Chapter 1

In-situ Characterization of Molecular
Processes in Liquids by Ultrafast X-ray
Absorption Spectroscopy

Majed Chergui

Abstract The need to visualize molecular and electronic structure in the course
of a chemical reaction, a phase transformation a biological function has been the
dream of scientists for decades. The development of time-resolved X-ray and elec-
tron based methods is making this true. X-ray absorption spectroscopy is ideal
for the study of structural dynamics in liquids, because it can be implemented in
amorphous media and it is chemically selective. Using X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) in laser
pump/X-ray probe experiments allows the retrieval of the local geometric struc-
ture of the system under study, but also the underlying photoinduced electronic
structure changes that drive the structural dynamics. We review the recent devel-
opment in picosecond and femtosecond X-ray absorption spectroscopy applied to
molecular systems in solution: examples on ultrafast photoinduced processes such
as intramolecular electron transfer, high-to-low spin change, bond formation and
water dynamics are presented.

1.1 Introduction

The advent of femtosecond laser spectroscopy made it possible to observe atomic
motions on a time scale that is shorter than a single vibrational period in molecu-
lar systems, [1, 2] giving birth to the field of Femtochemistry, which led to the
Nobel Prize for Chemistry to Ahmed. H. Zewail in 1999. With femtochemistry,
it became possible to follow in real-time molecular and biochemical reactions,
phase transitions or coherent oscillations in solids, opening immense insight in
our understanding of light-induced phenomena in matter. The impact was huge in
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condensed matter physics, in chemistry and in biology, as witnessed to this day
by the impressive activity in ultrafast spectroscopy. In femtosecond spectros-
copy, a first (pump) laser pulse excites the system at time zero, while a second
(probe) pulse probes its evolution as a function of time delay with respect to the
pump pulse. However, optical domain spectroscopy does not deliver structure.
Thus already in the early days of Femtochemistry, efforts were deployed aimed at
implementing the traditional structural tools of X-ray and electron diffraction and
of X-ray absorption spectroscopy in time-domain experiments, towards the time
resolution of picoseconds to femtoseconds.

The great advantage of electrons is that they scatter on matter 5-6 orders of
magnitude more efficiently than X-rays [3]. The techniques of ultrafast electron
diffraction, crystallography and microscopy have been pioneered by Ahmed H.
Zewail and co-workers, [4-11] who showed the potential and capabilities of these
techniques for studying the dynamics of gas phase molecules, surfaces, interfaces,
biological systems and in materials science. In particular, the tools of ultrafast
electron microscopy have heralded a real revolution by allowing real-time and
real-space imaging of photoinduced effects. In addition, novel methods keep being
added to the tool-kit of electron-based techniques, such as ultrafast EELS, [12, 13]
which now allows the visualization of the electronic structure changes together
with the geometric changes and therefore relate the two or the Photoinduced near-
field electron microscopy (PINEM) approach, [14] which allows visualization of
the electric field around photoexcited species. New developments are also pos-
sible using relativistic ultrafast electrons to probe matter [15]. In summary, elec-
tron-based ultrafast research is a new area of research with ramifications into very
diverse fields thanks to a broad range of methods [16]. Last but not least, electron
techniques are all lab-based, which offers a great flexibility and versatility.

The high scattering cross-section of electrons versus X-rays, also implies that
they are not very penetrating (except for relativistic ones) compared to the latter,
so that they are not ideal to probe bulk dynamics, for which ultrashort X-ray pulses
seem more appropriate. There are two main classes of sources of ultrashort X-ray
pulses: lab-based ones and large-scale installations, such as synchrotrons and very
recently, X-ray free electron lasers (X-FEL). The lab-based sources mainly con-
sist of plasmas, which are generated when an intense femtosecond laser pulse hits
a metal target, delivering X-ray pulses of 100’s fs. However, the ensuing X-ray
emission is isotropic, polychromatic, low flux, and the source is unstable on a
pulse-to-pulse basis. Synchrotron sources provide fairly high fluxes of very stable,
tunable and collimated X-rays, but the pulse width is in the 50-100 ps range. They
have been used at this time resolution for molecular and protein crystals [17-23]
as well as for scattering studies of molecules in solution [24-30]. Recently, with
the advent of the slicing scheme, [31-34] femtosecond pulses of monochromatic
X-ray photons are also available at synchrotrons, that have been used for both
X-ray diffraction studies [35] and X-ray absorption spectroscopy ones [36—39].

Ultrafast X-ray diffraction has been used to study coherent lattice dynamics,
strain propagation, melting phenomena and phase transitions in bulk materials and
in nanostructures [35, 40—47]. As mentioned above, protein and molecular crystals
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Fig. 1.1 X-ray absorption 2.0
spectrum at the L3 edge of a 4& EXAFS
diplatinum complex (Pt;POP)
in solution [206] illustrating
the low-energy XANES
region up to ~50 eV above
the ionization potential (IP)
and the high-energy EXAFS
region >50 eV above the IP.
The first peak at the edge is
due to a bound—bound 2p-5d
transition, [207] and the IP
lies above it
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have been investigated with 100 ps to ns time resolution, while the first studies at
higher temporal resolution are starting to appear on such systems [48-50]. X-ray
diffraction of liquids initially proposed by Wilson and co-workers [51-53] has so
far been limited to the 100 ps resolution [29, 54] and is challenging due to heat-
ing, lack of long-range order, the presence of several photoproducts and the high
background of light scattered by the solvent and the unexcited species. The stud-
ies carried out at synchrotrons are however crucial as they prepare the ground for
the implementation of similar experiments with femtosecond resolution at the new
and intense sources of X-rays, such as the X-ray free electron lasers (XFELSs).

