1 %.

In Fig. 5.15, further quantities as a function of f are plotted and are briefly discussed
here: The ratio of the Ap ps/Ap.gs (b) shows a ~5% decrease in intensity of transition
B in the ES. In (c) the peak position of B in the GS as well as those of A and B in the ES
are plotted. Here in the ES feature B shows the strongest dependency on the anticipated
excited state fraction. The dependency of the ligand field splitting 10Dq on f plotted in
(d) and results in an estimate of 0.2 eV for the error of 10Dg due to the uncertainty in f
of £1 %. This error in 10Dq is negligible compared to the +0.4 eV due to the uncertainties
in the positions of A and B.
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5.3.3 Electron Transfer Rates from TEA to IrPS*

In this subsection we aim to determine the ET rate using the excited state decay times
from the fit in Fig. 5.10, following the method described in [201], where the ET rate for
[Ir(ppy)2(bpy)]* in THF has been estimated analogously.
The decay rate kg1 of sample 1, i.e. of the IrPS in CH3CN alone, corresponds to the
ground state recovery rate via (non)radiative decay of the triplet excited state. The decay
rate kgo of sample 2, i.e. of the IrPS in CH3CN together with TEA, corresponds to the
lifetime of the triplet excited state when it is additionally deactivated via ET from the
TEA to the IrPS* and subsequent reduction to IrPS™. Thus kgs consists of the sum of
the ET rate kg and the ground state recovery rate kg1 and we can calculate the ET rate
k:ET via

kpr = kg — kg1 = 1.76 x 108 s71, (5.2)

In the next step we calculate an expected ET rate in the case that every encounter, i.e.
every collision, of IrPS* with a TEA molecule leads to an ET process. To start, we first
calculate the diffusion rate constant kp for the IrPS and TEA in CH3CN using [66, 201]

. kT 1 1
kp=4nNaRe D with D= 2. ( y—— Rmas) . (5.3)
Here R¢ is the distance of closest approach of the two molecules, D the mutual diffusion
constant and 7 the viscosity of the solvent (here CH3CN). R¢o can be approximated by
the sum Ro = Rrpa + Riyps of the gyration radii Rrga = 2.5 A and Rypg = 4.2 A of
TEA and the IrPS, respectively. Using for the viscosity of CH3CN ncy,en = 3.43 x 1074
kg (ms)~! at 298 K from [214] and the temperature T' = 298 K we obtain

kp = 2.06 x 101°(M )~ . (5.4)

This is ~ 40% larger than the 1.5 x 10 (M s)~! found in [201] in THF, which is due to
the higher viscosity of THF of nryr = 4.8 x 107* kg (ms) ™! [214].
The concentration of crgy TEA in the sample mixtures is given by

F X
CTEA = %EI:TEA s (5'5)

where Frg, is the fraction (in volume) of TEA in the sample, and prgy and Myg,, the
density and molecular mass of TEA, respectively. Using Frz, = 0.2 of TEA in sample 2,
Myga = 101.19 g/mol [215] and prps = 0.728 g/cm? [216] we obtain a concentration of
crea = 1.44 M in sample 2. The expected ET rate is then

Eptoxp = kD X Crpa = 3.0 x 1010 571 (5.6)

and thus about 170-fold larger than the measured value. In other words, only every 170th
encounter of an excited IrPS* with a TEA molecule leads to an ET.
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5.4 Summary

We have applied TR X-ray spectroscopies to investigate an IrPS for solar hydrogen gen-
eration. While the Ir La XES has turned out to be not chemically sensitive, we were
able to quantify the electronic structural changes of the IrPS as they occur during the
photocatalytic cycle by mapping out the (metal centered) unoccupied orbitals of the IrPS
in its GS and its ES using (Lg-edge and mainly) Lz-edge XANES. The features in the
TFY spectra are extremely broadened due to the >5 eV core-hole lifetime broadening and
applying HERFD XANES improved the resolution by ~1.5-2.0 eV down to ~3.0-3.5 eV.
The improved resolution of the XANES features allowed for an accurate analysis of their
energies and a decomposition of the edge into its main transitions. The GS XANES
yielded one main bound-bound transition corresponding to the dipole allowed 2p—5d(e,)
transition. The appearance of an additional feature in the excited state has been assigned
to the transition to a vacancy in the 5d(tog) orbitals, which are fully occupied in the GS.
The energy difference of these two transitions corresponds approximately to the ligand
field splitting, which is found to be 10Dg=(4.6+0.4) eV.

We have further investigated the IrPS in the fully functioning photocatalytic system and
were able to directly observe the ET process from TEA to the IrPS via a quenching of the
triplet MLCT ES and a reduction of the ES lifetime of the IrPS by a factor of about 8.
More specifically, we can monitor the arrival of the additional electron from the TEA in
the to, orbital. The ET rate from TEA has been calculated and compared to a collision
rate of TEA with the IrPS*, showing that only every 170th encounter leads to an ET
process.

In a next step it would be desirable to also apply TR XAS and XES to the the WRC
(Fe3(CO)12) to monitor the last step (IV) of the reaction cycle in Fig 5.1.
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6 Towards an Iron-based Photosensitizer

In this chapter the characterization of structure and spin of the excited state of [Fe(dcpp)a]?+
will be presented. [Fe(dcpp)s]?T is considered a candidate towards a new class of Fe(II)
centered low spin ground state complexes with increased ligand field strength, possibly
towards the triplet-quintet crossing point [52, 217]. In this context, [Fe(dcpp)s]?T will be
compared to a series of conventional low spin Fe(II) complexes which undergo light-induced
LS-HS transitions.

6.1 Introduction - [Fe(dcpp)2]*"

The complex [Fe(depp)s]?t has been introduced in [52] and here its main characteristics are
summarized in the context of the well established [Fe(bpy)s]?* and [Fe(terpy)s]?* as in the
aforementioned reference. Here, the ligand abbreviations stand for di(carboxypyridyl)py-
ridine (dcpp), terpyridine (terpy) and bipyridine (bpy).

The structure of [Fe(dcpp)s]?™ is depicted schematically in Fig. 6.1. Similar to
[Fe(terpy)2]?*, the complex consists of an Fe(II) center with two tridentate polypyridyl
dcpp ligands. The first coordination shell consists of six nitrogen atoms around iron, these
can be grouped into two axial nitrogen atoms (= N,,) along the symmetry axis of the
molecule and four equatorial nitrogen atoms (= N¢,) in the plane normal to the symmetry
axis. The second coordination shell consists of twelve carbon atoms which are further split
into three groups of each four, Cg;, Ceq1 and Cego (Fig. 6.1a)). The symmetry of the com-
plex in its ground state is almost perfectly octahedral (see Fig. 6.1b)), with cis and trans

Table 6.1: Bond lengths of the atoms in the first and second coordination shell of
[Fe(depp)2]?t grouped as shown in Fig. 6.1. The table contains the results for the 'A;
ground state and the two possible excited states 3Ty and °Ty from density functional
theory (DFT) calculation (by Elena Jakubikowa), and for comparison, the first coordina-
tion shell bond lengths from single-crystal X-ray structure determination (from [52]) are

shown.
R(Fe-Ng) R(Fe-Ngg) R(Fe-Cyy) R(Fe-Ceqr) R(Fe-Ceq2)
1A, 1.999 A 2.020 A 2.931 A 2.947 2.944 A
3T 1.981 A 2.143 A 2.915 A 3.024 A 3.059 A
5T, 2.158 A 2.170 A 3.073 A 3.084 A 3.059 A
1A) (via 1974 A 1.985A-1.989A
X-rays)  40.002 A +0.002 A
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b)

Figure 6.1: a) Structure of [Fe(dcpp)2]?* in 2D. The nitrogen atoms in the first coordi-
nation shell can be separated in axial (blue) and equatorial (red) ones, the carbon in the
second coordination shell can be grouped into axial ones (Cgy) as well as into those linked
to the carbonyl group (Ceq1) and those at the outer end of the depp ligand (Ceq2). This
figure has been plotted with MarvinSketch [203]. b) 3D structure of [Fe(dcpp)s]?t with
the propeller like twisted arrangement of the two dccp ligands around Fe. This figure has

been plotted with Chimera [204]
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Figure 6.2: UV-vis absorption spectra of Fe-based
Fe[(depp)2](PFg)2  (blue solid line),  Fe[(dvpp)z2](PFg)2

[Fe"(dcpp) J**
[Fe"(dvpp) J**
[Fe'(terpy) 1"
- — —[Fe"(bpy)*"

700
spin transition
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systems
line),

Fe[(terpy)2](PFg)2 (purple dashed line) and Fe[(bpy)s](PFg)2 (red dashed line) sol-

vated in CH3CN.
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bond angles of 90.35°+0.55° and 178.35°40.70°, respectively, in contrast to [Fe(bpy)s]**
(79.8°-100.5° and 161.0°-178.7°) and [Fe(terpy)s]?* (81.8°-94.3° and 174.6°) [52]. Table
6.1 summarizes the bond distances of the iron center to the atoms in the first and second
coordination shells. The Fe-N bond lengths in the 'A; singlet ground state of around 2.00
A are comparable to those of most Fe-based spin transition systems in their *A; ground
states.

The UV-vis absorption spectrum of [Fe(dcpp)a]?t in CH3CN (see Fig. 6.2) exhibits MLCT
bands between 400 nm and 650 nm, similar to the other LS Fe(II) complexes. Optical ex-
citation in these bands results in a transition to its energetically lowest lying excited state,
for polypyridyl low spin Fe(II) complexes this transition has been found to take <1 ps [39,
218, 219]. According to the Tanabe-Sugano diagram (see Fig. 2.3) this lowest lying excited
state is, with the exception of a few cases [71, 220-222], the °Ts quintet high spin (HS)
state. From there the complex relaxes back to the ground state. The ground state recovery
time of [Fe(dcpp)2]?* in CH3CN has been measured to be 0.28 ns & 0.01 ns [52], while
in CH3CN the [Fe(bpy)s]?t HS-LS transition takes 0.96 ns and for [Fe(terpy)z2]?* 5.35 ns
[52]. In the Marcus’ theory [223] treatment of the HS-LS transition as an electron trans-
fer process, [Fe(bpy)s]?* is expected to be very close to the barrier-less case [224], which
should make it the fastest possible HS-LS ground state recovery. According to Jamula et
al. [52], the depp ligand is expected to result in a stronger ligand field than the bpy ligand,
thus destabilizing the ®Ty state, eventually leading to an increase in the barrier and thus
a longer HS lifetime. To explain this mismatch, Jamula et al. [52] have proposed, next to
other explanations, that this could be due to the fact that Ty is destabilized compared
to the 3T state, resulting in the 3T being the energetically lowest lying excited state.
The two possible excited states T and °T5 are expected to posses very distinct geometric
structures. The first and second coordination shell bond lengths of the structural models
of these two possible excited states as well as those of the ' A; ground state, as anticipated
from density functional theory (DFT) calculations, are summarized in Tab. 6.1. Com-
pared to the ground state the occupation of the anti-bonding e, orbitals with one electron
in the 3T leads to an average Fe-N bond elongation of 0.08 A . In the case of the ® T this
elongation is twice as large, i.e. 0.16 A , due to the double occupation of the ey orbitals.
Furthermore, the bond elongation in the 3T is restricted to the equatorial bonds, while
in the °T5 all bonds are elongated by about the same amount.

The goal of the experiments presented here were to characterize the longest lived excited
state of [Fe(depp)2]?tand to proof or falsify the hypothesis that the ligand field strength
is sufficiently increased to destabilize the quintet MC state in respect to the triplet MC
so far that the triplet MC state becomes energetically lower than the quintet state. In
case of a falsification of this hypothesis the aim is to find an alternative explication for
the unprecedentedly short lifetime of a MC quintet state for optically induced Fe(II) spin
transition.

Here the TR XAS and XES of [Fe(dcpp)a]?t in CH3CN measured at the APS, including
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a detailed interpretation of the measurements leading to the determination of the spin
state and structure of the energetically lowest lying excited state of [Fe(dcpp)s]?t, will be

presented.

6.2 Picosecond-resolved X-ray Spectroscopies of [Fe(dcpp).]*"

The light-induced LS-HS transitions of Fe-centered systems in solution has been exten-
sively studied with TR XAS. These samples have actually been used in the develop-
ment of the technique and the early studies on [Fe(bpy)s]** in HoO [22, 24, 65] and
on [Fe(tren(py)s)]** in CH3CN [23] represent one of the first applications of picosecond-
resolved XANES and EXAFS. With later studies on [Fe(terpy)s]?t in HyO [25] and in
CH3CN [225, 226] the S/N of TR XAS measurements has now reached the level of those
of state-of-the-art static measurements, thus reaching the next level in sensitivity to light
induced structural changes as TR, EXAFS is now able to distinguish two distinct reaction
coordinates, i.e. between Fe-ligand bond elongations in equatorial and axial direction in
quasi octahedral complexes. These studies have been later extended by TR XES (and
the samples were actually used to develop and test the technique): the spin of the en-
ergetically lowest lying states of [Fe(bpy)s]?t [26-28] and of [Fe(terpy)s2]®T [25] as well
as the spin of a short (< 100 fs) lived reaction intermediate in the LS-HS transition of
[Fe(bpy)s]?™ [39] was measured. Here we apply combined TR XAS and XES to determine
both ES spin and structure of [Fe(dcpp)a]?t. The TR XAS and XES of [Fe(dcpp)z]?*
solvated in CH3CN measured at the beamline 7ID-D of the APS will be shown here.

6.2.1 Experimental Conditions

The experimental setup has been described in [32] and used for similar studies of the spin-
transition systems [Fe(bpy)s]?*[28] and [Fe(terpy)z2]?*[25]. The experimental parameters
applied in this experiment are as follows.

The [Fe(dcpp)2](PFg)2 has been synthesized in the group of Jim McCusker at Michigan
State University. A 12 mM solution of [Fe(dcpp)s]?t in CH3CN, which was flown through
a 100 pm thick sapphire nozzle creating a flat sheet jet, tilted to ~45° with respect to
the X-ray beam direction. Due to the small sample quantity available, a peristaltic pump
has been used to reduce the required sample volume to ~20 mL. Special care was taken
to minimize evaporation of CH3CN during the experiment. The measures consisted of i)
fully enclosing the sample environment and ii) cooling the sample reservoir by placing it in
a chilled water container. Furthermore, a second remote-controlled pump has been set up
to refill the sample with neat solvent, allowing occasional (about once per hour) injections
of small quantities (on the order of 1 mL) without entering the experimental hutch (and
thus interfering with the data acquisition).

APS has been used in 24 bunch mode, which delivered X-ray pulses at a repetition rate
of 6.5 MHz. 532 nm laser light resulting from second harmonic generation of the optical
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pump laser has been used to excite the sample. The optical laser repetition rate was set
to 1.3 MHz (1/5 of the 24 bunch repetition rate). The laser power of 1.5 W results in a
pulse energy of 1.15 pJ. TR XAS and XES were measured at a delay of ~50 ps.

The X-ray absorption spectra were measured in total fluorescence yield (TFY) mode using
a scintillator placed at 90° with respect to the X-ray beam. The visible photons produced
in the scintillator were finally detected with a photo-multiplier tube. X-ray signals were
measured for all incoming pulses at 6.5 MHz and sorted in laser ON and laser OFF. Thus
the ratio of 4/1 of unpumped and pumped signals leads to a two-fold better statistical
error in the laser OFF spectrum.

The TR XAS and XES spectra were measured quasi simultaneously, meaning the full
setup for TR XAS and XES has been built at once and to change from XAS acquisition
to XES acquisition only the incident X-ray energy has been changed from resonant excita-
tion (around the absorption edge at ~7125 eV) to non-resonant excitation (far above the
absorption edge, ~7600 eV), leaving the whole setup untouched. This was done to ensure
identical excitation conditions and thus an identical excited state fraction.

To measure the TR XES, two different emission spectrometers have been used. The Kay
XES spectra have been measured with a Johann X-ray emission spectrometer [128] using a
spherically bend 10 cm diameter Ge(440) crystal (1 m bend curvature). The energetically
dispersed photons detected with a scintillator in combination with a photo-multiplier tube.
The K XES were measured (in a later experimental campaign) using a 25 cm von Hamos
spectrometer exploiting a Si(531) monochromatizing crystal. To ensure an identical ex-
cited state fraction in the K8 XES, XAS has been measured quasi simultaneously and the
laser power has been adjusted such that the transient XAS strength (i.e. the transient
intensity relative to the K-edge jump) at its maximum (i.e. at ~ 7123 eV) was equivalent
to the transient intensity of the earlier measurements at the same X-ray energy.