Chemistry and biology mainly occur in the condensed phases and in particular,
liquids. It is thus important to probe the chemical and biochemical dynamics in
this environment. Furthermore, molecular (geometric) structure changes are trig-
gered and/or accompanied by electronic structure changes, either under excita-
tion by light or in the presence of a reactant. Ideally, one would like not only to
probe the molecular structure changes in real-time, but also identify the electronic
structure changes underlying them. In recent years, time-resolved X-ray absorp-
tion spectroscopy (XAS) has emerged as an ideal tool for the study of structural
dynamics in liquids [10, 30, 36, 55-61]. The present contribution is about these
developments and new ones to come. We purposely limited ourselves to studies
carried out at fs to sub-ns resolution.

1.2 X-ray Absorption Spectroscopy

X-ray absorption spectra are characterized by absorption edges, which are element spe-
cific and reflect the excitation of core electrons to the ionization threshold [62—-64]. At
a given edge, the spectrum consists of bound—bound transitions below the ionization
potential (IP) of the inner-shell electron, followed by the absorption edge jump itself
(Fig. 1.1). Right above the absorption edge one observes a complicated modulation
of the absorption cross section due to multiple scattering of the ionized photoelectron
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Fig. 1.2 Pictorial view of
the single- and multiple-
scattering pathways of an
outgoing photoelectron wave
(blue) off 1st-shell (red) and
2nd-shell (green) neighboring
atoms. The strength of the
scattered wave is reflected in
the line thickness

by its nearest neighbors in the molecule. The spectral range around the edge is called
the XANES region (X-ray absorption near-edge structure), and it contains rich infor-
mation about both the electronic (below the IP) and the geometric structure (above
the IP) including bond angles and distances (Fig. 1.1).

From about 50 eV above IP to higher energies mainly single scattering events
dominate, which result in a weak oscillatory modulation of the absorption cross
section. This region is called the EXAFS region (Extended X-ray Absorption Fine
Structure). It delivers precise information about the internuclear distance of the
nearest neighbors from the absorbing central atom. Oscillations therefore do not
exist in the case of the isolated atom. Thus a single spectrum contains simulta-
neously information about the valence electronic structure and about the nuclear
arrangement of the atoms in the molecular system (Fig. 1.2).

1.2.1 Extended X-ray Absorption Fine Structure (EXAFS)

In the energy regime of EXAFS, the photoelectron states approximate to spheri-
cal waves. EXAFS is a final-state quantum-interference effect involving scatter-
ing of the outgoing photoelectron from the neighbouring atoms, and the oscillatory
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structure is due to the interference between the outgoing photoelectron wave and
the wave scattered back at neighboring atoms (Fig. 1.2). At high photoelectron
kinetic energies, the scattering of electrons is such that the only significant contri-
butions to the final state wave function in the vicinity of the absorbing atom comes
from paths, in which the electron is scattered only once (single scattering events)
[65]. The photoelectrons emitted from the excited atom as spherical waves damp
out rapidly due to inelastic effects caused by the extended valence orbitals of the
nearby-lying atoms. This limits the probed spatial region and, it ensures that mul-
tiple-scattering effects beyond simple back-scattering can be ignored. This allows
the analysis of the data by a simple Fourier transformation [66]. For this purpose
one has to generate an X-ray absorption spectrum, normalized to the absorption
edge jump under consideration, which is defined as the normalized oscillatory part
of u(E) (the X-ray absorption coefficient), i.e. the EXAFS, via

[W(E) — 1o(B)]
E) = 7/ MUV
x(E) Ato(E)

with po(E) being the smoothly varying atomic-like background absorption and
A is a normalization factor that arises from the net increase in the total atomic
background (or simply the absorption edge jump). Substituting E above the edge
with the photoelectron wave vector, we can rewrite x(k) as

(1.1)
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x (k) = ZSONJ' ‘J;cR.Z | sin [ZkRj + 28, + 4’] sl Th) . e 0 (1.2)
j J

which is the standard EXAFS formula. The structural parameters (for which the

subscript j refers to the group of Nj atoms with identical properties, e.g., bond dis-

tance and chemical species) are:

(a) the interatomic distances Rj,

(b) the coordination number (or number of equivalent scatterers) N,

(c) the temperature-dependent rms fluctuation in bond length oj, which should
also include effects due to structural disorder.

(@) fi(k) = [fi(k)]e'*® is the backscattering amplitude, & is central-atom partial
wave phase shift of the final state, and A(k) is the energy-dependent photo-
electron mean free path (not to be confused with its de Broglie wavelength),
and S(z) is the overall amplitude factor.

Moreover, although the original EXAFS formula referred only to single-scattering
contributions from neighboring shells of atoms, the same formula can be general-
ized to represent the contribution from Nr equivalent multiple-scattering contribu-
tions of path length 2R [64].

Equation 1.2 contains all of the key elements that provide a convenient para-
metrization for fitting the local atomic structure around the absorbing atom to
the measured EXAFS data. The dependence of the oscillatory structure on inter-
atomic distance and energy is clearly reflected by the sin(2kR) term. The decay
of the wave due to the mean free path or finite lifetime (including the ultrashort
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core-hole lifetime) of the photoelectron is captured by the exponential term
e 2R’ The strength of the reflected interfering waves depends on the type
and number of neighboring atoms and is given by the backscattering amplitude
fj(k)| and hence is primarily responsible for the intensity of the EXAFS signal.
Other factors, namely, the spherical-wave factors (1/kR%) and mean-free-path
terms, appear secondary but are important for a quantitative description of the
EXAFS amplitude. The phase factor ® = argf(k) reflects the quantum—mechani-
cal wavelike nature of the backscattering process. The exp(—202k?), representing
the Debye—Waller broadening to a good approximation, is partly due to thermal
effects, which cause the atoms to jiggle around their equilibrium atomic posi-
tions. These slight movements smear out the otherwise sharp interference pattern
of the rapidly varying sin(2kR) term with increasing k. Effects of structural dis-
order are similar and they give an additive contribution to 2. The Debye—Waller
effect seems more pronounced at shorter photoelectron wavelengths and hence it
terminates the EXAFS at sufficiently large energy beyond k ~ 1/o, which is typi-
cally around 10 A1, Finally, Sy is a many-body effect due to the relaxation of the
system in response to the creation of the core hole. It is usually approximated by
a constant. Using 1.2, it can be seen that a Fourier transform of the EXAFS with
respect to k corresponds to an effective radial distribution function, with peaks
near the first few nearest neighbor distances, provided the phase shifts are cor-
rectly dealt with. Other improvements to the theory have been amended, such as
multiple scattering and curved-wave effects [64].

For disordered system, Filipponi [67] has derived an equivalent of (1.2) that
uses an integral over the radial distribution function (g) rather than a discrete sum:

10 =Y [ 4o e g OAkn sin G+ gikrndr (13
0

where X is the absorber (e.g., solute), i stands for a given atom of the solvent spe-
cies. A(k,r) and ¢(k,r) are the amplitude and phase functions. An average solvation
shell structure, described by radial pair distribution functions between the (in this
case, atomic) solute and each class of solvent atom, can be extracted from the anal-
ysis of the EXAFS signal using this equation. Theoretical EXAFS signals associ-
ated with each type of solvent atom of the first shell molecules, are calculated from
(1.3) using standard packages. The phase shifts ¢(k,r) are calculated from a snap-
shots of atomic coordination given by molecular dynamics simulations. The x(k)
signal is mainly sensitive to a limited distance from the absorber (A) due to the
finite photoelectron mean-free path, this effect together with the spectral damping
due to monochromator resolution are included in the scattering amplitude A(k,r).

1.2.2 X-ray Absorption Near Edge Spectroscopy (XANES)

In contrast to the EXAFS region, for which accurate quantitative results are gen-
erally routine, both the calculation and interpretation of XANES have remained
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challenging tasks. The complications arise from the low kinetic energy of the pho-
toelectron in this region resulting in large scattering amplitudes (and consequently
multiple scattering events, Fig. 1.2) and the necessity to adequately describe
many-body effects. In addition, the photoelectron energy is comparable to the fine
details of the atomic Coulomb potential which renders the XANES spectrum very
sensitive to inaccuracies of the simplified model that is chosen to represent the
atomic potentials. With the development of an efficient self-consistent, relativis-
tic and full multiple scattering code (FEFF) by Rehr and coworkers, [64, 68, 69]
the theoretical errors in XANES calculations are largely reduced making a (semi-)
quantitative interpretation of the spectral features possible. This is achieved in par-
ticular by the efficient many-pole representation of the system dielectric function
in order to account for intrinsic and extrinsic inelastic losses of the photoelectron
[70] and the possibility to use full potentials instead of the simplified muffin-tin
(MT) approximation [71, 72].

In general, XAS, in the single electron and dipole approximations, probes the
probability of a dipole-mediated transition of a deep core electron li) of the absorb-
ing atom into some unoccupied state If) above the Fermi level Eg. The measured
X-ray absorption cross section (E) is described by the Fermi golden rule

Ef>FF

w(E) Z ‘<f‘§-?)i>‘8(E—Ef) (1.4)
f

where ¢ . 7 is the dipole operator of the incoming light and the sum is over all
energies above the Fermi level. There are two general strategies for solving
this equation in order to calculate the XAS spectrum [70, 73]. The first implies
accurately expressing the deep core state li) and final states If) in terms of wave
functions and then explicitly evaluating the sum of (1.4). This is essentially the
approach adopted by molecular orbital theories, but it is limited by the accu-
rate description of the final state. This limitation is avoided by the second strat-
egy adopted by multiple scattering theories for which (1.4) is rewritten using a
single-particle Green’s function operator G = [E — H]~!, where H is the effec-
tive one-electron Hamiltonian and E is the photoelectron energy. The use of the
Green’s function formalism as a tool to avoid the explicit representation of final
states is the basis of Multiple Scattering theory which originated in the 1970s [74,
75]. One of the approximations is to write the total Hamiltonian of the system as
H = Hy + Vi + 8V, where Vj,,, is a flat interstitial potential due to the system of
ions and electrons in a given system. The ions are the scattering sites of potential
8V. The scattering atomic potentials Hy are approximated with spherically sym-
metric Coulomb-type potentials embedded within the interstitial potential Vj,.
This approximation is called muffin-tin (MT) potential approximation. Within
the MT approximation, the electron wavefunction can be expressed by spherical
harmonics with an additional radially dependent part, which extends into the Vj,,
region. The outer region sets the specific boundary conditions onto the electron
wave function acting within the cluster sketched. The Multiple Scattering equa-
tions derived from this approach are the basic ingredients of the computer codes
used in XAS calculations, which consist of mainly two families: the FEFF and
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MXAN codes. Both programs allow computing the XAS spectra within the MT
approximation used in Multiple scattering theory and in addition they can be used
to fit the experimental spectra given the initial structure of the atomic cluster [68,
74, 76].

Several key developments have increased the accuracy of the calculations,
offering the possibility to interpret XANES either in terms of local electronic
structure or within a XAFS-like scattering picture [70]: (1) the use of full multi-
ple-scattering (FMS) cluster calculations of both XAS and DOS; (2) the use of
self-consistent field (SCF) potentials (both of these developments are based on
Green’s function calculations); (3) ab initio calculations of many-body intrinsic
and extrinsic inelastic losses of the photoelectron. More details are found in the
cited papers, in particular [69].