6.2.2 K-edge X-ray Absorption Spectroscopy
XANES and EXAFS Scans

The K-edge X-ray absorption spectrum in the ground state (= without laser excitation),
the spectrum 50 ps after 532 nm excitation, the transient difference and the reconstructed
excited state spectrum over a range from 7080 to 7600 eV containing both XANES and
EXAFS region are shown in Fig. 6.3. Furthermore, a zoom into the XANES region
is presented and the different features in this region are labeled in full analogy with the
labeling in Ref. [22] for the very similar features observed for the photoexcited [Fe(bpy)s]?*
in HyO. These features are: A) the pre-edge peaks belonging mainly to the 1s — 3d
transitions, B) a shoulder at about the half rise of the K-edge, C) and D) the white line
features and E) the first EXAFS oscillation. The error bars have been omitted, as they are
not visible on the scale of the plot. Nevertheless it is worth mentioning that in the laser
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ON spectrum they are indeed twice as large as in the laser OFF spectrum,
for the 4-fold number of pulses used to measure laser OFF than laser ON.

as expected
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Figure 6.3: a) XAFS spectra of [Fe(depp)z]?t in CH3CN in ground state (blue), 50 ps
after laser excitation (red), the transient difference (green) and of the recon-
structed excited state (grey). In b) a zoom into the XANES region of the
spectrum is shown. The different features are labeled A-E, in full analogy to

the labeling of the features of [Fe(bpy)s]?* in [22].
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Time Delay Scans

The lifetime of the excited state has been measured by performing a time delay scan on
the B-feature from -200 ps to 800 ps in 10 ps steps, see Fig. 6.4. A fit of consisting of
a convolution of a Gaussian error function with an exponential decay yields a risetime of
(77£3) ps (FWHM) and a decay of Tqcpp = (272 £ 4) ps, which is excellent agreement
with the lifetime of 280 ps reported in Ref. [52].

e  Signal at 7123.4 eV
— Fit

Transient intensity / arb. un.
H

o

-200 0 200 400 600 800
Delay / ps

Figure 6.4: Time delay scan (solid points) at 7123.4 eV corresponding to feature B in Fig.
6.3 and a fit (solid line) of a Gaussian rise of (77+3) ps convoluted with an exponential
decay with (2724+4) ps. The measured decay time is in good agreement with the 280 ps
lifetime of the lowest lying excited state of [Fe(dcpp)a]?t in CH3CN found in [52]. The
error bars are too small to be visible on the scale plotted here.

6.2.3 X-ay Emission Spectroscopy

TR XES were measured to determine the spin multiplicity of the energetically lowest
lying excited state of [Fe(depp)2]?t but were also exploited to determine the excited state
fraction of the laser excited ensemble. This is done in analogy to the cases of the thermally
induced LS-HS transition of Fe complexes [118] as well as of ultrafast optically induced
spin state changes of [Fe(bpy)s]?* [27]. We have measured the TR Ky and TR K3 XES,
which will be presented in the following subsections.

Ka XES

The Koy XES spectra of the ground state (=laser OFF), the laser excited ensemble (=laser
ON) and their respective difference (=transient) are shown in Fig. 6.5. We have also mea-
sured the Kaj XES of solid (powder) reference samples with quartet (S=3/2) and quintet
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Figure 6.5: a) Ka; XES of [Fe(dcpp)2]*™ in CH3CN in ground state with S=0 (blue), 50
ps after photoexcitation at 532 nm (red) and transient difference (green) as well as S=2
reference (black). b) Kag linewidths of S=0, S=3/2 as well as S=2 reference complexes as
a function of spin-state of Fe center (yellow dots) and linear fit (yellow line). The linewidth
of the laser excited spectrum from a) (red open square) corresponds to an average spin
state of gdcpp,LON = 1.56.

(S=2) spin multiplicities. The spectrum of a S=2 reference is plotted in Fig. 6.5 as well.
The dispersive plane of the XES spectrometer which has been used in the measurements
presented here is the horizontal plane and thus also contains the X-ray beam direction.
Thus the absolute energy calibration of the spectrometer depends critically on the source
(= the liquid jet or the powder sample) position along the X-ray beam. When we inserted
the powder samples we were only able to reproduce the source position along the X-ray
beam direction to about 1-2 mm. This slight offset does not affect the resolution of the
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spectrometer, but causes an offset on the order of up to 1-2 eV in the absolute energy
calibration. This calibration has only been done ones for the whole set of measurements,
including the TR XES of the liquid samples and all powder reference samples. For com-
parison we have shifted the spectra of the powder references arbitrarily in the plot. Most
importantly, the analysis of the line shapes and line widths is not affected by this energy
shift, as it depends only on the resolution of the spectrometer. To further facilitate a
comparison of the spectra we have removed the background which is at least partially due
to scattered light. We have assumed a constant background and used the value of the
measured spectra at the high energy wings (i.e. at 6415 eV) for subtraction. Furthermore,
the areas of all spectra have been normalized.

Compared to the ground state XES line shape, the laser excited ensemble exhibits a broad-
ening, a decrease in peak height and a slight shift to higher energies. The XES line shape
of the S=2 reference is even broader and has an even lower maximum intensity at the
peak. Overall, the laser excited spectrum resembles very well the S=2 reference, which
already points towards the energetically lowest lying excited state of the [Fe(dcpp)z2]?*
being a S=2 state.

K3 XES

The advantage of K5 over Ka XES is that the HS spectra show, next to a broadening and
a shift, an additional feature whose intensity depends on the spin state.

The sample concentration of 10 mM used here was slightly lower than during the Koy (and
EXAFS) measurements. The laser power was about 2.5 W at a repetition rate of 0.931
MHz, corresponding to a pulse energy of 2.7 uJ. The pulse energy has been set such that
the maximum transient XANES signal (at the B feature) matches the transient signal of
the XANES measurements in sections 6.2 and 6.2.3, to ensure an identical excited state
fraction. The larger pulse energy required to match the transient is most probably due to
a larger laser spot size. Furthermore, the delay was set to 50 ps. The measured spectra,
shown in Fig. 6.6a), correspond to the one with (red) and without (blue) laser excitation,
as well as to the transient difference (green). The spectrum of a singlet (S=0) reference
compound from Ref. [39] is plotted for comparison (blue dotted line), it resembles very
well the GS spectrum of [Fe(depp)2)?T. The reference spectra are shifted by 0.3 eV, which
is in the range of a typical calibration error of the spectrometers. The S=0 reference
spectrum is further used to scale our measured spectra to the reference spectra. Due to
the large pixel size of the Pilatus 100k detector and the relatively short focal length of the
analyzer crystal in the von Hamos spectrometer the energy spacing between two energy
points is ~0.6 eV.

We have compared the measured transient difference XES of [Fe(depp)a]?t to the quintet-
singlet and triplet-singlet differences of reference spectra (from [39], see Fig. 3.9 b)),
the transient difference is plotted together with the reference differences scaled to the
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Figure 6.6: a) KB XES of [Fe(dcpp)s2]?™ in CH3CN in ground state with S=0 (blue
solid line), after photoexcitation at 532 nm (red solid line) and transient difference (green
line and points), the S=0 reference from [39] (yellow line) is plotted for comparison. b)
transient difference as in a) (green points) together with reference transients for quintet-
singlet (yellow) and triplet-singlet (grey) transition, both scaled by 78 % (references from
[39])-

78 % excited state fraction of [Fe(dcpp)s]?t determined in section 6.2.3. The quintet-
singlet reference difference matches the measured transient almost perfectly in intensity.
Furthermore, the measured transient of [Fe(dcpp)a]?t shows the expected spectral feature
of a quintet-singlet transient, i.e. the shoulder at 7045 eV, while the positive feature at 7055
eV which is expected for a triplet-singlet difference is clearly missing. This independently
verifies the excited state of [Fe(dcpp)2]?* being of quintet spin multiplicity.
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6.3 Analysis and Discussion

6.3.1 Analysis of X-ray Emission Spectra

To further refine the spin state of the laser excited ensemble, which consists of a super-
position of GS and the ES, we have analyzed the line width of the Ka XES spectra. In
Ref. [119] the Ko line width has been shown to be linearly dependent on the number of
unpaired 3d electrons, thus the spin state of 3d transition metals and a line width analysis
of the Koy line to determine the spin state in molecular spin transition systems has been
suggested in Ref. [118]. This has been applied here to determine the average spin state of
the photo-excited ensemble of solvated [Fe(dcpp)2]?*, containing molecules in both ground
and excited state. The Ko full-width half-maximum (FWHM) line-width of the ground
state (S=0) of [Fe(dcpp)a]?t as well as those of the HS references are plotted in 6.5b)
(yellow points). A linear regression (yellow line) shows the proportionality between spin
state and Ko line width. The line-width of the laser excited ensemble can be found at
S = 1.56.

The average spin Sy oy of the laser excited ensemble is a superposition of the GS and ES
spin state , Sqs and Sgg, respectively, weighted with the excited state fraction f,

gLON = (1 - f) SGS + f SES . (6'1)

As the oxidation state of the Fe center of [Fe(dcpp)s2]?T does not change, we can assume
that the pure excited state can only have either singlet, triplet or quintet spin multiplicity.
As the excited ensemble has an average spin of S;oy = 1.56 and assuming that we have
only a single excited state species present we can conclude that the spin of the lowest lying
excited state must be

Sgs = 2 (6.2)

with an excited state fraction of

f=18%. (6.3)

This result relies strongly on the assumption that we have only a single excited state
species. Of course, an average spin of S = 1.56 could also stem from a superposition of
quintet and triplet excited state. Possible scenarios could allow for a triplet contribution
up to 44 % triplet, with a quintet contribution as low as 56 % and no ground state in the
laser excited ensemble (although experience tells us that it is very unlikely to excite 100
% of the molecules in the volume probed by the X-rays).

To analyze the K3 XES spectra we have calculated the reduced xg, which is the x? devided
by the degrees of freedom given by the number of data points N minus the number of
fit parameters ng, minus 1. x2 is the sum of the squared deviations of a model transient

M; from the measured transient .S; with standard deviation AS; at each X-ray emission
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energy E; [227],

2 N 2

2 X . 2 S; — M;

N S h N (2 4
oy i =3 (M) (6.4)

=1

The model transient consists of a sum of the triplet 7; and quintet (Q; reference transients
(as from Fig. 3.9b)), weighted with a triplet (fr) and quintet (fg) state fraction, respec-
tively, M; = frT; + foQ;. Fig. 6.7 shows a 2D map of the x? calculated for each fr and
fo between 0 % and 100 % (althoug a total excited state fraction fr + fo > 100 % is
physically impossible). The minimum is achieved with fr = 0 % and fg = 72 % (meaning
the other 28 % of the excited ensemble are still in ground state). The area in which the
x? increase by up to ~6, or the x2 by 12 %, compared to its minimum value gives a 95 %
confidence interval for this optimization [227]. This confidence interval, which is the dark
innermost area in Fig. 6.7, allows for a possible triplet contribution up to fr < 24 % and
a quintet contributions fg > 57 % and fr < 78 %.

This measurement proofs our assignment of the energetically lowest lying exited state of
[Fe(depp)2]?t to have a quintet spin multiplicity and helps to exclude the presence of a
second excited state species with a different spin state. Last but not least it also roughly
verifies the excited state fraction of 78 % which has been found as a result of the Ka XES
analysis.
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Figure 6.7: y2 values of transient K3 XES fit as a function of triplet-singlet and quintet-
singlet references transient contributions. The minimum is observed at 0% triplet and
72% quintet, thus confirming a pure LS—HS transition. The two innermost dark areas
corresponds to the 95 % confidence interval.
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6.3.2 EXAFS analysis

The analysis of the measured EXAFS presented in this section includes the following steps:
i) Normalization and background removal, ii) modeling of EXAF'S scattering paths, iii) fit
of the ground state EXAFS and iv) fit of the excited state EXAFS. The measurements were
taken in the same experimental campaign and the EXAFS measurements on [Fe(terpy)a]**
and the analysis is done in full analogy to the analysis on the [Fe(terpy)s]?t measurements
[25].

Normalization, Background Removal and Conversion of EXAFS Spectra into k- and
R- Space using Athena

As a first step of the EXAFS analysis the spectra presented in Fig. 6.3 have to be
background subtracted and normalized. This is done using the ATHENA 0.9.21 software
which is part of the Ifeffit software package [228]. The description of the background
removal and normalization follows the lines of Refs. [65, 228, 229]. The whole procedure
for the ground state spectrum of [Fe(dcpp)a]?t is summarized in Fig 6.8.

After normalization to the incident X-ray flux (Ip), the experimental X-ray absorption
spectrum p(E) measured in TFY is imported in ATHENA. The background function
ting(E) is determined with the AUTOBK algorithm. The edge position Ey is set to the
first inflection point of the edge, i.e. the first large maximum of its derivative. The pre- and
post-edge regions are approximated by polynomials and the difference of the extrapolated
polynomials at Ey delivers the edge step 1i44(Fo). Using these, the background subtraction

can be be done via
(E) — g (E)
Hbg (EO)

w(E), ppg(E) as well as the post and pre-edge polynomials can be found in Fig. 6.8a).

X(E) = (6.5)

The next step is to convert the EXAFS spectrum x(E) from energy into (photo-electron
wave vector) k-space by applying the E-k relation

k=Y Qme(f —Bo) 0.51232A " \/E — EoleV /2] | (6.6)
Here E is the X-ray energy and Ey the binding energy of the electron in the respective shell.
The spectrum can additionally be weighted by k, k2, k® or an arbitrary exponential of k to
enhance the feature in the range of larger k. The k? weighted EXAFS spectrum y(k) can
be seen in Fig 6.8b). This spectrum can be truncated by application of a window function
(in this example from k& = 2.5 to 10.5, with dk = 0.2 broad edges) and subsequently
Fourier transformed into R-space, giving the pseudo-radial distribution function in Fig.
6.8¢). The back transform into k space, which we refer to now as g space, after further

truncation (with a similar window function as in k-space) in R space can be found in Fig.

6.8d).
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Figure 6.8: Ground state XAS spectrum of [Fe(dcpp)2)?*T a) in E-space, b) in k-space,

¢) in Fourier-transform R-space and d) in back-Fourier-transformed g-space (d). See text
for details.

General EXAFS fitting procedure for GS and ES

Once the background subtracted and normalized EXAFS spectrum in k- and R-space is
obtained it can be used to refine the bond lengths R; of the absorption center (here Fe)
to the different next neighbor atoms. This done by modeling the EXAFS spectrum and
refining the structure in order to fit the model to the measured data.

As discussed in Section 3.2.3, the EXAFS spectrum in k space is described by the EXAFS
formula [112, 113]

x(k) = SiN; “21(% Sin(2kR; + 26, + ¢) e~ 2/ A 2K (6.7)
- .

k)|
2
J
where S? is an amplitude reduction factor, N; the degree of degeneracy or the number
of equivalent scatterers j, |f;j(k)| the backscattering amplitude, R; is the half of effective
scattering path length, i.e. the interatomic distance, J. the central-atom partial-wave

phase shift of the final state, A(k) the mean free path of the photoelectron and ch2- the
Debye-Waller factor [16].

First the EXAFS spectra are simulated using FEFF8 [114], an example FEFF input file
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can be found in Appendix D. Then the simulated spectra are fitted to the to experimental
data in Fourier transform R-space using Artemis (also part of the Ifeffit toolbox) [228].
The photoelectron scattering paths are imported from the FEFFS8 calculation. Here we
have limited the paths to those with a backscattering amplitude > 5% and a path lengths
<5 A. The fit has been performed in R-space with k% weighted EXAFS spectra. In k-
space the spectrum has been truncated with a ”Hanning”-type window in the range from
k=25Atok=105A with 0.2 A wide edges. The fitting range in R-space has been
set to 1.0 A to 3.6 A and another ”Hanning”-type window of this range, with 0.2 A wide
edges, has been used to back-Fourier-transform the spectrum to ¢-space. The options to
also fit a background (slowly varying with energy) as well as to phase-correct the spectra
in R-space have not been used.

For the whole fit procedures for both the GS and ES we have defined the following set of
10 fit parameters: An amplitude reduction factor SZ, an energy shift AEy, bond lengths
changes of the bonds in the first (nitrogen) and second (carbon) coordination shell grouped
into axial and equatorial direction, AR(Fe-Nyz), AR(Fe-Ngg), AR(Fe-Coy) , AR(Fe-
Ceq), one Debye-Waller factor for all nitrogens, one for all first shell carbons and one
for all longer photoelectron scattering paths (including also multiple scattering paths),
respectively, 0%, o0& and o2, as well as a small correction to the path length of all other
scattering paths AR,e¢s. Although we cannot obtain any structural information from the
longer scattering paths beyond the second (=carbon) shell, the fit especially in the k-space

improves remarkably by including these longer scattering paths.

Ground State EXAFS Fit

As an initial guess for the structure, the DFT calculation of the 'A; state in Table 6.1 is
used and the EXAFS scattering paths have been simulated in FEFF8 using these coordi-
nates.