A crucial point in all time-resolved X-ray studies is the extraction of the
excited state spectrum from the transient (difference transmission with the above
described scheme) spectra, which is a prerequisite for the structural analysis.
Naturally, this is strongly sensitive to the precise determination of the photoexci-
tation yield, as this may induce errors in the structural determination [58]. In the
simple case of a mere two-level system, the analysis uses the XAS spectrum of the
ground and (extracted) excited state. Several codes exist that fit both the XANES
[64, 68, 70, 77-81] and the EXAFS [64, 82] regions. However, quite frequently
it is difficult, if not impossible, to extract the excited state fractional population
from comparative optical-only studies, because the ground state bleach (GSB) is
often overlapped by excited state absorption (ESA) or stimulated emission (SE).
In addition, populations extracted from laser-only studies need to be convoluted
with the much longer X-ray pulse width, giving rise to additional ambiguities.

An alternative approach was developed that fits the transient EXAFS spectrum
in energy space directly [83]. A series of EXAFS spectra are simulated for a col-
lection of possible excited state structures from which the ground state fit spec-
trum is subtracted to generate transient spectra. These are then compared with the
experimental TA spectrum using a least-squares statistical analysis to derive the
structural change. This approach reduces the number of required parameters by
cancellation in the differences. It can also deliver a unique solution for both the
fractional population and the extracted excited state structure, next to quantifying
electronic information about possible energy shifts [83]. A similar approach was
also proposed for fitting difference XANES spectra [80]. It is however clear that
one needs to have a preconceived idea of the input structures, which are based on
knowledge of the system and its realistic deformation geometries, as for example
in the case of bimetallic complexes (see Sect. 1.4.2).

Concerning the electronic structure information from the bound—bound
XANES features, the charge transfer ligand field multiplet theory [84—87] has
proven very successful on a wide range of systems, both in molecular and con-
densed matter physics. The theory takes into account all Coulomb interactions as
well as the spin—orbit coupling between the atomic orbitals, and treats the geo-
metric environment of the absorbing atom through a ligand field potential. It also
introduces orbital mixing between the central atom and its ligands via charge
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transfer terms. This tool has now been extended to model excited state XANES
spectra [88] but here too, the comparison with experiment is critically dependent
on a most accurate determination of the fraction of excited state population [58].

Summarising this section, XANES and EXAFS are useful to extract the follow-
ing type of information:

a. The bound-bound XANES features are due to transitions from core orbit also
to valence ones, and the latter are involved in chemical bonding and/or are
transformed under visible-ultraviolet light excitation. Thus one can interrogate
the occupancy of valence orbitals, the oxidation state of the system, the occur-
rence of charge transfer processes, orbital delocalization, bonding and back-
bonding contributions, etc. [63, 87, 89], and their changes in the course of a
chemical, biochemical or physical transformation.

b. Above ionization XANES multiple scattering resonances (also called shape res-
onances [63]) can deliver information about bond distances and angles, as well
as coordination numbers [71, 90-92].

c. The single scattering EXAFS region delivers information about bond distances
and coordination numbers of the nearest neighbours around the absorbing atom.
The structural analysis of EXAFS is much simpler than that of XANES, which
is the reason why EXAFS is more commonly used in static studies of molecular
structure, even though the EXAFS modulations are typically less than 10 % of
the edge jump.

Furthermore, XAS (XANES and EXAFS) offers the following advantages:

i. itis atom selective

ii. it can detect species that are spectroscopically silent in the optical domain

iii. it can be implemented in any phase of matter (gas, liquid, solid) and in bio-
logical systems

iv. it delivers information about both the electronic and the geometric structure of
the system under study

v. the information about geometric changes is local (i.e. one to three shells of
neighbours around the species of interest), but this is not a problem since
ultrashort time scales correspond to ultrashort distance changes.

In the past 10 years, time-resolved XAS of liquids systems has matured to a rou-
tine method on the picosecond time scale, [10, 55-58, 93] while the femtosecond
time resolution has just been achieved, [36, 39] opening exciting perspectives for
ultrafast structural dynamics of chemical and biological systems in liquids.

1.3 Methodology

For time-resolved X-ray absorption spectroscopy, the X-ray source should ide-
ally fulfill the following requirements: (1) continuum radiation covering the range
from soft to hard X-ray energies; (2) ultrashort pulses; (3) high photon fluxes; (4)
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Fig. 1.3 experimental lay
out of an optical pump/X-ray
absorption probe experiment
at a synchrotron

X-Ray
Detector

high pulse-to-pulse, as well as long term stability; (5) synchronization to an
external light source (e.g., a pump laser). The only X-ray sources that approach
these requirements are 3" generation synchrotron storage rings, albeit at the cost
of a lower temporal resolution (tens of ps). However, the sub-ps range has been
achieved at synchrotrons thanks to the implementation of the so-called slicing
scheme [31, 33, 34, 94] though at a largely reduced photon flux.

There has been several attempts to use plasma sources of X-rays for ultrafast
XAS experiments ever since the beginning of the 1990s, [95-104] but these
never materialised into a routine methodology as much as the synchrotron-based
approach did. This has to do with the experimental difficulties and limitations
inherent to plasma sources that have large pulse to pulse fluctuations, low fluxes at
a given energy bandwidth as well as limited spectral tunability. Synchrotron based
X-ray absorption experiments have had more success and are now routinely used
at the SLS (Villigen), APS (Argonne), ALS (Berkeley) and BESSY (Berlin), while
more experiments are being implemented. However, plasma-based sources have
had (and still have) much success in ultrafast X-ray diffraction studies [42, 43,
45, 105].

The development and methodology of time resolved XAS studies at synchro-
trons have been described in refs [10, 55-59, 106-110]. The now commonly used
approach was implemented by the Lausanne group. It is based on recording the
transient (difference) absorption on a pulse-to-pulse basis. Briefly (Fig. 1.3), mon-
ochromatic X-rays are focussed to 50—-100 pwm diameter onto the sample. X-ray
signals are detected with large-area avalanche photodiodes (APD), of which one
for transmission (I1) and one for the incident signal (Ip) scattered off a thin metal
foil, and two (or more, if space allows) fluorescence APDs (Igi, Igp) for the X-ray
fluorescence from the sample. The sample consists of a free-flowing liquid jet,
which is excited by an ultrashort laser pulse. Spatial overlap including a measure-
ment of the spot sizes on the sample between both laser and X-ray beams is set via
steering the laser beam onto the X-ray spot on sample, monitored with an imaging
CCD camera.

These laser-pump/X-ray probe experiments at synchrotrons exploit a special
electron bunch filling pattern (Fig. 1.4) such as that found at the ALS (Berkeley,
USA) or the SLS (Villigen, Switzerland), but other filling modes are convenient,
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Fig. 1.4 Top Typical bunch filling pattern at synchrotrons. Here we show the case of the Swiss
Light Source Trains of 390 electron bunches with 2 ns spacing are followed by a 180 ns long
empty section, in which a densely packed electron bunch (pulse width 100 ps) is placed 30 ns
before the start of the bunch train. Botfom Data acquisition scheme employed at the microXAS
beamline of the Swiss Light Source. A gated integrator measures sequentially the X-ray intensity
at the chosen time delay At, a background signal ca. 250 s earlier and later, the X-ray signal of
the unexcited sample after 500 s (each within the indicated shaded time windows). This acqui-
sition scheme is repeated for several thousand times per data point

such as that used at the Advanced Photon Source (APS, Argonne), provided
individual pulses can be isolated.

For example, the SLS storage ring consists of 480 so-called buckets, each
separated by 2 ns, in which 390 are filled (a filled bucket is also called an elec-
tron bunch), while in the subsequent 180 ns dark section a single densely packed
(with up to 5 times more charge) hybrid electron bunch is placed. The X-ray pulse
emitted from this electron bunch is used to probe the photoinduced changes of
the X-ray absorption within the sample. In most experiments so far carried out,
amplified laser systems running at 1 kHz were used for photoexcitation, and are
synchronized to the round trip frequency of the electron bunch (T = 960 ns at
the SLS), thus ensuring a constant time delay between the laser and selected prob-
ing X-ray pulses. A gated integrator delivers a sequence of output signals propor-
tional to the input signal integrated over a fixed time window (Fig. 1.4). These
signals are recorded with an ADC card, triggered at 4 kHz, to provide a sequence
of the X-ray signals when the laser is on and off, but also for recording the elec-
tronic background signal with no X-rays present. First, the X-ray signal at time A
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after laser excitation is measured (Ip), then a background signal without X-rays
is recorded after ca. 250 ps (Ipck(250 ws)), which enables post-correcting base-
line drifts in the gated integrator, and finally, after 0.5 ms, the X-ray signal from a
fresh sample without laser excitation is recorded (/) followed by a baseline cor-
rection measurement (Ipck(500 s + 250 ws), not shown in the figure) [93, 110].
The pump-probe signal in transmission is defined as the transient absorption 7, of
the photoexcited sample via [93, 110].

I
Ty (E,Af) = In ("”’") (1.5)
Iunp

with Ipum = Ip(At) — Ipek(At +250 ps) and lynp = (500 ps) — Ipek(500+250)
s being both the baseline (/,cx) corrected photoexcited and unexcited X-ray sig-
nals, respectively (see Fig. 1.4). The X-ray signals are measured simultaneously in
transmission and fluorescence yield modes, using the same data acquisition strat-
egy for all detectors, as shown in Fig. 1.4. We define the transient signal in fluores-
cence mode Tq via

Blm — By
T(E, An = P (1.6)

with Igum, Ignp and /j being each baseline corrected as described above for trans-
mission mode. Likewise, normalization of the unpumped spectra to the incident
flux yields the static spectrum of the sample.

This data acquisition scheme allows measuring the corresponding signals for
every single incident X-ray pulse, and for each data point (e.g., during an energy
scan) a few thousand single X-ray pulse intensities are analyzed in order to store
the average value and its standard deviation into the computer. This methodology:
(1) eliminates drifts due to deterioration of the sample under laser and/or X-ray
irradiation (for limited sample volumes), as well as drifts of the X-ray flux; (ii)
allows measurements at the shot noise of the X-ray source, implying that changes
as low as 10~* X-ray transmission changes can be recorded within a reasonable
(typ. 1 s) data acquisition time.