In the GS fit, only 8 of the above mentioned 10 parameters have been optimized. To
decrease the parameter space we have set AR(Fe-Ng,) = R(Fe-N¢g) and AR(Fe-Cyy) =
AR(Fe-Cey). The result of the fit in k, R and ¢ space is shown in Fig. 6.9. The non-
structural parameters obtained from the GS EXAFS fit as well as the corrections to the
initial guess from the DFT calculation are summarized in Table 6.2.

We would like to evaluate the non-structural parameters in comparison to the results of the
TR EXAFS analysis of the similar iron spin transition systems [Fe(terpy)2]?* in HoO pub-
lished in [25] and in CH3CN in [225, 226] as well as to the one of [Fe(bpy)s]?* in HoO from
[65]. The obtained amplitude reduction factor S3 of 0.80 + 0.07 is in excellent agreement
with the ones of [Fe(terpy)s]?*/H20 (0.78 40.04) and [Fe(bpy)s]?T/H20 (0.7540.20) but
lower although still within the errors of the one of [Fe(terpy)2])?T/CH3CN (0.97 + 0.10).
The same holds for the Debye-Waller factor of the 1st shell nitrogen % which is found to
be 0.0022+0.001 A2, also in very good agreement with the values found for [Fe(terpy)s]?*
(both around 0.003) but smaller than the one of [Fe(bpy)s]?/H20 (0.00640.001 A?). The
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Debye-Waller factor of the 2nd shell carbon o2, is found to be 0.00460.0014 A2, thus larger
than 0%, and also in agreement with the one of [Fe(terpy)2]?+/CH3CN (0.004 +0.003 A2).
The increase compared to 0]2\, is reasonable as the carbons are only indirectly linked to
the Fe via the nitrogen, leading to a larger uncertainty in the Fe-C distance. The Debye-
Waller factor of all longer paths is with o2, = 0.009 £ 0.003 A% about twice as big as o3
and O'%« which is very likely as the longer scattering paths are dominated by contributions
from multiple (double) scattering paths. For multiple scattering paths the Debye-Waller
factors of the single scattering events add up.

The corrections to the structure which the fit delivered are Ary,, = Arye, = —0.038 £
0.006 A, AR(Fe-Nyy) = R(Fe-Ney) = —0.02340.012 A and AR,.st = —0.044 £0.018 A.
These are only small corrections to the initial ground state DFT structure.

The Fe-N and Fe-C bond lengths which we obtain after correcting the initial guesses from
the DFT structures by the corrections from the EXAFS analysis are summarized in Table
6.3. Thus the fit reproduces the structure obtained from DFT as well as the structure
obtained from X-ray crystallography.

Excited State EXAFS Fit

Table 6.2: Upper panel: Non-structural parameters obtained from the EXAFS fit of
[Fe(depp)2)?t. In the ground state fit, all parameters are optimized, while in the excited
state fit, all except for Ey are locked to the values obtained from the ground state. Lower
panel: Difference between the bond lengths obtained from the EXAFS fit and those from
the initially guessed structure obtained from the DFT calculation (see Table 6.1). In the
table all energies are given in eV, distances in A, Debye-Waller factors in A2, The given
error estimates are directly obtained during the fit in Artemis.

Sg AEO O—JQ\/' J%’ U?est X2
GS 0.804+0.07 —7.07 £0.54 0.0022 £0.001 0.0046 £+ 0.0014 0.009 £+ 0.003 387
ES 0.80 —6.37£0.86 0.0022 0.0046 0.009 332

AR(Fe-N,;)  AR(Fe-N.;,)  AR(Fe-Cop)  AR(Fe-Coy)  ARyen
GS —0.038+0.006 =AR(Fe-N,;) —0.023+0.012 =AR(Fe-C,,) —0.044+0.018
ES —0.109+0.016 +0.038+0.011 —0.10140.038 0.0144+0.020  -+0.014 + 0.020

The EXAFS scattering paths have been simulated in FEFFS8 using the DFT coordinates
of the ®Ty state. The excited state EXAFS fit has been done by setting the non-structural
parameters S3, 0%, 04 and o2, to those obtained from the GS fit, leaving only the
bond-lengths AR(Fe-Nog), AR(Fe-Neq), AR(Fe-Cyy), AR(Fe-Ceq) and AR, as well
as the energy shift AFy as open fit parameters to be determined. The EXAFS fit has been
performed with the exact same settings (same range in R- and k—, same k2 weighting, no
background fitted) as the GS fit. The fit result in k—, R— and g—space is plotted in Fig.
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Figure 6.9: Ground state EXAFS of [Fe(dcpp)2]?* in CH3CN. a) In k-space, b) in Fourier-
transform R-space and c) in back transformed g-space.

points) and fit (solid grey line) deviate only by high frequency contributions, see residual
(green line) in a).

The experimental data (blue
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Figure 6.10: Excited state EXAFS of [Fe(dcpp)s]?t in CH3CN. a) In k-space, b) in
Fourier-transform R-space and c) in back transformed g-space. The experimental data

(red points) and fit (solid grey line) deviate only by high frequency contributions, see
residual (green line) in a).
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Figure 6.11: x? as a function of a) R(Fe-Nu;) and b) R(Fe-Ng;). Two minima are
visible: The absolute minimum (marked with 1 in both plots) corresponds to the EXAFS
excited state fit result in section 6.3.2 with contracted axial Fe-N bonds compared to the
equatorial ones, the second local minimum (marked 2) corresponds to a structure in which
the axial Fe-N bonds are elongated compared to the equatorial ones.

6.10 and the resulting parameters are summarized in Table 6.2.

The resulting AEy = (—6.37 £ 0.86) eV is slightly smaller than the one found in the GS
and results in a relative shift of the GS to the ES of AEy ps — AEygs = (+0.7£1.1) eV,
which is in line with the shifts found for [Fe(terpy2)]*" of (+1.8 £ 0.9) eV in [25] and
(+1.9+£0.4) eV in [226].

The bond-lengths deviate strongly from the initially guessed DF'T structures, a comparison
between the initial guess for the °Ty state can be found in Table 6.2. The Fe-N,, bond
length is found to be (0.109 + 0.016) A shorter and the Fe-N,, bond is found to be
(40.038 4+ 0.011) A longer than the one of the DFT °Ty structure. Furthermore, we
find that the deviations of the Fe-C bonds in axial and equatorial direction agree within
the error bars with the deviations of the Fe-N bonds, i.e. AR(Fe-Ng) =~ AR(Fe-Cyy)
and AR(Fe-Ng) =~ AR(Fe-C¢q). This is also expected, as the C-N bonds within the
pyridine rings are very rigid, thus the carbon in axial and equatorial direction should
follow the respective nitrogen to which they are directly bound. The fit value for all other
bond lengths, which can be seen as an average correction of all longer scattering paths, is
almost negligible with AR5t = (+0.014 + 0.020) A. The bond lengths from the initially
guessed DF'T structures are corrected by these corrections and the EXAFS refined first
and second coordination shell bond distance are summarized in Table 6.3.

The here presented minimum of the excited state EXAFS fit is the absolute minimum, but
at least another local minimum exists. In the second local minimum found in the analysis,
the axial bonds are elongated compared to the equatorial ones. To visualize the second
local minimum, we have plotted x? as a function of R(Fe-N,;) in Fig. 6.11 a) and as a
function of R(Fe-Ne4) in Fig. 6.11 b).
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6.3.3 Discussion of EXAFS Refined Structures and Comparison to Simulation

We have used the Fe-N and Fe-C bond lengths of the DFT structures from Table 6.1 and
corrected them using the EXAFS fit results for both GS and ES (lower panel in Table
6.2). In Table 6.3 these final results are summarized. While the GS EXAFS fit confirmed
the almost perfect octahedral structure of [Fe(dcpp)s]®™ in its 'A; GS, this octahedral
structure is not preserved in the ES, in contrast to the DFT calculations. The pyridine
rings in axial directions only move ~0.09 A away from the Fe, while those in equatorial
direction move ~0.23 A away, leading to a strongly Jahn-Teller distorted structure where

the difference between of bond lengths between axial and equatorial direction is ~0.16 A.

Table 6.3: Experimentally determined first and second coordination shell bond lengths
of [Fe(depp)2]?™ in its ground state, its excited state, and their respective difference. All
bond lengths are given in A.

R(Fe-Nu) R(Fe-N.,) R(Fe-Cap) R(Fe-Neyt) R(Fe-Nug)

Ground 1.961 1.982 2.908 2.924 2.921
state £ 0.006 £ 0.006 +0.012 +0.012 +0.012
Excited 2.049 2.208 2.972 3.098 3.073
state £+ 0.016 £+ 0.011 £ 0.038 £ 0.020 £ 0.020
Difference -+0.089 +0.226 +0.064 +0.174 +0.152
ES -GS + 0.018 +0.013 £ 0.040 +0.024 +0.024

6.3.4 Excited State Lifetime

To find an alternative explanation for the unusually short (280 ps in CH3CN) lifetime of
the excited state of [Fe(dcpp)z2)>* we aimed to find an alternative potential energy surface
(PES) scheme of the 'A; and 2Ty states of [Fe(dcpp)a]?t and [Fe(bpy)s)?T, which would
explain the 0.28 ps ground state recovery time of [Fe(depp)2]?* in CH3CN, which is three-
fold shorter than the 0.96 ns of [Fe(bpy)s]?" in CH3CN.

According to Marcus theory the rate of an electron transfer process is given by [64, 223]

i 0
kET = UNKej €XP <—i)§> with AGH = % (1 + Af) ) (6.8)

Here vy is the average nuclear frequency factor, k¢ the electronic transmission coefficient,
AG? the activation energy (i.e. the ”barrier”), AGY the standard free energy change of
the reaction and A the nuclear reorganizational energy [64]. If we assume that vy and
ke are equivalent for [Fe(bpy)s]?* and [Fe(dcpp)a]?T the rate of the electron transfer only
differs by the different activation energies, which depends on the ligand field strength.
Using these assumptions, the by a factor 3 times shorter lifetime of the excited state of
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Figure 6.12: Qualitative comparison of the ordering of 'A; and °T, potential
energy surfaces as a possible explanation of the 2Ty excited state lifetimes of
[Fe(terpy)2)>* (1=5.4 ns), [Fe(bpy)s]** (7=0.96 ns) and [Fe(dcpp)2]** (7=0.28 ns).

[Fe(depp)a]*tcompared to [Fe(bpy)s]?Tcould be explained by the following scenario: The
PES of the 'A; and °T, states of [Fe(dcpp)a]?tcross without barrier, AG* =~ 0 eV, while
for [Fe(bpy)s]?*the barrier is AG* a2 30 meV (i.e. on the order of thermal energies at room
temperature, thus still very small). For room temperature (7"~ 300 K) the exponential
factor in Equation 6.8 for [Fe(bpy)s]*" is then

exp (—30 meV/RT) ~ 1/3 (6.9)
while this factor for [Fe(dcpp)a]?™ is
exp (0 meV/RT) ~ 1. (6.10)

The ratio of the two exponential factors corresponds than to the ratio of ET rates &, of
[Fe(bpy)s]?T and k., of [Fe(depp)a]?t,

kupy  exp(—30 meV/RT)
~ ~1/3. 6.11
Kacpp exp (0 meV/RT) / (6:11)

Thus this would explain the factor 3 difference in excited state lifetimes. The potential
energy surfaces for this scenario are shown in Fig. 6.12. Here the PES of [Fe(terpy)2]?*has
been added to this scheme, following the description in [52].

These estimates concerning the barrier of [Fe(dcpp)2]?™ and [Fe(bpy)s)?* have just recently
been confirmed in the group of J. McCusker via temperature dependent optical transient
absorption spectroscopy [230].
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6.3.5 Comparison to [Fe(terpy),]*"

In the next step we would like to compare the EXAFS spectra as well as their respective
fits of [Fe(dcpp)2]®T to the ones of [Fe(terpy)s]?™ from [25].

In Fig. 6.13a) the EXAFS spectra of both systems in GS is shown. Both spectra differ
strongly from each other, especially at larger photoelectron energies, i.e. larger k, the
oscillations of [Fe(terpy)z)>* are damped more than those of [Fe(dcpp)z2]?T. This could
be attributed to the fact that in the GS [Fe(dcpp)a]?t is almost perfectly octahedral,
while [Fe(terpy)a]?* is Jahn-Teller distorted in the ground state (with R(Fe-Ng,;) ~ 1.87
A and R(Fe-N,,) =~ 1.97 A [25]). This mismatch of bond lengths in axial and equatorial
Fe-N bond lengths leads to different photo-electron scattering paths which in the EXAFS
spectrum at larger k£ are of opposite phase. This results in an effective damping of the
oscillatory pattern of the GS EXAFS spectrum of [Fe(terpy)a]?™.

In Fig. 6.13b), the transient EXAFS spectra are shown, which are very similar in both
shape as well as in amplitude (none of the transients has been scaled). This reflects the
fact that the Laser ON spectra contain about the same excited state fraction in both
cases, 78 % for [Fe(dcpp)2)** and 76 % for [Fe(terpy)a]?t. Furthermore, it shows that the
structural changes, which both samples exhibit upon laser excitation, are comparable, i.e.
an Fe-ligand bond elongation of ~0.2 A.

In Fig. 6.13c) the reconstructed ES spectra of both samples are shown. Both spectra are
almost identical, which is expected, as the excited state structure of [Fe(terpy)z]* (with
R(Fe-Nyz) = 2.04 A and R(Fe-N,,) =~ 2.19 A [25]) is very similar to the excited state
structure of [Fe(depp)a]?*.
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Figure 6.13: Comparison of EXAFS spectra of [Fe(dcpp)s2]®T(green) and
[Fe(terpy)2)?* (purple) of a) GS, b) transient and c) ES.
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6.4 Summary

In this chapter we have used TR X-ray absorption and emission spectroscopy to charac-
terize the ES of [Fe(dcpp)s]?t. The key results are:

e Using Ka and K3 XES we showed that the spin state of [Fe(dcpp)2]?™ in its excited

state is >1.5 and with f=78 % becomes S=2. This confirms the T and excludes the
3T state as possible final product, this means that we can determine unambiguously
the energetically lowest lying excited state of [Fe(dcpp)a]?t to be the 5Ts.

EXAFS has been applied to determine the geometric structural changes of the first
and second coordination shells of [Fe(dcpp)2]?™ (in CH3CN) following 532 nm exci-
tation. The average expansion of the Fe-N bonds of 0.16 A agrees very well with the
typical bond elongation observed in LS—HS transitions of Fe(II) complexes [62].

The EXAFS analysis confirmed the almost perfectly octahedral ground state struc-
ture. But the excited state EXAFS fit suggests that the excited state is strongly
Jahn-Teller distorted, very similar to the ES of [Fe(terpy)s]?T, this result is further
backed up by comparing the ES EXAFS spectra of [Fe(dcpp)2]?* and [Fe(terpy)a)?t,
which are found to be almost identical.

A possible explanation of the extremely short excited state lifetime of 280 ps (a factor
three shorter than the 0.9 ns of [Fe(bpy)s]?") is that [Fe(depp)2]*>™ has no activation
barrier between the PES of the GS and ES, while the barrier for [Fe(bpy)s]®™ is
rather about 30 meV. This would, according to Marcus theory, explain the three-
fold longer lifetime of the ES of [Fe(bpy)s]?t compared to [Fe(dcpp)z]?™.

In a next step, we will analyze the EXAFS spectrum of [Fe(dvpp)a]?t, where dvpp is

di(vinylpyridyl)pyridine. [Fe(dvpp)a]?t is an isostructural complex to [Fe(dcpp)a]?t and

their comparison will improve the understanding of their optically induced structural

changes.
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7 Direct Observation of Ultrafast
High-valent Iron Formation

This chapter presents the investigation of the photophysical and photochemical processes
leading to a high-valent iron complex, where the iron center is in the exotic oxidation
state +V. This high-valent Fe complex is formed via flash-photolysis from its precursor
trans|(cyclam)Fe (N3)o]™ in CH3CN solution. Picosecond-resolved XAS is used to deter-
mine the spectral fingerprints of the Fe(V) complex as well as of a second photoproduct
which is formed in a competing reaction channel. The ultrafast formation of both photo-
products is observed in real-time using femtosecond XAS and XES.

7.1 Introduction — trans[(cyclam)Fe™ (N;),]*

High-valent Fe complexes are complexes with the metal Fe center in the unusual high
oxidation states +IV, +V and +VI. High valent oxo-Fe complexes [231, 232] with a termi-
nal oxygen ligand, as well as high-valent nitrido-Fe species [83, 233-238] with a terminal
nitrogen ligand are known. Such high-valent Fe complexes are extremely reactive and play
a major role in biochemical catalytic activity. The most prominent example for a high-
valent iron-oxo species is the active site of the cytochrome P450 family, which acts in many
enzymatic catalytic cycles in charge e.g. of drug metabolism [73, 239, 240]. Due to their
tremendous reactivity, these high-valent Fe complexes are short-lived and difficult to detect
within the natural catalytic cycles and at biological conditions (room temperature, in solu-
tion, etc.) [241]. Thus the early evidences of superoxidized species with Fe(V) and Fe(VI)
were restricted to cryogenically cooled samples [83, 232-235]. Recently, two different high-
valent Fe(V)-nitrido species in solution phase at room temperature have been investigated
in the group of Peter Vohringer. Here the high-valent Fe complexes were generated from
their precursors [(cyclam-acetato)Fe (N3)]™ and trans|(cyclam)Fe™(N3)so] T via flash pho-
tolysis and subsequently detected using IR spectroscopy [53, 236, 237, 242].

Here we focus on the photophysics of trans|(cyclam)Fe™ (N3)a]™ (complex 1) in CH3CN.
A UV-vis absorption spectrum of the reactant (1), i.e. the ground state molecule, is shown
in Fig. 7.1. The reactions following the absorption of a photon in the absorption bands in
the UV and vis spectral range have been studied extensively on ps to ns timescales. Torres-
Alacan et al. have employed TR Fourier-transform IR (FTIR) spectroscopy to show the
formation of the octahedral Fe(V) complex at room temperature in solution phase [53].
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Figure 7.1: UV-vis absorption spectrum of trans|(cyclam)Fe™ (N3)o]* in CH3CN.
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Figure 7.2: Schematic showing the two most relevant reaction pathways of
trans[(cyclam)Fe(N3)2] T in CH3CN as described in [53]. UV excitation predominantly
leads to dissociation of an Ny from the azide (Nj) ligand and subsequent formation of
the Fe(V) centered complex 3. Upon excitation closer to the visible regime the prevalent
reaction is the abstraction of a complete azide ligand which is quickly followed by the

association of a solvent molecule and formation of complex 2.
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With their findings they have established the wavelength dependent photochemical reac-
tion scheme of the parent complex 1 depicted in Fig. 7.2, where the most prominent two
reaction pathways have been characterized as follows: i) Photoexcitation of 1 in the visible
to near-UV spectral range mainly leads to the dissociation of an azide (=Nj') ligand. An
intermediate complex 2;,; (not shown in the simplified reaction scheme) is formed, with
an open Fe coordination site. This coordination site is rapidly filled, presumably with a
solvent CH3CN molecule, forming complex 2. The recombination of complex 1 is found to
occur on a timescale of 200 ps. The quantum yield of the formation of 2 after excitation
at 355 nm has been determined to 70 %. ii) Photoexcitation of 1 in the UV regime, i.e.
around 266 nm, predominantly leads to dissociation of a dinitrogen molecule from one of
the two azide ligands. Consecutively, the remaining terminal N~ forms a triple bond with
the Fe center, leading to the formation of complex 3, with the iron center formally oxidized
to +V. The lifetime of 3 was found to be 350 ps at their experimental conditions and the
quantum yield of the formation of 3 upon excitation at 266 nm has been quantified to
roughly 80 %.

The most intriguing reaction is certainly the formation of 3 and femtosecond mid-IR
spectroscopy has been used to determine the ultrafast processes of the high-valent iron
formation [242]. Here the photoexcitation of 1 to an electronically excited state has been
found to result in the formation of 3 via the following two distinct reaction pathways: In
parts, the high-valent complex 3 is promptly formed via direct dissociation of a dinitro-
gen. Furthermore, internal conversion to the highly vibrationally excited electronic ground
state (termed "hot ground state”) is possible. From there, vibrational energy relaxation
(VER) and thus cooling back to the parent complex 1 can occur with a time constant of
7.5 ps. In competition to the VER, barrier crossing with dinitrogen dissociation has been
found, leading to a ”dynamic build-up” of 3 with a time constant of 10 ps.

In all the above described experiments in solution phase at room temperature the high-
valent Fe complexes have been detected indirectly via a change in the asymmetric stretch-
ing vibration of the remaining azide ligand in the mid-IR regime. The aim of the TR
X-ray experiments on trans|(cyclam)Fe™ (N3)o]* in CH3CN described in this chapter is
to directly probe the electronic and spin state configuration of the iron center during the
photochemical reactions described in Fig. 7.2. The ultimate goal is to site-selectively
probe the Fe center to proof the existence of the high-valent Fe(V) at room temperature
in solution phase and to determine the ultrafast processes of its light induced formation.
Furthermore, disentangling the different reaction pathways on sub-ps to ns timescales will
allow gaining further insight into ligand exchange reactions via the reaction pathway of the
complete azide detachment and subsequent solvent binding, which occurs in competition
to the high-valent Fe formation.

The experimental results presented in this chapter can be separated in two parts. The
first one contains the 100-ps-resolved results obtained at Synchrotrons, which are used to
show the existence of the high-valent Fe(V) complex as well as to determine the X-ray
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absorption fingerprints of the parent complex 1 and both photoproducts 2 and 3. In the
second part of the experimental results, the sub-ps-resolved measurements obtained at the
SACLA XFEL in Japan are shown, which were used to measure in real time the forma-
tion of both complexes 2 and 3. In the end of the chapter these experimental results are
discussed and compared to the TR optical results.

7.2 Results | - Picosecond-resolved X-ray Spectroscopy

Initially we have measured TR XAS of trans[(cyclam)Fe(N3)s]™ in CH3CN at the APS
after photoexcitation at three different laser wavelengths, 532 nm, 355 nm and 266 nm.
Later, selected XANES measurements following 343 nm and 257 nm excitation have been
repeated with increased S/N using the newly developed setup at PO1 beamline of PETRA
IIT (see Chapter 4). The results of both measurement campaigns are presented here.

7.2.1 APS XAS Measurements

The experimental setup at beamline 7ID-D of the APS is described in detail in Section
3.8.2. Here, only the parameters specific to this experiment are summarized.

Table 7.1: Experimental conditions of the XAS measurements at the APS. The 266 nm
and 532 nm measurements where taken in November/December 2015 and the 532 nm
measurements in March 2015.

Wavelength 266 nm 355 nm 532 nm
X-ray spot size / ym? (VxH, FWHM) <10x10  <10x10  4x5
X-ray repetition rate / MHz 6.52 6.52 6.52
X-ray flux / photons/s 1.5 x10'2 1.5 x10'? 1.5 x10'?
Laser spot size / pm? (VxH, FWHM) ~30 x40 ~35 x20 ~10 x10
Laser repetition rate / kHz 133 133 210
Laser power / mW 345 182 501
Laser pulse duration / ps 10 10 10

Laser pulse energy / nJ 2.59 1.36 2.38
Laser fluence / J/cm? ~0.27 ~0.25 ~3.0
Laser intensity / GW/cm? ~27 ~25 ~300

The trans[(cyclam)Fe™(N3)a] complex has been synthesized in the group of Peter
Vohringer from the University of Bonn. The samples consisted of about 25 mL solutions of
trans[(cyclam)Fe(N3)o] T in CH3CN with a concentration of 10 mM. To guarantee fresh
solutions without long-lived photoproducts, the sample solutions were exchanged every 1-2
hours. The pump laser and X-ray probe parameters applied during the experiments at all
three wavelengths are summarized in Table 7.1. At all three wavelengths, both laser and

X-ray spot sizes were kept extremely small at diameters of around 10 pm. This allowed to
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excite the sample at relatively high optical laser repetition rates of about 100 kHz - 280
kHz rates while ensuring a completely replenished sample before every optical excitation.
The laser pulse energies at all three wavelengths were optimized on the order of 1j1J and
were sufficient to excite a large fraction of the molecules in the sample volume but still

small enough to restrict the excitation process to a linear regime.
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Figure 7.3: a) XANES of trans[(cyclam)Fe™ (N3)o] ™ of static ground state (blue) and 100
ps after 266 nm excitation (red). b) Transient XANES spectra 100 ps after photoexcitation
at 266 nm (violet), 355 nm (blue) and 532 nm (green).

The XANES spectra in the static case, as well as the transient spectra 100 ps after pho-
toexcitation at 532 nm, 355 nm and 266 nm, can be found in Fig. 7.3. We observe different
features in the XANES which we label A-E: A first pre-edge peak at ~7112.5 eV (A), a
second pre-edge peak (B) at ~7115 eV, the low-energy tail of the rising absorption edge
at around 7120 eV (C), the half-rise of the absorption edge at around 7124 eV (D) and
the region behind the white line (E). All these features except for B are already present

in the ground state spectrum.
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Features A and B correspond to the 1s — 3d transitions, as discussed in detail in Chap-
ter 3.2.1. Although they are dipole forbidden in octahedral symmetry, they can become
partially allowed due to a distortion from the octahedral symmetry. Furthermore, their
energy position is strongly dependent on the oxidation state. The structure on the rising
edge and above the edge, which comprises features C, D and E, could be caused merely by

the geometric structure of the molecule but also by a multitude of electronic transitions.
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Figure 7.4: a) Transient XANES of trans[(cyclam)Fe!(N3)o]T in CH3CN 100 ps, 500
ps, 2 ns, 5 ns and 20 ns after photoexcitation with 266 nm. b) The analogous transients
after 355 nm photoexcitation.

The transient difference spectra, 100 ps after photoexcitation, at all three laser wave-
lengths are very similar, as they show the same features: An increase of the intensity of
the first pre-edge peak A, the appearance of the second pre-edge peak B and an edge shift,
which manifests itself as an increase of the intensities around the features C and D, as
well as a decrease of the intensity in the region around E. The fact that the same transient
features are present at all three wavelengths indicates that both reaction pathways are
present at the three applied pump wavelenghts, though with distinct (wavelength depen-
dent) quantum yields. Furthermore, the 532 nm and 355 nm transients appear identical,
which is also expected, as the branching of the two reaction pathways at these wavelengths
is similar [53]. Thus from here on we have restricted our excitation wavelengths to 355
nm and 266 nm.

Next to the transient spectra 100 ps after photoexcitation, we have measured further tran-
sient spectra at longer delays up to 20 ns (see Fig. 7.4). The 266 nm spectrum exhibits the
same spectral features as the transients following 355 nm and 532 nm excitation. Almost
all spectral features appear with the same transient intensity, except for the exceptionally
strong second pre-edge peak (feature B). The increased intensity of the pre-edge peak
hints towards a complex which is strongly distorted from octahedral and the unusually
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high energy of the 1s — 3d pre-edge peak hints towards an Fe complex of a high oxidation
state (see Chapter 3.2). This allows us already at this point to tentatively assign B to the
high-valent Fe complex 3.

Furthermore, we have taken time delay scans at the features B, C and D after photoexci-
tation at 266 nm and 355 nm, see Fig. 7.5. All six time delay scans consist of a relatively
short lived (few ns) and a long lived (> 50 ns) component. Thus we have fitted a kinetic
model to these delay scans, which consists of a superposition of two components, one
which grows in within the temporal resolution of 100 ps and decays exponentially and one
which grows in within the same 100 ps and stays constant.
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Figure 7.5: Time delay scans of the transient XANES intensity of
trans|(cyclam)Fe™(N3)o]™ in CH3CN at 7115 eV (feature B), 7120 eV (feature C)
and 7125 eV (feature D) after photoexcitation with a) 266 nm and b) 355 nm.
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The fit results (see Table 7.2) can be summarized as follows: The kinetics of the intensities
Ip of feature B and Ip of feature D are similar at both wavelengths. Ip decreases only
marginally by 25 % whereas Ip decreases by 50 %. A clear difference between the kinetics
at both wavelengths can be found in I, which decreases by more than 80 % after 266 nm
excitation and only by 60 % in the case of the 355 nm excitation. The decay times for all
features are found to be roughly identical, 75 =~ 7¢ =~ 7p &~ 5 ns.

Table 7.2: Transient intensities Ig(t), Ic(t) and Ip(t) as well as the decay times 75, T¢
and 7p of the XANES features B, C, and D, respectively. The results are obtained from
the fits of the time delay scans in Fig. 7.5. The 95 % confidence intervals are given in
brackets for the obtained decay times.

B Ip(0) Ip(oo) ¢ Ic(0)  Ic(oo) 7p Ip(0) Ip(co)
266 5.8 1010 750 3.7 746 107 4.6 2040 1020
nm (1.6:10.1) (2.9:4.4) (3.4:5.8)
355 5.8¢ 434 312 4.8 1606 660 6.6 3271 1855
nm (3.1;6.0) (4.3;8.8)

“Fixed to the value obtained from the 266 nm fit. The B-feature is to weak at 355 nm excitation to give
a meaningful result.
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7.2.2 PETRA 1l XAS Measurements

We have also measured TR XANES spectra of trans[(cyclam)Fe(N3)s]™ in CH3CN at
the P01 beamline of PETRA III. The experimental setup, which has been developed in
order to optimally benefit from the high photon flux at PETRA III, is described in Chap-
ter 4. The aim of repeating the XANES measurements was to improve the S/N using
this newly developed setup in order to better resolve the spectral features discussed in the
previous section.

As the experimental setup is described in great detail in Chapter 4, we only discuss the
specific experimental parameters here. For a summary of the experimental laser and
X-ray conditions see Table 7.3. The fundamental wavelength of the Tangerine laser sys-
tem is 1030 nm (instead of the 1064 nm fundamental of the Duetto laser system at the
APS). Here we have used the TH of 343 nm and the FH of 257 nm to optically excite
trans|(cyclam)Fe™ (N3)s]™ in CH3CN, nevertheless the by few nm shifted wavelengths are
not expected to lead to different photochemical processes (see UV-vis spectrum in Fig.
7.1). The laser spot sizes were again optimized to assure a completely replenished sam-
ple (i.e. via tight focusing on the sample position). The laser pulse energies are slightly
smaller than during the APS experiments, but due to the shorter laser pulses on the order
of 300 fs (instead of 10 ps) the laser intensities are increased.

Table 7.3: Experimental conditions of the XAS measurements at P01 beamline of PETRA
III. These measurements were taken in April 2016.

Wavelength 257 nm 343 nm
X-ray spot size / ym? (VxH) 7x9 7x9
X-ray repetition rate / MHz 5.2 5.2
X-ray flux / photons/s 1013 1013
Laser spot size / pm? (VxH, FWHM) 24x19  40x30
Laser repetition rate / kHz 130 130
Laser power / mW 95 120
Laser pulse energy / nJ 730 930
Laser pulse duration / fs ~300 ~300
Laser fluence / mJ/cm? ~200 ~99
Laser Intensity /GW /cm? ~680  ~330

The static XANES spectrum and the one 100 ps after photoexcitation at 257 nm are
shown in Fig. 7.6 a). The transient differences 100 ps and 10 ns after photoexcitation at
343 nm are plotted in Fig. 7.6b), the transient differences 100 ps, 10 ns and 20 ns after
photoexcitation at 257 nm in Fig. 7.6c).

The transients exhibit the same features as those measured at the APS (Fig. 7.3). Due
to the multi-photon counting capability of the PETRA III setup, the S/N is significantly
increased. For example the S/N at the maximum of the transient (i.e. at an incident
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Figure 7.6: a) XANES of trans[(cyclam)Fe(N3)o]T in CH3CN in the ground state
(static) and 100 ps after 257 nm excitation. b) Transient XANES spectra after photoex-
citation at 257 nm, c) those after 343 nm excitation.
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X-ray energy of ~7124 eV) 100 ps after 343 nm excitation is S/Na70 and 100 ps after
257 nm excitation S/Na100. This is an improvement of about one order of magnitude
compared to the APS measurements in Fig. 7.4, which yield a S/N=a10 at a delay of 100
ps after excitation at both wavelengths, 266 nm and 355 nm.

7.2.3 Picosecond XAS Analysis
Pre-edge Peak Position and Intensities

To determine the exact intensities and energies of the pre-edge features A and B we have
decomposed the pre-edge region of the XANES transients in Fig. 7.6. We have used a sum
of two Voigt profiles. Their Gaussian broadening was fixed t0 0,0n, = (1/2.35) €V, which
corresponds to the Si(111) resolution of 1.4x 10~% at 7112 eV . The Lorentzian broadening
has been set to I' = 0.625 eV, which corresponds to the core-hole lifetime broadening of
the Fe K-shell [139].

The results of these fits for the transient XANES pre-edge for each two delays of 100 ps
and 10 ns and two excitation wavelengths 266 nm and 355 nm are shown in Fig. 7.7. The
resulting peak areas and energies are summarized in Table 7.4.
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Figure 7.7: Decomposition of transient pre-edge peaks of trans|(cyclam)Fe™ (N3)o]™ in
CH3CN a) 100 ps and c¢) 10 ns after 343 nm excitation and b) 100 ps and d) 10 ns after
257 nm excitation. The shaded areas show the fitted Voigt peaks.
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Table 7.4: Energies and areas of pre-edge peaks resulting from the fits in Fig. 7.7 (the
values for the 20 ns, 257 nm transient are not explicitly shown). All energies are given in
eV, all areas in arbitrary units. The fits were performed in Matlab using the lsqcurvefit
function and the error bars correspond to the 95 % confidence interval which is calculated
with the nlparci function.