While the above scheme was implemented with 1 kHz repetition rate pump
lasers, taking advantage of the high pulse energies available from commercially
available amplified laser systems (>1 mJ/pulse), synchrotron X-ray pulses are gen-
erally delivered at MHz repetition rates by the storage ring. This implies means
that typically 10° X-ray pulses are unused. This reduced X-ray flux is a major lim-
iting factor on the achievable signal-to-noise ratio (S/N) of the experiments, which
not only reduces the accuracy of the structural analysis but also restricts the types
of samples that can be measured to those with a solubility in the range of tens to
hundreds of mM, which is not convenient for biological samples. The idea would
therefore be to use a pump laser that runs at say, half the repetition rate of the syn-
chrotron but with a large enough energy/pulse to ensure a comparable photolysis
yield as in the 1 kHz configuration.
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Previous attempts to implement a high-repetition rate pump-probe scheme at
synchrotrons were made by Widdra et al. [111, 112] who used a ps laser system
operating at 1.25 MHz to match the single-bunch repetition rate at the BESSY
synchrotron (Berlin, Germany) for time-resolved core-level photoemission stud-
ies of surfaces. Stern et al. [113, 114] used an amplified laser system operating
at 272 kHz at the APS to study laser-induced melting of Germanium films. The
disadvantage of using high repetition rate excitation with solid samples is the sam-
ple damage resulting from the high average power. However, for liquid solutions,
high repetition rate excitation is ideal since the flowing sample is continuously
refreshed. The Lausanne group recently implemented such an experiment at the
SLS using a picosecond high-average power Nd:YVO4 laser operating at variable
repetition rate (50 kHz—8 MHz), and producing 10 ps pulses. This product is pri-
marily aimed at industrial users meaning turnkey operation and long-term stabil-
ity, which are ideal in the environment of a synchrotron. It delivers two orders of
magnitude less energy/pulse than 1 kHz amplified femtosecond systems, but the
fluence can be identical by tighter focusing of the laser beam. When operated at
half the repetition rate of the isolated camshaft pulse of the SLS (520 kHz) this
results in 28 pJ/pulse at the fundamental wavelength, 1064 nm. By frequency dou-
bling and tripling one obtains 15 pJ/pulse at 532 nm and 6 pJ/pulse at 355 nm. It
is also possible to frequency double the 532 nm light to obtain 266 nm light. The
data acquisition scheme is identical to the one described above, with the important
difference that the data acquisition rate is increased to 2 MHz. More details are
given in [115].

Until recently, most time-resolved XAS studies concerned the hard X-ray range,
which is convenient for probing the K-edges of Z > 18 elements and the L-edges
of Z > 40 elements. However, working in the soft X-ray range offers a number of
advantages: (a) one could access the K-edges of light elements such as C, N, O, S,
etc., which are important for biology; (b) the L 3 edges (due to 2p1/232 — 3d tran-
sitions) of most transition metals are accessed; (c¢) The smaller intrinsic core hole
lifetime width (0.5 eV) of p orbitals results in sharper bound-bound core to valence
transitions than K edge (1 s — 3d) ones; (d) 2pi1/2,32 — 3d transitions are dipole-
allowed, yielding more intense and more structured spectra than the dipole-forbid-
den K edge 1 s-3d transitions; (e) the L 3 edge features are directly proportional to
the amount of d character of unoccupied or partially occupied valence orbitals of
the metal; (f) ligand field multiplet theory [86, 87, 116] is a well-established tool to
interpret L edge spectra, delivering a detailed description of the electronic structure.

However, due to the large absorption cross section of solvents and air (e.g., at
the Fe L edge energy range the X-ray path length in water is only 1-2 pwm) the
implementation of soft-X-ray absorption spectroscopy for the study of liquid
solutions under vacuum took some time, but is now no longer a problem. Indeed,
two strategies have appeared in the last ten to twenty years: (a) the use of cells
equipped with soft X-ray transparent windows, such as silicon nitride thin mem-
branes (100-200 nm-thick) [117]; (b) the implementation of the liquid microjet
technology, which consists in injecting a liquid jet (typically > 10 pwm diameter)
at high speed (typically 100 m/s) into the vacuum chamber with a pressure in
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the order of 107> bar [118]. The development of ps and fs soft X-ray absorption
spectroscopy is very recent and has made use of the first scheme based on SiN-
equipped cells [37, 38, 119, 120].

1.4 Applications

The first time-resolved X-ray experiment used X-ray absorption spectroscopy
(XAS) to probe the photoinduced changes in carboxymyoglobin in solution with
psec resolution [121]. Later, Wilson and co-workers [97] used 1.5-3 ps X-ray
pulses from a plasma source to probe the disappearance of a shape resonance at
the K-edge (2.5 keV) of sulphur upon photodissociation of the SFg molecule in
the gas phase. Chen and co-workers reported the first study of a molecular sys-
tem in solution, investigating the photodissociation of ligands from [Ni(tpp)L2]
(Ni(tpp) = Nickel(ii) tetraphenylporphyrin and L = axial piperidine ligand, which
was also the solvent in their study), and their recoordination with 14 ns resolu-
tion using synchrotron X-ray pulses. They addressed the issue as to whether the
recoordination process is a concerted or a sequential (two-step recombination with
[Ni(tpp)L] as an intermediate) process, concluding that the process is concerted on
the time scale of their resolution.

Time resolved XAS studies of molecular systems in solution really took off in
the first half of the 2000s. Most of these have been transition metal molecular com-
plexes, for obvious technical reason as the methodology was first implemented in the
hard X-ray range where it is possible to carry out the experiments in air or under a
gas atmosphere. In addition, metal-based molecular complexes, such as metallopor-
phyrins, haems or chlorophylls, are heavily involved in natural processes involving
energy and electron transfer, such as photosynthesis, oxygen transportation, [122,
123] etc., and in applications such as functional molecular devices [124, 125], solar
energy, molecular electronics, sensitizers, photocatalysis, etc. Below we give a num-
ber of processes occurring in these systems, which have been investigated by time-
resolved XAS both in the hard and more recently, in the soft X-ray range.

1.4.1 Intramolecular Charge Transfer

Controlled electron transfer (ET) and charge separation in molecular assemblies are
essential requirements for efficient storage and conversion of energy by chemical
means. In most light-induced processes in metal-based molecular complexes, the
doorway states to excitation are the metal-to-ligand-charge-transfer (MLCT) states,
whose absorption bands dominate the visible absorption spectrum. Because a charge
is transferred within a molecule there is a significant change of the field of forces
within the molecule, but also a dipole moment change. Therefore in solutions,
there are issues of both intramolecular and subsequent intermolecular (i.e. solvent)
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Fig. 1.5 Energy level scheme for a 4d° transition metal complexes such as M(bpy)s, with
M = Ru, Fe. The atomic 4d orbital splits into a 6-fold degenerate toq and a 4-fold degenerate
€g. level in the octahedral field of the ligand (separated by 10Dq). Trigonal distortion due to the
D3 symmetry of the complex partial lifts the degeneracy, which is further lifted into 5 two-fold
degenerate levels by the 4d spin—orbit coupling. The electron occupancy of the ground state
(completely filled in tag, and empty for e,) is indicated by the arrows, one (in red) is removed to
the bpy ligand following photoexcitation of the metal-to-ligand-charge-transfer (MLCT) states

structural rearrangements as a result of the electron transfer. Such processes have
been investigated on ruthenium and copper complexes, as described below.