A Delay Eppg; Eppp Apga Apgo

343 nm 100 ps 7112.14+ 0.3 7114.7 £ 0.2 3.9 £ 0.8 8.9+ 0.9
343 nm 10 ns 7112.2+ 04 71149 £ 0.2 1.9+ 0.6 7.5+ 0.6
257 nm 100 ps 711224+ 0.2 71146 +£0.1 160+ 1.6 852+ 1.6
257 nm 10 ns 7112.6+ 0.2 7114.7 £0.1 114 +1.2 756 1.2
257 nm 20 ns 7112.6+ 0.3 7114.7+£0.1 85+14 61.5+14

Comparison of XANES Spectra to Literature

The XANES spectra following 266 nm excitation containing the fingerprints of the high-
valent Fe(V) complex in solution phase at room temperature are compared to experimental
XANES spectra of a cryo-cooled octahedral Fe(V)-nitrido complex [234]. The energy of
the pre-edge peak is further compared to the energies of other high-valent complexes
with oxidation states up to +VI [83]. In addition, the pre-edge region is compared to
time-dependent density functional theory (TDDFT) calculated pre-edge peaks of a model
octahedral Fe(V)-nitrido complex [103].

The high-valent Fe(V)-nitrido complex [(cyclam-ac)Fe" (N)]* (=Fe(V)-cryo) is generated
from its precursor [(cyclam-acetato)Fe" (N3)|*(=Fe(III)-cryo) under cryogenic conditions
via flash-photolysis [234]. XANES spectra of these two complexes have been published
about a decade ago and are (digitized and) presented together with our experimental data
in Fig. 7.8a). Here, the experimental GS spectrum of the pure complex 1 (in the plot
labeled Fe(III)-this work) corresponds to the static XANES trace measured at PETRA
IIT (see Fig. 7.6a)), the spectrum of our high-valent Fe(V) complex 3 (labeled Fe(V)-this
work) has been obtained from the XANES transient 20 ns after 257 nm excitation (Fig.
7.6¢)). Here we applied Equation 3.21 and assumed an excited state fraction of f = 20
% to reconstruct the XANES spectrum of complex 3. The f = 20 % has been chosen in
order to match the intensity of the Fe(V)-cryo sample pre-edge peak.

In this comparison, special care has been taken to match the energy axis of the different
XAS spectra. In this work we calibrated the spectra by setting the first inflection point,
i.e. the maximum of the first derivative, of an Fe foil spectrum to the tabulated value of
7112 eV [243]. In the measurements of the cryo-cooled samples from Ref. [234] this first
inflection point was set to 7111.2 eV, thus the literature data was shifted by 4+0.8 eV to
match the calibration of the data measured in this thesis.

The XANES spectra of both Fe(V) complexes agree almost perfectly with each other, both
in spectral shape as well as in edge position. This shows that indeed we have demonstrated
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Figure 7.8: a) XANES spectrum of complex 1 (blue solid line), reconstructed XANES of
3 with anticipated excited state fraction of 20 % (red solid line) together with literature
reference XANES spectra of cryo-cooled [(cyclam-ac)FeV(N)]™ and its Fe(III) precursor
(data digitized from [234]). b) Pre-edge region of the spectra in a) together with TDDFT
calculated pre-edges of Fe(V)-nitrido model complex from literature (data digitized from
[103]).

the Fe(V) formation at ambient conditions. The XANES spectra of the parent Fe(III) com-
plexes do not agree, the edge position of the cryo-cooled [(cyclam-acetato)Fe™ (N3)]* sam-
ple is located at 2 eV lower energy than the one of trans[(cyclam)Fe™ (N3)o]™ at ambient
conditions. This results in a relative blue shift of the cryo-cooled sample after laser irradi-
ation and formation of the Fe(V) complex. In contrast to this, our measurements revealed
a red shift of the absorption edge when forming the Fe(V) complex from the parent Fe(III)
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Figure 7.9: Oxidation state as a function of the pre-edge peak position of 3 (red cross)
compared to references (green marks) with oxidation state +II (from [79]), +III, +1V, +V
and +VI (all from [83]).

complex. We will discuss this mismatch and reason why the edge position can not be used
to determine the oxidation state in the discussion in Section 7.2.3.

The result of the comparison of the pre-edge region to the TDDFT calculated pre-edge of
a model Fe(V)-nitrido complex from Ref. [83] is shown in Fig. 7.8 b). The TDDFT calcu-
lated pre-edge feature was originally presented with the cryo-cooled Fe(V) data[234], thus
it has also to be shifted by the according 0.8 eV. The TDDFT calculated Fe(V)-nitrido
pre-edge also reproduces the general shape of the experimental Fe(V) pre-edge peaks.

In [83], a linear relationship between the oxidation state of Fe and the K-edge XAS pre-
edge peak position of Fe complexes with oxidation states from +III to 4+VI has been
established. A plot of the oxidation state as a function of the peak position is shown in
Fig. 7.9. Additionally, the corresponding value of a low-spin Fe(II) pre-edge peak position
from Ref. [79] has been added. Once again, the absolute energy calibration has been
corrected to match the calibration of the measurements as presented in this work. The
pre-edge peak position of the Fe(V) complex 3 from this work is found at 7114.7 eV, which
is in excellent agreement with the expected value for an Fe(V) complex of ~7115 eV.

Timescale of Diffusion-driven Azide Recombination

We can estimate a diffusion driven recombination rate of complex 2 and N3, analogous to
the ET rate calculated in Section 5.3.3.

The azide ligand has a length of ~2.35 A and the whole complex 2 has a diameter of ~8
A, thus the radii of the two recombining complexes are Ry3 ~ 1.2 A and Rcp ~ 4.0 A
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and the distance of closest approach is Rc = Rgo + Ry3 ~ 5.2 A. Using the viscosity of
CH3CN of = 3.43 x 107* kg (ms)~! [214], we can calculate the diffusion rate constant

according to Equation 5.3

kT [ 1 1
kp = 471Ny Ro -2 <

+ ~2.7x 100 (Ms)7!. 7.1
6mn \ Ro2 RN3> (Ms) (7.1)

For a back-of-the-envelope estimation we assume the laser excitation leads to an azide
dissociation and formation of 2 from every second molecule in the laser excited volume
(i.e. an excited state fraction of 50 %). Thus in the sample with a concentration of 10 mM
a free azide concentration of 5 mM is produced in the laser excited volume. Consequently,
the rate of an encounter of a free azide with the photoproduct 2 is

koo = 2.7 %101 (M s)™! x5 mM ~ 1.35 x 105 s . (7.2)

If every encounter of an azide ligand with a photoproduct 2 leads to a recombination, the
recombination time is at the assumed experimental conditions 7,.. = 1/k,.c = 7.4 ns. This
timescale matches the timescale found in the delay scans in Fig. 7.5, thus the decay of
the transient on these timescales could be due to the recombination of complex 2 with
a free azide ligand in the solution. This would be another ligand exchange reaction (the
reverse reaction of the reaction pathway leading to complex 2) where the CH3CN solvent

molecule is exchanged for the N3

Discussion

The outcome of the picosecond-resolved XANES measurements conducted at the APS and
at PETRA III can be summarized briefly as follows.

The most important result is obtained from the XANES measurements following 266 /257
nm photoexcitation. Their comparison to XANES measurements of a cryo-cooled Fe(V)
sample [234] as well as to TDDFT calculations [103] allowed us to assign a spectral fin-
gerprint to the high-valent Fe(V). We were able to unambiguously identify the pre-edge
peak feature B at ~7115 eV as a marker of this high-valent Fe(V) complex 3 and thus
we are able to detect the existence high-valent Fe(V) photoproduct 3 at our experimental
conditions.

The time delay scans showed that Ig decreases only marginally by 25% within the timescales
(>10 ns) presented in Fig. 7.5. This further justifies our assignment of B to the high-
valent complex 3, as its lifetime is expected to be 350 ps [53]. Furthermore, the delay
scans revealed a ~5 ns component, which we have tentatively attributed to a diffusion
driven process, such as the azide recombination.

The pre-edge peak feature A between 7112-7113 eV is present in all transient spectra and
its origin has not yet been discussed. Due to the energy position we can assign it to a
low-valent Fe(II) or Fe(III) species. The most obvious origin would be complex 2, which
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is also distorted from octahedral, resulting in an increased pre-edge peak intensity. The
experimental S/N does not allow us to determine if the feature consists of only a single
peak. Thus this pre-edge peak could be related to more than one species, e.g. it could
also contain an additional peak due to an additional reductive pathway, where the Fe(II)
equivalent to 2 is formed.

Nevertheless, it is not clear yet, why Fe(V)-cryo yielded a blue shifted absorption edge
compared to its pre-cursor Fe(Ill)-cryo, while our XANES measurements of complex 1
yielded a red shift of the absorption edge upon laser excitation at 266 nm and thus pre-
dominant formation of complex 3.

One explanation could be, that a blue shift is actually hidden underneath the red shift
associated with complex 2. The XANES measurements after 355/343 nm excitation with
predominant formation of 2 indeed revealed a very strong red shift of the absorption edge.
A clear assignment of the edge features and a definite interpretation of the edge shift is
difficult. Next to the oxidation state the edge position depends strongly on the structure
of the molecule and numerous examples of structural changes leading to strong edge shifts
without a change in oxidation state exist. An example of a red shift of the absorption edge
due to the optically induced LS-HS transition and the concomitant structural changes can
be found in Chapter 6.

Further examples of strong edge-shifts between transition metal complexes of equal oxi-
dation state are ubiquitous in literature. The edge position depends on the coordination
number and thus the symmetry, e.g. high-spin Fe(II) complexes can vary by ~2 eV in
their edge position between 4-coordinated and 6-coordinated complexes [244]. Further-
more, the edge position strongly depends on the ligation state. In Ref. [245], the X-ray
absorption edge position of a series of Cr™Cl3L complexes with different tridentate ligands
L, yielding either three nitrogen or three sulfur donor atoms, have been compared. The
edge-positions spanned a range of 8 eV within the single Cr oxidation state +II1.

The last example of a study of the correlation of K-edge positions of 3d transition metal
complexes of different oxidation states was found in Ref. [246]. There, the XANES spec-
tra of a pair of an octahedral Mn(III)-azide complex and its high-valent Mn(V)-nitrido
form, where the azide (N3) was substituted with a single Nitrogen (N), are compared.
Here the Mn(V)-nitrido complex exhibits a very strong pre-edge peak in contrast to the
Mn(III)-azide complex. Most interestingly though, the edge position of both complexes
is almost identical. This example of a pair of Mn complexes is very similar to our pair
of complexes 1 and 3 and the comparison of both measurements further supports our
assignment of the spectral features, especially of pre-edge feature B.

136



Chapter 7. Direct Observation of Ultrafast High-valent Iron Formation

7.3 Results Il - Femtosecond-resolved X-ray Spectroscopy

We have measured TR XAS, XES and XDS of trans[(cyclam)Fe' (N3)o]* in CH3CN at the
Japanese XFEL SACLA. In this thesis only the spectroscopic measurements are presented.
The sample consisted of a 100 mL solution of 20 mM concentration, twice as concentrated
as during the synchrotron measurements. The experimental setup at SACLA is described
in Section 3.8.4. The specific experimental laser and X-ray parameters are summarized
in Table 7.5. The data presented here has been acquired during two campaigns: In May
2015 the TR XAS following 266 nm excitation, and in November 2015 the TR XES and
XDS (not part of this thesis) following 355 nm photoexcitation have been measured.
The main goal of these experiments were to observe the real-time formation process of
the high-valent complex 3 upon photo-dissociation of a dinitrogen from one of the azide
ligands of 1 and triple bonding of the terminal N~ ligand. Furthermore, the experiments
aimed at advancing the understanding of the ligand exchange mechanism comprising the
distinct steps of the azide dissociation and the subsequent solvent molecule attachment,
with eventually proving the existence of a penta-coordinated intermediate complex 2;,;.
In the following subsections, the TR XAS after 266 nm photoexcitation and the TR XES
after 355 nm excitation will be presented.

Table 7.5: Experimental conditions of XAS and XES measurements performed at the
SACLA XFEL on trans[(cyclam)Fe™ (N3)2|* in CH3CN. The 266 nm measurements have
been conducted in May 2015, the 355 nm measurements in November 2015.

Wavelength / nm 266 355
X-ray spot size / pm? 5x5 <(10x10)
X-ray repetition rate / Hz 30 30
X-ray flux® / photons/pulse ~2x10° ~101!
X-ray spectral bandwidth / eV 1° ~35¢
Laser spot size? / pm? (VxH, FWHM) ~140 x 100 55 x 75
Laser repetition rate / Hz 15 15
Laser pulse duration® / fs ~200 ~200
Laser pulse energy / nJ 15 13
Laser fluence / mJ/cm? ~136 ~400
Laser intensity / GW/cm? ~680 ~2000

“The X-ray photon flux presented here is merely a rough estimate: The pulse energy at SACLA is up to
0.5 mJ, which corresponds to 4x 10! photons / pulse at a photon energy of ~7.5 keV. To the sample,
losses of a factor >2 are possible. The monochromatization leads to a decrease in flux of a factor of
~50.

bwith 4 bounce Si(111) mono

‘pink beam

9The 355 nm laser beam profile was measured with a 100 pm diameter pinhole, see Appendix C.1 for
details

®The laser pulse duration is estimated in Section 7.3.2
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7.3.1 TR XAS after 266 nm Excitation

The XANES spectra measured statically, 5 ps after 266 nm excitation, as well as the
transient difference of the two is plotted in Fig. 7.10 a), the transient differences 1 ps, 5
ps, 20 ps and 100 ps after photoexcitation in Fig. 7.10 b).
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Figure 7.10: a) XANES of trans[(cyclam)Fe'(N3)q] ™, static (blue), 5 ps after 266 nm
excitation (red) and transient difference of both. b) Transient XANES spectra 1 ps, 5 ps,
20 ps and 100 ps after 266 nm excitation.

The transient XANES spectrum 100 ps after photoexcitation resembles very well the
100 ps spectra following 266 nm excitation measured at both the APS and PETRA III,
comprising the discussed features A-E. The transient spectra at short delays of 1 ps and
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Figure 7.11: Transient XANES traces of trans[(cyclam)Fe™ (N3)2]Tin CH3CN. The pre-
edge to half-rise region has been scanned after 266 nm excitation for 14 different delays
between -200 fs to 5 ps.

5 ps do not show any additional features compared to the 100 ps spectra. Furthermore
we can make the following observations about the temporal evolution of the XANES
transients within the first 100 ps after photoexcitation: i) The two pre-edge features A
and B appear within the first picosecond and the intensity of both pre-edge peaks decays
within the first 100 ps only slightly. Feature A appears to decrease more than feature
B, but due to the relative weakness of A compared to B and due to the experimental
errorbars, a quantitative statement is not possible. ii) The edge shift (features C and D)
appears within the temporal resolution and decreases in intensity within the first 100 ps.
Here we observe a difference in the kinetics of C and D. While C seems to decay almost
completely within the first 100 ps, D decays only to about half its intensity in the same
amount of time. The time constant of this decay can only very vaguely be quantified to
~10 ps, which interestingly corresponds to the timescale found for the VER as well as for
the dynamic build-up of complex 3 found in Ref. [242].

To obtain more detailed information about the behavior of these features within the first
hundreds of femtoseconds after photoexcitation we have mapped the XANES region from
7108 eV to 7124 eV (which contains the pre-edge region up to about the half-rise of the
absorption edge) in finer time steps from -200 fs to 5 ps. The transient differences measured
at 14 different delays are plotted in Fig. 7.11. These scans show that both pre-edge peaks
appear on sub-picosecond timescales and stay at almost constant intensity until 5 ps delay,
only A appears to decay slightly within the first 5 ps. The edge shift appears promptly
after photoexcitation, reaches its maximum at about 200 fs delay and immediately decays
to about 50 % of its maximum after 5 ps.
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Figure 7.12: Time delay scans of transient XAS intensity at six selected incident X-ray

energies.
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We have also measured time delay scans at selected XANES features (see Fig. 7.12). These
scans confirm the general trends of the dynamics of the features A, B, C and D discussed
in the previous paragraphs. Nonetheless, as these scans suffer from large statistical noise

as well as from additional artifacts, we do not analyze them further here.

7.3.2 Femtosecond XAS Analysis
Timing Tool Correction

We have used the SACLA timing tool [247], which applies the so-called spatial encoding,
similar to the timing tool routinely available at LCLS [248]. This timing tool is used to
measure and post correct the laser-X-ray timing jitter for each single X-ray pulse. Here,
mainly the 14 XANES scans in Fig. 7.11 could benefit from the timing tool. But before
applying the jitter correction to these scans, we test the post correction algorithm using
the example of a delay scan.

We have chosen the second delay scan at the C feature (7120 eV) in Fig. 7.12¢) (green
solid line). At each delay point, the transient intensity has been measured for a total of 500
X-ray pulses consisting of 250 pulses with laser excitation and 250 without laser excitation.
Without timing tool correction, this delay scan is visualized by taking the average of each
of the 250 laser ON and OFF pulses and plotting their respective difference as a function
of the uncorrected delay (see brown points with error bars in Fig. 7.13). The uncorrected
(=raw) delay corresponds to the laser-X-ray delay which has been experimentally applied
by elongating the laser beam path using a translation stage.

To correct for the timing jitter, this raw uncorrected delay value is corrected by the laser-
X-ray delay which has been measured for each single pulse by the timing tool. After this
correction the corrected delays are not sorted into discrete bins anymore. Furthermore,
the actual delay values of two initially distinct raw delay points may overlap. Thus the
set of data points for each single X-ray pulse in the whole delay scan, consisting of pairs
of values for the transient intensity and corresponding delay, are re-binned into a new set
of delay bins. After re-binning, the laser ON and OFF values in each of the new bins are
averaged and the difference of laser ON and OFF for each delay bin is calculated, yielding
the transient difference at each corrected delay point. Additionally, the standard error of
each point is calculated. In Fig. 7.13 the delay scan after timing tool correction is plotted
(blue points with error bars).

The improvement in temporal resolution is apparent. The rise time is shortened and the
exponential decay at longer delays appears sharper.

To further quantify the improvement in temporal resolution we use a kinetic model con-
sisting of two components to describe the temporal evolution of the transient intensity.
The first component with transient intensity Iesimae is generated within the instrument
response function time oy, and decays with a time constant of 7.s; to a second component
of intensity Ies2 maz. The lifetime of the second component is much larger than the 4 ps
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Figure 7.13: Delay scan at 7120 eV before (red) and after (blue) timing tool correction.
The transient intensity consists of a superposition of two states, an intermediate state with
intensity [;(¢) (dashed lines) is created within the instrument response time oy, and decays
with a time constant 7,51 to a longer lived state with intensity I5(t) (dashed-dotted lines).
The fit of the raw data yielded 2.35x 0y, = (360£130) fs (FWHM) and 751 = (1.364+0.64)
ps, the fir of the timing tool corrected data results in 2.35 x 0, = (278 +76) fs (FWHM)
and 7es1 = (0.67 £ 0.27) ps.

window which is fitted in Fig. 7.13. The transient intensity as a function of the delay
according to this kinetic model is then given by

Iestot(t) = Iesi(t) + Iesa(t) with (7.3)

Lesi(t) I} / i (%22)
1) = 1, —_—
€s esl,max o O_lx\/%

a2

oo exXp 502 _

L) = lLomas / (2>H(t—t0—x) <1—exp (t» dz. (7.5)
—o  OV2m T

Here H(t —ty— x) is the Heaviside function, which is a Gaussian broadened step function.

H(t — to — ) exp <T) dr  and  (7.4)

This kinetic model is fitted to the uncorrected (raw) delay scan and to the delay scan
after timing tool correction. The results are plotted as solid lines in Fig. 7.13. The fit
resulted in instrument response function of 2.35 x oy, = (360 £ 130) fs (FWHM) before
and 2.35 x oy, = (278 £ 76) fs (FWHM) after timing tool correction. The decay times
before and after the the timing tool corrections were found to be 7.5; = (1.36 £ 0.64) ps
and 7Tes1 = (0.67 £ 0.27) ps, respectively.

Thus, due to the timing tool correction we are able to improve the temporal resolution of
the experiment from ~ 380fs (FWHM) to ~300 fs (FWHM).
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Pre-edge Features and Rising Edge

The timing tool correction has also been applied to each point of the 14 XANES scans in
Fig. 7.11. Here we also had to corrected for the energy-dependent path length difference
through the four-bounce mono. This correction is explained in the Appendix C. There,
the delay distribution before and after the timing tool correction is displayed in Fig. C.7.
The re-binned data with laser excitation, without laser excitation, the transient difference
as well as the standard error of the transient difference is plotted as 2D color maps in Fig.
7.14.
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Figure 7.14: Colormaps showing the XANES spectra for a delay range from -0.5 ps to 2.5
ps. The timing-tool correction has been applied, leading to a temporal resolution of 280
fs. In a) the Laser OFF spectra, in b) the laser ON spectra, in ¢) the transient difference
and in d) the error of the transient difference are shown.
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To obtain kinetic information about the transient features A-D, line-outs along the delay
axis have been taken. For feature A, the line-outs between 7111 eV and 7113 eV are
summed up, for B those between 7114 eV and 7116 eV, for C the ones from 7117 eV to
7121 eV and for D the ones from 7122 eV to 7124 eV. These line-outs deliver kinetic traces
which are plotted in Fig. 7.15.

The transient intensity of the pre-edge features A and B appears to grow in with the
temporal resolution of the experiment and stays constant within the 2.5 ps shown in Fig.
7.15. Thus we can use a kinetic model to describe the pre-edge transient intensity I, (t)
by a single component Ipe e, Which grows in within the temporal resolution 7 and stays
constant during the first 2.5 ps. The transient intensity according to this model is

o 1

Le(t) = Le, /
pe pe,max . le\/%

For C and D, the kinetic model in Equation 7.3 has been applied. Using these two models

exp (—$2/202)H(t —to—x) dr . (7.6)

we have performed a global fit of all four line-outs, the result is depicted with solid lines in
Fig. 7.15. In this fit, g as well as g;, were locked to the same value for all four features.
Furthermore, the decay constant 7 of C and D has been assumed to be equal. The fit
results yielded an instrument response function of 2.35 x g;,, = 317 fs and a decay time of
C and D of 7 = 730 fs.
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Figure 7.15: Lineouts of the transient XANES intensity in Fig. 7.14 along the delay axis
of features A, B, C and D together with fits of a kinetic model described in the text. This
fit yielded for all components a rise time of 317 fs and a decay time for C and D with a
time constant of 730 fs. Few outliers are visible, which could eventually be discarded by
setting stricter limits in the filtering process of the raw data.
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As the fingerprint (feature B) of the high-valent Fe(V) appears within the temporal res-
olution, we can conclude that the high-valent Fe(V) formation is completed within these
~300 fs. The 700 fs decay of C and D could be attributed to several electronic or geomet-
ric changes, such as a structural relaxation of the newly formed complex 3. Nevertheless,
advanced modeling of the XANES region is required for a definite assignment of C and D.
A further statistical analysis will be necessary to determine the confidence intervals on
the obtained rise and decay times. Determining these confidence intervals is difficult due
to the large parameter space of the fit. As a rough estimate, the confidence intervals from
the single delay scan in Fig. 7.13 could be used.

Expected Temporal Resolution

To understand the temporal resolution of the experiment we consider two main broadening
mechanisms: The group-velocity mismatch Gy s between the laser and the X-rays in
the liquid jet and the pulse duration of the laser excitation pulse, which is additionally
broadened due to group-velocity dispersion (GVD) in transmissive optical elements.

We have calculated the Gy ps in the liquid jet with thickness t;., between the optical (UV)

laser and the X-rays with
t

jet

C (nlaser - nxray) . (77)

Gym =

Here the indices of refraction are n,,,, for the X-rays and n,.., for the 266 nm laser light.
Using ¢, &~ 150 pm (100 pm nozzle turned to ~45°), Ny, = 1 and Ny, = 1.4 [249] we
obtain

Gy ~ 200 fs . (7.8)

Furthermore, we estimate the pulse duration of the laser pulse due to the GVD. Assuming
a Gaussian pulse shape with a transform limited FWHM pulse duration 7, ,, the pulse
duration after passing through a distance z of a material with group velocity dispersion

) =1+ (LK w3

(Top)

/' is given by [250]

After the third harmonic generation crystal, few transmissive optical elements have been
inserted in the beam path, which are: i) a ND filter of thickness ~2 mm?, ii) the entrance
window to the Helium filled sample chamber of thickness ~2 mm and iii) a focusing lens
with a diameter of 50 cm? with thickness of ~6 mm. Thus the beam passes through a
total thickness of z ~ 10 mm of fused silica. Using the group velocity dispersion of fused
silica of k' = 198 fs?/mm [249] and an initially transform limited pulse with 7,, = 25 fs
we obtain

7p(10mm) =~ 220 fs. (7.10)

'e.g. Thorlabs NDL-10C-2 or similar
2e.g. Thorlabs LA4984-UV or similar
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This can only be seen as a very rough estimate of the pulse duration. A more precise
calculation would require the spectrum and the initial phase of the laser pulse, which
we were not able to retrieve yet. In Appendix C.1 we have calculated the GVD of laser
pulses 20 fs to 100 fs long Fourier-transform limited pulses. Their respective duration after
passing through 1 c¢m fused silica is between 100 and 300 fs, which shows that the 200 fs
estimate is valid. We have done the same calculation for 355 nm laser light in Appendix
C.1. Here the GVD is less dramatic, but due to the OPA we can assume that the laser
pulse has a larger inital chirp. For this reason we also use the 200 fs estimate for the 355
nm pump laser pulse duration in Table 7.5. Especially in the case of 355 nm excitation
the pulse duration is not crucial, here it is merely used to estimate the laser fluence and
intensity at the sample position.

Using the pulse duration of the optical pump laser at the sample position and the Gy s
in the liquid jet we can estimate the total experimental resolution via the squared sum of

both broadening mechanisms,

IRF = \[72 + G% = 297 fs . (7.11)

This estimate is in excellent agreement with the observed instrument response time.
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7.3.3 TR XES after 355 nm Excitation

While the precursor complex 1 and the long-lived products 2, 3 are of doublet spin mul-
tiplicity, the intermediate state 2;,; is expected to have a quartet spin multiplicity (see
supplementary information in Ref. [53]). Thus we can use K XES to identify 2;,; (see
Section 3.4).

K3 XES of trans[(cyclam)Fe (N3)o]* in CH3CN was measured with a von Hamos spec-
trometer using a cylindrically bent Ge(440) analyzer crystal. The spectra without laser
excitation, about 1 ps after 355 nm photoexcitation and their respective transient differ-
ence are shown in Fig. 7.16. In addition to the experimental data, the doublet and quartet
static reference spectra (from Fig. 3.9) and the quartet-doublet reference difference (scaled
by 0.68) are presented in Fig. 7.16.

The transient difference is in excellent agreement with the scaled reference difference,
which allows us to assign the excited state 1 ps after photoexcitation (or at least the
dominant one amongst several excited states) to have a quartet spin multiplicity. Further-
more, we can quantify the excited state fraction to ~68 %. In conclusion, we have found
a fingerprint of the penta-coordinated complex 2;,; which is present after dissociation of
an azide ligand and before incorporation of a solvent CH3CN molecule.

3 T T T T
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Figure 7.16: K3 XES of trans|(cyclam)Fe™ (N3)s]™ in CH3CN without laser excitation
(solid blue line), 1 ps after 355 nm photoexcitation (solid red line) and their respective
transient difference (green points with error bars), together with doublet reference (dashed
blue line), quartet reference (dashed red line) and to 68 % scaled quartet-doublet reference
difference (dashed green line). The reference spectra are taken from [39].
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Figure 7.17: Transient K5 XES for different delays after photoexcitation (green points
with error bars) together with scaled quartet-doublet reference transients (brown solid
lines). The reference spectra are taken from [39].
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Figure 7.18: Excited state fraction as from transient XES in Fig. 7.17 plotted as a
function of the delay. The fit of an exponential decay results in a quartet spin state
lifetime of 7 ~ 40 ps.
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We have measured KS XES at five additional delays: 0 ps, 2 ps, 5 ps, 10 ps and 50 ps. The
transient spectra together with scaled quartet-doublet reference differences to determine
the excited state fraction at each delay point are displayed in Fig. 7.17. The obtained
excited state fractions are plotted as a function of the delay in Fig. 7.18. The fit of an
exponential decay to these points yields a time constant of 7 ~ 40 ps.

Thus we can conclude that the azide dissociation happens within the first ps after pho-
toexcitation, the exact dissociation time cannot be determined due to the few delay points
at which XES is measured. Furthermore, the coordination happens on a ~40 ps timescale.
This timescale is in good agreement with the 28 ps time constant of CH3CN solvent bind-
ing of [Ru(bpy)2(CH3CN)]?* in CH3CN found in Ref. [251].

Here we would like to give an outlook on first attempts towards a new von Hamos X-ray
emission spectrometer design (by J. Szlachetko) which has been implemented to increase
the covered solid (and thus to boost the photon count rate). It applies a 7 cm focal length
(and small Bragg angle) cylindrically bent Si(220) analyzer crystal which covers the K3
as well as the vtc XES and disperses the spectra onto a 2D detector (see Fig. 3.15).
Simultaneously to the measurements in Fig. 7.17 we have acquired XES spectra with this
short focal length spectrometer. A TR K spectrum 1 ps after photoexcitation together
with a set of reference spectra is shown in Fig. 7.19a). The broadening is clearly visible,
which is due to the compromised spectrometer resolution caused by the small Bragg angle
and the short focal length. Thanks to the increased count rate we were also able to obtain
TR vtc XES. The vtc spectrum without laser excitation, 1 ps after 355 nm excitation and
the transient difference are depicted in Fig. 7.19b). Here spectra at low and high laser
intensity have been summed up. In the same plot, DFT calculated spectra (by G. Vankd)
for complex 1 and a calculated difference corresponding to a transient 2;,; species are
shown. The measured vtc XES spectra are extremely broadened but agree qualitatively
with the DFT calculation.
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Figure 7.19: a) K3 XES of trans[(cyclam)Fe™ (N3)o]™ in CH3CN without laser excitation
(blue points), 1 ps after 355 nm photoexcitation (red points) and their respective transient
difference (green points). Additionally, a doublet reference (blue line), quartet reference
(red line) and quartet-doublet reference difference (green line) is shown. The reference
spectra are taken from [39]. b) vtc XES of trans[(cyclam)Fe™ (N3)o]t in CH3CN without
laser excitation (blue points), 1 ps after photoexcitation at 355 nm (red points) and tran-
sient difference (green points), together with DFT simulations (by G. Vanké) of vte XES
of 1 and transient difference between 2;,; and 1. The experimental spectra shown here
are strongly distorted and with low energy resolution as they are measured with a 7 cm
radius Si(220) von Hamos crystal.
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7.4 Summary

We have applied TR XAS and TR XES to study the photochemical reactions of
trans|(cyclam)Fe™ (N3)2]™ (1) in CH3CN over a timescale range from 300 fs to >30 ns.
The excitation of 1 in the visible to the near-UV (e.g. 532 nm or 355 nm) leads to a
dissociation of an the azide ligand, the open coordination site at the iron center is rapidly
filled with a solvent CH3CN molecule forming complex 2. Photoexcitation in the deeper
UV (e.g. around 266 nm) leads to a dissociation of a dinitrogen from one of the azide
ligands and the formation of the high-valent Fe(V) complex 3.

TR XANES measurements at two synchrotrons, APS and PETRA III, following 266 nm,
355 nm and 532 nm excitation allowed to disentangle the spectral XANES features corre-
sponding to the formation of the photoproducts 2 and 3. The features can be separated
into the appearance of pre-edge peaks (features A and B) and a red shift of the absorption
edge (features C and D). The formation time of all spectral features is faster than the 100
ps resolution of the synchrotron experiments. The edge-shift features partially decay on a
~b ps timescale, which has tentatively been assigned to further diffusion driven reactions,

such as the azide recombination with 2.

Dm
. Dy
Icii| |iic
=Ny 2N
N 3 2
AN < %
Fo Z %
N /| N N (L1 R N
L N P Q N[
P s FeV
N//N o oo, HN/\})NH
()4 gy v
+CH;CN o pt N
HN\TiH\zNH huvis huuv
\F ur” R S D'
<N
HN’\N/NH N
o »
D HN\N
0 \ie“/\‘/NH
HN!\!)NHj
N//N

Figure 7.20: Schematic of the dominant photochemical reaction pathways of
trans|(cyclam)Fe™(N3)o|™ in CH3CN with timescales as found in this thesis.

A detailed analysis of the pre-edge peaks featuring a comparison to literature XANES
measurements of a cryo-cooled Fe(V)-nitrido complex and a comparison to TDDFT calcu-
lations of a model Fe(V)-nitrido complex allowed to unambiguously assign B (the ~ 7115
eV pre-edge) to the high valent Fe(V) complex. Thus we observe its existence under our
experimental conditions, but its formation is smeared out by the 100-ps-resolution of syn-

chrotron experiments.
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Table 7.6: Summary of the observed timescales from 300 fs to 5 ns and their respec-
tive assignment in the photochemical reaction pathways of trans[(cyclam)Fe™ (N3)o]™ in
CH3CN.