The Lausanne group carried out a picosecond L 3-edge XAS study of aqueous
Ruthenium(ID)-tris-2,2’-bipyridine ([Ru'l(bpy)s]) [88, 126]. In the predominantly
octahedral field of the complex, the d-orbitals split into a lower tz orbital and an
upper e, orbital (Fig. 1.5).

These are further split by the addition of the trigonal distortion and by the spin—
orbit interaction. Fig. 1.6 shows the ground state (a) and transient XAS (b) spectra,
next to the extracted excited state XAS (c). In the ground state, all six 4d electrons
are in the lower 5, orbital while the ey orbital is empty, and therefore only the B
band (2p — 4d(ey)) appears. In the MLCT state, an electron is transferred to the bpy
ligand, thus opening up a new transition (2p — 4d(ty,), feature A”). In room tempera-
ture aqueous solutions, the 3SMLCT state exhibits a measured lifetime of about 600 ns
[127]. Also, the blue-shift of the B feature reflects the change of oxidation state, in
good agreement with previous experimental and theoretical work [128, 129].

The XANES region was analyzed by the ligand field multiplet theory, [88] in
very good agreement with the data (see Fig. 1.6d). From the change of ligand field
splitting between ground and excited state and using an electrostatic model that
relates the octahedral ligand field splitting to the metal-ligand distance, [130] a
Ru—N bond contraction of ~0.02 A in the excited state was derived, while the anal-
ysis of the EXAFS region [64] (D, D’ features) delivers a value of the Ru—-N bond
contraction of —0.037 & 0.0135 A, treating all Ru-N distances equally (i.e., in D3
symmetry). This relatively weak bond contraction, despite a dramatic change of
the electronic structure, results from steric effects because the three byp ligands
are already in a constrained geometry in the ground state. Our results were later
confirmed by Quantum chemical calculations of the MLCT structure by Nozaki
etal. [131] and Alary et al. [132].
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Fig. 1.6 a L3 edge XAS spectrum of aqueous [RuH(bpy)3]2+ in its ground state (thick black
line) together with fits of its most prominent features (labeled), except for the two residual bands
(green areas) near the ionization potential. The edge step functions for IP for each state is shown
as well (blue line). See [88] for details of the fit. b Transient absorption spectrum (open red cir-
cles with error bars) and a fit of this transient (blue line) using the ground state spectrum and
the (energy-shifted) decomposed bands shown in a. ¢ Reconstructed XAS of the SMLCT state
(blue data points) together with a fit to the most prominent features. d The A(A’) and B(B’) fea-
tures extracted from the spectrum after subtraction of the edge step and the higher-lying weak
bound-bound absorptions shown in a, and compared to multiplet calculations. The sticks (thick
for the ground state and thin for the excited state) are the transitions which are broadened with
the Gaussian and Lorentzian widths due to experimental resolution and lifetime width, to gener-
ate the solid (red) curves

In another example of structural changes due to intramolecular electron transfer
processes, Chen et al. [133] investigated the structure of the MLCT states of Cu(I)-
diimine complexes ([Cul(dmp),]* (dmp = 2,9-dimethyl-1,10-phenanthroline))
by ps XAS. Upon 400 nm photoexcitation of the system one reaches the S, state,
which decays on an ultrafast time scale to the S; state [133—136] that then relaxes
to the T state (Fig. 1.7a). In these processes, the system changes from a tetrahe-
dral geometry to a flattened one (Fig. 1.7b).
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Fig. 1.7 Photocycle of cooper(I)-diimine complexes: upon excitation of the So MLCT state the
system changes from Cu(I) to Cu(Il) and an ultrafast internal S>-S; conversion occurs (a). In this
step, a geometry change towards a flattening occurs (b), which is thought to take place in the S;
state prior to intersystem crossing to the T state [133, 134, 208]. The latter has a ns lifetime so
that it can be probed by ps XAS as done in refs. [136, 209] (c)

Chen et al. observed the photoinduced electronic and structural changes by ps
XANES and EXAFS (Fig. 1.7c) and found that: (1) the excitation of the MLCT
state transition induces an electronic configuration change from Cu! (3d!°) to Cul'
(3d%); (2) the inner-sphere reorganization changed the coordination number of the
MLCT state from four to five in toluene, which is presumed to be non-coordinat-
ing; (3) the average Cu-ligand bond lengths increased in the MLCT state in toluene,
but decreased in acetonitrile, reflecting the difference in the interactions of the cop-
per with the fifth ligand. These conclusions were further supported by simulations
of the XANES part of the spectra [137]. In the meantime, we have carried out ps
XAS measurements in similar complexes and complemented them by Quantum
Mechanics/Molecular Mechanics molecular dynamics simulations, and came to the
conclusion that there is no coordination of a solvent molecule to the Cu atom [138].
Nevertheless, questions still remain open as to the sub-ps dynamics, which may be
addressed by fs XAS in the future.