Timescale Wavelength Description Assignment
< 300 fs 266 nm Risetime of XAS transient Formation time of 3
including pre-edge
~700 fs 266 nm Partial decay of edge-shift Structural or electronic
rearrangements of 3
< 1ps 355 nm Formation of doublet-quartet Formation of 2,
XES transient
~10 ps 266 nm Partial decay of XAS Further structural
transient relaxation (same timescale
as vibrational cooling)
~40 ps 355 nm Decay of quartet-doublet CH3CN ligation / formation
XES transient of 2
~b ns 266/355 nm  Decay of edge-shift Further (diffusion driven)

chemical reactions of 2 and
3, e.g. azide recombination

Furthermore, we have measured TR XANES of 1 following 266 nm excitation at the
SACLA XFEL. The measurements revealed a partial decay of the edge-shift features C
and D on a ~10 ps timescale, which could be due to structural relaxation. This timescale
is in agreement with the timescale observed for VER found in the fs IR experiments [242].
The transient XANES pre-edge and edge shift features have been mapped with higher
temporal resolution also applying the timing tool to remove the laser-X-ray temporal jit-
ter. This improved the temporal resolution to ~300 fs and revealed that all transient
features are formed within this time, including the pre-edge feature B. Thus we conclude
that the Fe(V) formation is completed within <300 fs. A decay of C and D with a 700 fs
time constant has been observed, which could be due to ultrafast electronic or structural
relaxation.

We have also measured fs-resolved XES following 355 nm excitation at SACLA. The mea-
surements revealed a short lived intermediate state of higher (presumably quartet) spin
multiplicity. This intermediate state can be attributed to the pentacoordinated complex
2int, which is formed after the N3 dissociation and before incorporation of a solvent
CH3CN molecule. The formation of the higher spin intermediated is observed at shortest
time delays <1 ps and decays with a ~40 ps time constant. Thus 2;,; is formed promptly
after laser excitation and the solvation is completed in ~40 ps.

The TR XAS and XES at SACLA facilitated further insights into the photochemical
pathways leading to the formation of photoproducts 2 and 3 and the established reaction
scheme showing their ultrafast formation processes are summarized in Fig. 7.20. Table 7.6
furthermore summarizes the observed spectroscopic features and the timescales of their
temporal evolution together with their respective interpretation.
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8 General Conclusions and Outlook

Time-resolved (TR) X-ray absorption (XAS) and emission (XES) spectroscopies can be
used to monitor the changes of the electronic and spin state as well as of the molecular
structure of transition metal (TM) complexes during the ongoing process of a chemical
reaction. With this thesis we have taken the next steps towards applying these TR X-ray
spectroscopies towards answering urgent questions in current TM chemistry research, with
the focus on catalytically relevant systems. The efforts here can be trisected into technical
developments to optimize the signal-to-noise ratio (S/N) in transient X-ray absorption
measurements, into the utilization of the TR XAS and XES to study (potential) photo-
sensitizers (PS) and further into the application of these techniques to a model system for
enzymatic reactions. These achievements will be summarized and possible follow-up re-
search projects will be outlined in this chapter. Furthermore, the longer-term perspectives
of the field, especially in the context of the advent of European XFEL, will be discussed.

8.1 Summary and Conclusions

We have developed a setup to measure TR XAS at the P01 beamline at PETRA III, which
has been designed to fully exploit the high X-ray photon flux per pulse available at the
P01 beamline as well as the high X-ray pulse repetition rate of PETRA III in 40- and 60-
bunch modes (see Chapter 4). This setup is composed of a synchronized and repetition-
rate-tunable MHz fiber amplifier laser system and a data acquisition scheme capable of
multi-photon counting with single photon resolution in a single X-ray pulse. With this we
are able to increase the achievable S/N by a factor >20 at equivalent acquisition times
compared to state-of-the-art setups for TR XAS.

The data acquisition as well as the MHz fiber amplifier laser system will be implemented
at European XFEL. Here, especially the data acquisition system which is capable of mea-
suring multi-photon events with single photon sensitivity will be crucial, as the X-ray pulse
repetition rate in the burst will be 4.5 MHz and the photon flux per pulse will be about
two to three orders of magnitude higher than at PETRA III.

The iridium-based photosensitizer (IrPS) [Ir(ppy)2(bpy)]™ is used to generate molecular
hydrogen when contained in a homogeneous solution with a sacrificial reductant (SR) and
a water reduction catalyst (WRC) [49]. In Chapter 5 we have determined the changes in
the electronic structure of the IrPS after optical excitation. Here, next to conventional
100-ps-resolved L-edge XAS, TR high energy resolution fluorescence detection (HERFD)
L-edge XAS has been exploited to circumvent the ~5 eV core-hole lifetime broadening
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of the Ir L-edge. The increased resolution of ~3 eV allowed to precisely determine the
energies of the 2p—5d transitions, and thus to map the unoccupied valence orbitals of
IrPS. This facilitated determining its electronic structure (e.g. we quantified the ligand
field splitting to 10Dg=(4.6+0.4) eV) as well as to follow the iridium valence shell oc-
cupation during the photocatalytic cycle. Applying this to the IrPS as part of the fully
functioning photocatalytic system facilitated directly observing the electron transfer (ET)
process from the SR to the photoexcited IrPS*.

Many PSs based on 4d and 5d TMs exist, but the goal is to develop cheaper solutions based
on 3d TMs such as iron. A possible candidate towards this new class of low spin iron(II)
complexes is [Fe(depp)a]?™ [52]. We have used combined 100-ps-resolved XAS and XES to
characterize the excited state (ES) structure and spin state of [Fe(depp)2)®™ in CH3CN
solution (see Chapter 6). The ES spin was found to be Sps=2 and the first coordination
shell ES structure with an average Fe-N bond length of 2.16 A is typical for the ®Ty high
spin state of Fe(Il) complexes. The ES structure is strongly Jahn-Teller distorted, with
axial bond lengths 0.16 A shorter than the equatorial ones. The extremely short (280 ps)
ES lifetime of [Fe(dcpp)z2]?T can be explained by a barrier-less transition between the 5Ty
ES and the 'A; ground state (GS).

As a follow-up project we intend to also apply our techniques to the last step of the pho-
tocatalytic reaction in Chapter 5 in order to observe the electron arrival at the WRC as
well as its catalytic reaction in water splitting. Furthermore, we envisage to investigate
other photosensitizers, especially 3d TM based systems. For example a copper PS has
been found to function in hydrogen-generating systems [252]. In parallel to the study on
[Fe(depp)a)?t, other groups succeeded to generate low-spin Fe(Il) complexes with long-
lived (>ps) metal-to-ligand charge transfer states states [71, 72, 220, 221], which bear
great potential as PSs.

This thesis culminates in the study of trans|[(cyclam)Fe™ (N3)2]* in CH3CN (see Chapter
7), which can undergo two (main) distinct wavelength dependent photochemical reaction
pathways: i) A complete azide can be dissociated with a subsequent coordination of a
solvent CH3CN molecule and ii) the dissociation of a dinitrogen leads to a triple bonded
terminal nitride ligand, which superoxidizes the Fe center to +V. Using 100-ps-resolved
XAS at distinct wavelengths in the visible and UV spectral range, we found a 1s—3d
pre-edge feature as an X-ray absorption spectral fingerprint of the Fe(V) complex. Using
300-fs-resolved XAS at SACLA we found the formation of the Fe(V) complex to occur
within the 300-fs-resolution of the XANES experiment. 1-ps-resolved XES at SACLA
showed that the azide dissociation is prompt (faster than 1 ps) and the coordination of a
CH3CN molecule occurs within ~40 ps.

With the investigation of trans[(cyclam)Fe(N3)o]t we have entered a completely new
class of molecules to be investigated with ultrafast X-ray spectroscopies. Here an incredi-
ble amount of further experiments could be thought of. First of all, an increased temporal
resolution to beyond 300 fs is highly desired. The limitation due to the group velocity
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dispersion of the pump pulse can be overcome using reflective optics and the broadening
due to the group velocity mismatch can be decreased by means of thinner liquid jets.
Liquid jets with thicknesses < 10 pm are available [253], which could decrease the group
velocity mismatch broadening by a factor greater ten, and thus to <20 fs. This should in
principle allow temporal resolutions on the order of ~30 fs. At equal sample concentra-
tions though, this would also require a ten-fold increase in number of accumulated incident
X-ray photons to achieve equivalent S/N. An increased X-ray flux would also be required
to collect more than the six data points in the fs-resolved XES spectra (which required
several hours of data acquisition at SACLA). These possible extensions and improvements
of the experiments presented in this thesis require a higher average photon flux, especially
at XFELs.

As the main X-ray absorption spectroscopic feature of the Fe(V) complex was found in
the (in principle dipole-forbidden) 1s—3d transition pre-edge peaks, one could consider to
include TR soft X-ray spectroscopies and measure TR XAS on the Fe L-edge or even the
nitrogen K-edge. Including the soft X-ray domain has already proven its potential to in-
vestigate Fe(II) spin transition systems [254-256] as well as to understand ligand exchange

mechanisms of iron-carbonyls [257, 258].

8.2 Perspectives and Outlook

The European XFEL, which will start user operation in 2017, will revolutionize the field of
ultrafast X-ray spectroscopies. With its >100-fold increased number of X-ray pulses/s, and
thus also >100-fold increase in average photon flux compared to SACLA and LCLS, it will
facilitate establishing the TR X-ray spectroscopies as a standard tool in the investigation
of chemical dynamics of transition metal complexes. Advanced TR spectroscopies such
as HERFD, resonant XES and valence-to-core XES have already shown their potential,
but were mainly limited to samples which were tailored to the experiment (highly con-
centrated, strong optical absorption with large electronic and structural changes, etc...).
Thanks to European XFEL, these techniques will also become standard for (dilute) bio-
logical samples or samples of technological interest.

The higher average photon flux will also allow to decrease the optical excitation energies,
and thus to "tickle and probe” the sample. Many recent experiments, especially those
conducted at XFELs, where beamtime is scarce, suffer from excessively high pump laser
intensities > TW /cm? [41, 42] (This applies also to the SACLA experiments presented
in Chapter 7). Decreasing the laser intensity requires to decrease the laser fluence. The
option to elongate, i.e. by chirping or stretching, the laser pulses is not desired, as this
would compromise the temporal resolution. A lower laser fluence is, in the case of linear
absorption, directly proportional to the excited state fraction f. The S/N of a TR XAS
measurement in total fluorescence yield scales with square-root of the number of incident
X-ray photons Iy and linear with f, thus S/Noc f1/I (see Section 3.3.3). To compensate
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for an order of magnitude lower laser fluence requires a 100-fold larger accumulated num-
ber of incident X-ray photons, which corresponds exactly to the increase in average flux
at European XFEL compared to LCLS or SACLA.

The Femtosecond X-ray Experiments (FXE) instrument at the European XFEL will be
a dedicated instrument for combined XAS, XES and also X-ray diffuse scattering (XDS)
experiments. There, almost all the techniques described in this thesis will be available.
(The exception could be the extended X-ray absorption fine structur, which requires scan-
ning the incident X-ray energy over a large energy range > 100 eV and it is unclear to
date if this will be possible at European XFEL). Although all experiments described in
this thesis have been done on molecular systems in solution, the techniques can also be
applied to solids and gases. Here, catalytically relevant examples include TiO9 [36] and
ZnO [259, 260] nanoparticles.
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A MHz DAQ at P01 User’s Guide

Written with the help of Christina Bomer, Patrick Gessler, Andreas Beckmann, Hamed

Sotoudi Namin, Frank Babies and many more.

A.1 Preparing Input Signals for MHz DAQ

A plot showing the bunch clock (trigger) and laser gate (laser trigger) traces, the APD
trace as well as the trace of a laser photodiode (which sits in this case inside the tangerine
fiber amplifier) can be found in Fig. A.1 and a schematic showing the connections to set
up these signals is shown in Fig. A.2.

With the rising edge of the bunch clock (BC) trigger signal the MHz DAQ is triggered to
start the acquisition at 0 ns and sample the APD trace. Due to a mismatch of the internal
delays between the BC trigger signal, the laser trigger signal and the signal trace to be
digitized, the trigger signal has to be additionally delayed by about 80 ns and the laser
trigger by about 120 ns. In the following we describe how the signals are to be fed into
the MHz DAQ:

o Trigger: As a trigger signal the single bunch trigger of the bunch clock (~130 kHz)
is used. As trigger signals positive signals of about 3 V are required. Attenuator(s)
can be used to decrease the signal height to the desired 3 V. Due to internal delays
of the MHz DAQ the trigger signal has to be shifted 80 ns later than the actual start
of the acquisition. Therefore we use the delay option of the BC electronics. In Fig.
A.1 the signal before shifting is shown as a dashed purple line, the actual trigger
shifted by 80 ns as it is send to the MHz DAQ is shown with a solid purple line.

e Laser trigger: The laser trigger (which is in reality a laser ON gate) is derived from
the photodiode (PD) signal monitoring the optical laser pulses, see solid green line in
Fig. A.1. As a laser trigger signal a positive signal of about 3 V is required as well.
Here we used the PD inside the tangerine amplifier which delivers a positive signal
and we derive a laser trigger gate from the PD signal as follows: The PD signal
is inverted in the Philips Scientific fan-in/out and then discriminated in the Ortec
935 CFD to a logic signal. This signal is send to the Ortec GG8020 gate generator
to prepare a TTL signal gate of right length and to delay this gate to the desired
position in time. The gate width should be slightly smaller than the inter bunch
spacings of 192 ns in 40 bunch mode and 128 ns in 60 bunch mode. The center of
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the shifted laser trigger should be 120 ns after the start position of the pulse trace
integral of the laser ON X-ray pulse (which is usually set to just before the start of
the rising edge of the X-ray pulse). The laser trigger before being shifted is shown
as a yellow dashed line in Fig. A.1 and as a solid yellow line after being shifted by
120 ns (which is send to the MHz DAQ). An additional attenuator can be used to
decrease the signal height of the laser trigger.

APDs: The APD signal is the raw signal coming from the APD and an example can
be seen as a blue solid line in Fig. A.1. The APD pulse which corresponds to the
laser excited pulse is highlighted red and arrives more than 200 ns later than the
laser diode pulse, which is due to the fact that long (50 m) cables have been used to
transmit the APD signals. The APD signals can be attenuated to match the strict

maximum of 0.8 V peak-to-peak, which the digitizer accepts.

12 7 T- 7 T O LD T 7 T 7 T 7 T- 7 T =
[ — Bunch clock ‘ ‘ ‘ ‘ ‘ ‘

10k ——Lasertrigger. - .. .. .. -
[ — Laser diode : : : : : :

gk = — APD . o S AR A : T o -

Voltage / arb. un.
N
T
1

-100 0 100 200 300 400 500 600 700 800
Time / ns

Figure A.1: Example of input signals for MHz DAQ: Bunch clock signal (purple solid
line) used for triggering the acquisiton, laser trigger (yellow solid line) derived from the
laser photodiode signal (green solid line) and APD signal measuring TFY of the sample
(blue solid line). The third APD pulse corresponding to the laser excited one is highlited

red.
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(PS 744)

I

CFD
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(Ortec GG8020)
|Attenuator | |Attenuator | |Attenuator | |Attenuator |
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Figure A.2: Scheme showing an example of the input signal connections for the MHz
DAQ. Two APD signals are fed into the digitizer, e.g. to channels A and B to measure
the fluorescence signal of the sample Irry and the normalization signal Iy, .

A.2 Software Starting Procedure

Start of Karabo Framework

The Karabo framework has to run on the MHz DAQ control PC. To start the framework
open a terminal and enter:

kenv start
One can check if all servers are running using the command

kenv status
If so, the GUI can be started using

kenv gui
The Karabo framework can be stopped using (this command needs to be repeated until
all servers are stopped)

kenv stop

Start of Device Server

The device server is executed on the crate. To start it, log in to the crate with the user
name "utcaadm” and the password "ADMIN/everyl” via ssh by entering into a (second)
terminal

ssh utcaadm@exflutcafxe
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Now one can start the device server by entering

kenv start

Start of Karabo Project

The starting procedure for data acquisition with Karabo is as follows:

Use the "wall plug” icon in the Karabo GUI (see screenshot in Fig. A.3) to log on

In the ”Navigation” window the two devices, i.e. the control PC and the crate, should
show up. Then we can open the pre-configured Karabo project called ”digitizer fxe”
in the ”Projects” window and the the project ”digitizer_fxe” will show up in the
”Projects” window.

Left click on the project ”digitizer_fxe” to load it into the ” Configurator” window.
Now we can change the parameters of the project to our needs before instantiating
the project.

Instantiate the project with parameter Data Type under Acquisition set to "raw”.
Now we can set the values for baseline begin, baseline end, pulse begin, pulse end and
upper limit correctly by monitoring the signal traces within Karabo (see Fig. A.3).
If the baseline before the first pulse is a little longer or shorter than desired, the
trigger signal from the bunch clock can still be fine tuned (shifts less than tens of

ns).

Shutdown instance and change parameter Data Type under Acquisition to” APD”.
Check all parameters if they are at the desired values (see next chapter for detailled
description).

Instantiate again. Now we are ready to scan with SPOCK.

Start of TCP/IP Server

The MHz DAQ is connected to the beamline control at PETRA III (SPOCK) via a
TCP/IP server, which has to be started on the control PC in the Karabo command line
by executing the following commands:
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./startCli

import rdcserver

d = DeviceClient()

s = rdcserver.Server (2500, 4, ’digitizer _fxe’)
s.start ()
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A.3 Parameters of the Karabo project for data acquisition

In this section describe the parameters of the Karabo project which can be used to tailor
the data acquisition to ones needs. A selection of the more important parameters as used
for an example configuration can be found in Tab. A.1 and I will comment in the following

on the most relevant parameters.

e Data Type under Acquisition:
The most important parameter is the Data Type in the parameter group Acqui-
sition as it is used to select one of the fundamentally different acquisition modes.

The two acquisition modes which we use are:

1. raw: In "raw” mode the digitizer sampled voltage, i.e. the detector signal
trace, is saved for a number of samples which can be set in the configurator.
The "raw” mode also allows to directly monitor the signal trace within Karabo,
which is useful to check the correct preparation of the input signal traces and
trigger signals, as described in the previous section.

2. APD: In "APD” mode the signal trace is digitized and further processed to

obtain a single pulse integral by integrating over the APD pulse and correcting
background to remove a possible offset. A baseline begin and baseline end as
well as pulse begin and pulse end have to be set (all in units samples usually
corresponding to 0.5 ns when the the digitizer is-set up to work at 2 GS/s).
Furthermore, an upper limit has to be defined, which corresponds to the inter-
bunch spacing of the X-rays in samples. This needs to be set to distinguish the
X-ray pulses within one acquisition cycle, as the data acquisition is only trig-
gered at a sub-harmonic of the X-ray repetition rate, the single bunch roundtrip
frequency. The laser trigger is further used to mark each pulse integral as laser
ON or OFF.
Both software- and hardware(fpga)-based integration algorithms are imple-
mented to calculate the mean value and standard deviation of the laser ON
and OFF pulse integrals. The ” APD” mode is the one frequently used at Pe-
tra III, as the mean values and standard deviations can be streamed via the
TCP/IP server to the beamline control (SPOCK) and are written into the data
file of the executed scan.

e Triggers/Run under Acquisition:
Number of triggers used per acquisition cycle. For example in the case of the 130
kHz trigger, 130000 corresponds to 1 s data acquisition. This value can be set via
the TCP/IP server to synchronize the data acquisition time of a scan in SPOCK to
the one in the MHz DAQ.
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Channel A under Acquisition:

Activate true to select Channel A for acquisition. The same works for Channel
B, Channel C and Channel D. In the usual configuration, Channel A is used
for the TFY of the sample, Channel B for the Ij.

Samples/Trigger under Acquisition/Raw Data:
Defines the number of samples which are acquired per trigger when the Data Type
parameter under Acquisition is set to raw.

Correction under Acquisition/APD:

Select either software-based or hardware(=fpga)-based integration algorithm when
the Data Type parameter under Acquisition is set to APD. The software-based
algorithm is the accurate but slower one. When using the MHz DAQ at PETRA III,
we usually use the software based algorithm, as only the mean values and standard

deviation are recorded and we wish to have an accurate value.

Pulses/Trigger under Acquisition/APD:

Sets the number of pulses/trigger when Data Type parameter under Acquisition
is set to APD. In the example in the Tab. A.1 it is set to 4, which would mean that
with the 130 kHz trigger 520000 pulses/second are acquired. This values should be
smaller than the total number of X-ray pulses available in an acquisition cycle, e.g.
it should be set to a maximum of 39 in 40 bunch mode and 59 in 60 bunch mode,

to prevent problems due to overlaps of acquisition cycles.

Mode under Output:

Choose if data is written by MHz DAQ to internal storage. If only mean and stdv
are recorded in SPOCK, this is set to none. Set to file to record either single pulse
integrals or full sampled traces (see Data Type under Acquisition).

Triggers/File under Output:

Set number of triggers which are written into one file. If it is smaller than Trig-
gers/Run: under Acquisition, one acquisition cycle will be split into multiple
files.

A.4 TCP/IP server to connect MHz DAQ with SPOCK

In the current configuration a TCP/IP server is used to connect the MHz DAQ with
SPOCK.
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Figure A.3: Screenshot of Karabo with opened ”digitizer_fxe” project within "raw” mode.
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Table A.1: List of important parameters of the Karabo project ”digitizer_fxe”.
configuration shown below is used to measure TR XAS in 40 bunch mode at Petra III
with the laser repetition rate set to 130 kHz. A total of 4 pulses out of 40 per round trip
are acquired, 3 laser off and 1 laser on using the signal traces as shown in Fig. A.1. The
scheme is used to measure XAS of samples with long(>1ps)-lived photoproducts. The 36
X-ray pulses, corresponding to & 7us, which are not recorded between the laser ON and
following 3 laser OFF pulses are long enough to replenish the the sample, given the laser

spot size is small(~20 pm).
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Parameter group

Parameter name

‘ Example value ‘ Comment

Trigger Mode External
Trigger Source of ID Internal
Trigger /Master Input RX18
Trigger /Master Output None
Trigger/Slave Input RX18
Trigger /Laser On/Off Input TX18
Trigger Edge Rising
Trigger Level 100
Trigger Channel A True
Trigger Channel B True
Trigger Channel C True
Trigger Channel D True
Trigger Pretrigger 0
Trigger Trigger Hold Off 0
Trigger Timeout 2.0
Acquisition Triggers/Run 130000
Acquisition Channel A True
Acquisition Channel B True
Acquisition Channel C False
Acquisition Channel D False
Acquisition Interleaved False
Acquisition Signal Offset 1580
Acquisition Data Type APD
Acquisition/Raw Data Samples/Trigger 1532
Acquisition/Raw Data Records/Transfer | 1
Acquisition/Zero Suppression | Polarity positive
Acquisition/Zero Suppression | Samples 8
Acquisition/Zero Suppression | Threshold 5.0
Acquisition/Zero Suppression | Limiter 4
Acquisition/APD Correction Software
Acquisition/APD Pulses/Trigger 4
Acquisition/APD/Channel A | Base Begin 1
Acquisition/APD/Channel A | Base End 100
Acquisition/APD/Channel A | Pulse Begin 101
Acquisition/APD/Channel A | Pulse End 300
Acquisition/APD/Channel A | Initial Delay 0
Acquisition/APD/Channel A | Upper Limit 384
Acquisition/APD/Channel A | Calibration Factor | 1.0
Acquisition/APD/Channel B | same as for Ch. A
Acquisition/APD/Channel C | same as for Ch. A
Acquisition/APD/Channel D | same as for Ch. A

Monitor Slot/Channel 1A
Output Mode None
Output Path

Output Filename Prefix

Output Overwrite Mode UseRunNumber
Output Triggers/File 100
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B Iridium L;-edge - Gaussian vs. Lorentzian
Broadening

We have noticed, that the broadening of the L-edges of [Ir(ppy)2(bpy)]™ has a large Gaus-
sian contributions (see Fig. B.1). This is in contrast to the expectations for a mainly

lifetime broadened absorption edge.
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Figure B.1: Comparison of Gaussian (¢) and Lorentzian () broadening of the Ls-edge
measured in TFY (a) and HERFD (b).
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C Supplementary Info - SACLA Experiments

C.1 Dispersive Pulse Broadening and Spot Size Measurements

Dispersive Pulse Broadening

The minimum duration of a laser pulse 79 (FWHM) is determined by the the time-
bandwidth product
Ptb = Av X 70 , (Cl)

where Av is the spectral bandwidth (FWHM) of the laser pulse centered at a frequency
v = ¢/ . For a Gaussian pulse Py, ~ 0.44 [261]. Using this, we have calculated the required
spectral bandwidth AX of a Gaussian pulse to generate Fourier-transform limited laser
pulses with a center wavelength of 266 nm (see Fig. C.1a)) and with a center wavelength
of 355 nm (see Fig. C.1b)).

Due to the group velocity dispersion an initially transform limited pulse of duration 7,
is broadened and the pulse duration after passing through a distance z of a material with
group velocity dispersion k' is given by [250]

Tp(2) = To’p\/l + <W> . (C.2)

(Top)

For fused silica at A = 266 nm avlenegth the group velocity dispersion is k' = 198 fs? /mm
and at A = 355 nm it is k) = 117 fs*/mm [249].

We have used this to calculate the pulse duration after traveling a distance z through fused
silica. The result for initially Fourier-transform limited laser pulses of several different
durations at a central wavelength of 266 nm is shown in Fig. C.lc) and for a central
wavelength of 355 nm in Fig. C.1d).

Laser Spot Size Measurements

The laser spot size has been measured using a 100 pm diameter pinhole. This has been
translated through the laser beam and the transmitted power has been measured. These
scans in X-direction (horizontal) and Z-direction (vertical) are shown in Fig. C.2.

A fit of a convolution of a Gaussian beam shape with a 140x100 pm? diameter (VxH,
FWHM) pinhole yielded a best fit to the data.
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Figure C.1: Required spectral bandwidth to generate a Fourier-transform limited laser
pulse as a function of the the pulse duration at a central wavelength of 266 nm (a) and
355 nm (b). Pulse duration of initially Fourier-transform limited laser pulses after group
velocity dispersion as a function of the path length z traveled through fused silica for a
central wavelength of 266 nm (c) and 355 nm (d).
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Figure C.2: Laser pinhole scans using 100 pm diameter pinhole in a) X-direction (stars,
circles and triangles) and b) Z-direction (circles). A Gaussian laser beam profile has been
convoluted with a 100 pm diameter pinhole to fit the data (red solid line). The best fit
was obtained for a laser beam profile with ~140 pm diameter (FWHM) in X-direction
(horizontal) and ~100 pm diameter (FWHM) in Z-direction (vertical). These laser beam
profiles in both directions are plotted as a solid blue line.
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C.2 Low vs. High Laser Intensity

Low vs. High Laser Intensity during XES Measurements

The KB XES of trans[(cyclam)Fe™ (N3)a]™ in CH3CN was measured at SACLA at com-
parably high laser pump pulse energies of 13 pJ. We have measured one single scan at
about half the excitation energy (6 pJ). The transient here is identical to the high power
transient. This means that we have already reached a remarkable ground state bleach
at the lower excitation energies. Most importantly though, the effective shape of the
transient is identical and we assume that this allows us to conclude that the investigated
photochemistry is not affected by the excessively high laser pulse energy in the rest of the

measurements. Both transient XES are shown in Fig. C.3
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Figure C.3: Transient K3 XES of trans|(cyclam)Fe(N3)s]™ in CH3CN 1 ps after 355 nm
excitation at high (13 pJ laser pulse energy corresponding to an intensity of ~2 TW /cm?)
and (6 1J laser pulse energy corresponding to an intensity of ~1 TW /cm?) laser intensity.
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Low vs. High Laser Intensity during XAS Measurements

The low intensity transient XANES of trans|(cyclam)Fe™(N3)o]™ in CH3CN 100 ps af-
ter 266 nm photoexcitation from the APS is compared to the higher intensity transient
measured at SACLA in Fig. C.4
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Figure C.4: Transient XANES of trans[(cyclam)Fe(N3)2]™ in CH3CN 100 ps after
266 nm photoexcitation measured at SACLA with high laser intensity (680 GW/cm?)
and measured at the APS at low laser intensity (300 GW/cm?). The transients agree
very well, showing that the photophysics of trans|(cyclam)Fe™(N3)s]™ are not affected
by the relatively high laser intensity at SACLA. The transients are arbitrarily scaled for
comparison.
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C.3 Channel Cut Si(111) Monochromator and Timing Tool

Correction

Channel Cut Si(111)

We have used the channel cut Si(111) monochromator at SACLA, the X-ray beam path
through these 2 channel cut crystals is depicted in Fig. C.5. When the X-rays are
monochromatized, are reflected four times by an angle of 6 (see green solid line). Due
to the two identical channel cut crystals, the monochromatization does not lead to a hor-
izontal offset compared to the X-ray beam path without monochromator (blue dashed
line). Nevertheless, the monochromatization of the X-rays leads to a path elongation of
Al ono and thus an additional delay At,...., which can be calculated via

o Alrnono

Atyone = (C.3)

with AL —2q L7 0s(0)
c sin 0

Here c is the speed of light and d the channel width of the channel cut Si(111) crystal,
see Fig. C.5. In the Fig., the path length difference with and without mono corresponds
t0 Alpono = 2a + b — ¢. In Fig. C.6 the Bragg angle 6 and the additional delay caused by

the monochromator At as a function of the incident X-ray energy are plotted.

Figure C.5: Channel cut 4-bounce Si(111) monochromator at SACLA.
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Figure C.6: a) Bragg angle 6 of Si(111) monochromator as a function of the X-ray energy,
b) additional laser-X-ray delay due to elongated beam path through Si(111) four-bounce
mono in Fig. C.5
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Timing Tool Jitter Correction

In Fig .C.7, the delay distribution before and after timing tool correction of the 14 XANES
scans of trans[(cyclam)Fe"(N3)s]Tshown in Fig. 7.11 are plotted. Before the timing jitter
correction, the distribution contains 14 discrete values, after correction the distribution is

spread out. Due to the jitter, a more or less continues distribution from -1 ps to 2 ps is
obtained.

B Raw delay distribution
B Delay distribution after timing tool correction |

N
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Figure C.T7: Delay distribution before and after timing tool correction.

173



Appendix C. Supplementary Info - SACLA Experiments

174



Appendix D. FEFF Input File for [Fe(depp)2]?t Ground State

D FEFF Input File for [Fe(dcpp).]*" Ground
State

*TITLE S=0 Fe(dcpp) singlet ground state spectrum
*britza 22042014
CONTROL 1 11111

PRINT 1 0 010 3

EDGE K
502 1.0

SCF 51 30 0.2
EXAFS

RPATH 6

EXCHANGE 0 0 0.35 0

POTENTIALS

0 26 Fe 2 2 1.0
180-114.0
27N-116.0
36C-1134.0

ATOMS

0.000016671 0.000000283 -0.000002238 0 Fe
3.48355901 -2.443509172 -0.05959316 1 0
-3.483510759 -2.443560184  0.058451241 1 0
1.41403748 -0.013400399 1.442593274 2 N
1.409106395 0.909562047 2.419671495 3 C
2.469636487 1.080521052 3.300462918 3 C
3.596910112 0.279188826 3.159188066 3 C
3.599195475 -0.699361974  2.169689822 3 C
2.483956128 -0.833218947 1.349130937 3 C
0.000031881 -1.998857142  -0.000529456 2 N
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2.
1.
1.
0.

3.
-3

R, N O N W W N = -

EN

17

455136094
147601391
18765002
000019289
.187592636
.147532222
.455068741
.414025573
.483905475
.599176753
.596986171
.469788122
.409200313
483545463
.48352346

.414039819
.409116793
.469653119
.596924569
.599201005
.483955927
.000021367
.455126342
.147586987
.187628075

.000006173
.187614147
.147546267
.45507816

.414023869
.48390603

.599171482
.596972724
.469772866
.409191037

D

6

-0
-1
-0

O O O N b b P NN = = O O

-0
-1
-0

.982681365
.693192833
.086241536
.796351581
.086213347
.693157103
.982575984
.012718551
.83264788

.698315241

.280930311
.082457846
.91092725
.443531201
.44354098
.013408694

.909554972
.080513352
.279179169

.699373775
.83323006

.998858259
.982695446
.693199871
.086248786
.796352893
.08620833

.693152467
.982564364
.012710097
.832637143
.698302117

.28094367
.082470324
.910937267

0.
0.
0.

0.

0.
-0
-0
-0

0
0
0
0
1
1.
2
3
3
2

388432279

143203833

114883633

.000699764
.116203313
.144343128
.389374379
.442516554
.349516654
.169957877
.158768375
.299636143
.418936606
059592456

.058450845
.442595793
.419673072
.300457134
.159175609
.169679493
.349128307
000525735

.388433711
.143209383
.114891902

.000691707
.116198547
.144340175
.389374841
.442512707

349519486

.169967683
.158777869
.2995637509
.418931335
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