1.4.2 Bond Formation in Bimetallic Complexes

The triplet excited states of dinuclear ds--d8 platinum, rhodium, and iridium com-
plexes (bridged by various ligands) exhibit remarkable photophysical and photo-
chemical properties, which are strongly determined by their structure [140]. The
unusually high photocatalytic activity of these complexes are a manifestation
of the newly formed bond in the lowest excited singlet and triplet > 3A,, states,
owing to the promotion of an electron from the antibonding do* (d3-derived) to
the bonding po (p,-derived) orbitals, which should therefore lead to a contraction
of the metal-metal bond (Fig. 1.8).

The [Pty(P205H;)4]*~ molecule is among the most extensively studied d®--d®
dinuclear metal complexes. In solutions, excitation into the first singlet state in
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Fig. 1.8 Structure of the [Pto(POsH»)4]*~ molecule (left). The maximum of the first singlet
absorption lies at 370 nm. Excitation of a d®~d® complex promotes an electron from the antibo-
nding do* (d3-derived) to the bonding po (p,-derived) orbitals, leading to formation of the Pt—Pt
bond and contraction of its distance in the excited state

the near UV region around 370 nm leads to formation of the long lived (~1 pws)
triplet state with unity quantum yield. van der Veen et al. [141] resolved its struc-
ture by picosecond EXAFS. Figure 1.9a shows the ground state Pt L3-edge XAS
spectrum (black trace) as well as the transient spectrum, integrated from 0 to
150 ns to improve the signal-to-noise ratio. The inset shows the XANES region
for the ground-state complex and its transient spectrum, wherein dramatic changes
appear. In particular, a new absorption shows up at 11.574 keV below the absorp-
tion edge, which is due to the creation of a hole in the 5do* orbital upon laser
excitation, which can then be accessed from the 2p3/; core orbital (L3 edge). Clear
changes are visible in the EXAFS region (Fig. 1.9b), reflecting structural modifi-
cations between the ground and excited triplet states.

From the transient EXAFS spectrum (Fig. 1.9b), the magnitude of the Pt—Pt
bond contraction as well as, for the first time, the changes affecting the Pt—P bonds
were extracted, [141] and the best fit is shown in Fig. 1.9b. It was found that while
the Pt—Pt bond contracts by 0.31(5) A, in very good agreement with the X-ray pho-
tocrystallography data [142], it was shown that Pt—P bonds slightly elongate (by
~20 mA) in agreement with theoretical predictions [142]. This work underscores
the ability to retrieve details of the excited state structure of a rather complex
molecular system in liquid solution, due to the high sensitivity of the experiment,
coupled to a rigorous structural analysis based on fitting the transient EXAFS spec-
tra directly in energy space [83]. Almost simultaneously to the work by van der
Veen et al. [141], Christensen et al. [27] reported a picosecond solution X-ray scat-
tering study of the same system, deriving a somewhat similar contraction of the
Pt—Pt bond. More recently, Chen and co-workers [143] reported on ps XAS studies
of another diplatinum complex, which also produced rather similar results.

Pt,POP is a remarkable molecule in the sense that its ground and excited poten-
tials are highly harmonic and that the optical spectrum is only sensitive to the
Pt—Pt coordinate. It is therefore easy to retrieve the excited state structure from a
Franck—Condon analysis, which shows a Pt—Pt bond contraction in the triplet
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state 0.1 A smaller than that derived in [141-144]. The origin of the discrepancy
lies, we believe, in the fact that the EXAFS analysis neglected the contribu-
tion of the solvent, while the optical domain spectroscopy is not sensitive to
it. This shows that solvent contributions have to be included in the analysis of
EXAFS and XANES, which opens a new level of refinement in the structural
determination. Work is in progress towards such refinements. A recent paper
reports on such calculations and show a clear contribution of the solvent in the
signals [139].

1.4.3 Spin Cross-over in Fe(II)-Complexes

One of the fascinating features of Fe?* or Fe* metal-based molecular complexes
is their ability to change spin under temperature, pressure or light irradiation and
they have therefore been named spin cross-over complexes (SCO) [145]. In the
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Fig. 1.10 a Typical potential energy curves of Fe(Il)-complexes as a function of the Fe-N bond
distance adapted from [146]. The manifold of metal-to-ligand-charge-transfer (MLCT) states is
shown as a shaded area. [Feu(bpy)3]2Jr has a predominantly Oy symmetry with a trigonal (D3)
distortion. The metal-centred (MC) states are represented by their symmetry character (A, T and
E) in the D3 group. In the latter, the LS 'A; ground state has a completely filled e4a% configura-
tion (deriving from the tyg subshell in Oy symmetry), while the antibonding e (e.g. in Oy symme-
try) orbital is empty. Per electron promoted from the tyg to the e.g. subshell (for easier reading we
will use from here on the Oy nomenclature) the metal-ligand bond length increases by as much
as 0.1 A [146]. For the serles of I 3T(tzgeg) states, it is expected to be in between the ground and
the high-spin T, (tzg eg) state. b Relaxation cascade as determined by ultrafast laser spectros-
copy upon excitation of aqueous [Fe(bpy)3]2+ at 400 nm [156]. The intermediate MC states are
not shown as they are optically silent in the UV-Visible and were therefore not observeable.
¢ Simulated XANES spectra for different Fe-N bond elongations from the ground state equilib-
rium value of 1.97 A, using the MXAN code [91]. The elongations correspond to the ground and
the MLCT states (0 A), the intermediate ligand field T states (0.1 A) and the 5T state (0.2 A).
The horizontal axis is given as energy from the ionization potential

predominantly octahedral field due to the ligands (Fig. 1.5), all electrons are in the
lower t¢ sub-shell in the low spin (LS) ground state, while transferring electrons
to the e.g. orbitals increases the spin state. Because the e.g. orbitals derive from
the dy’y and d; orbitals, they are antibonding in 6-fold coordinated complexes,
which leads to a striking metal-ligand bond elongation in the high spin (HS) state.
A generic diagramme of the potential energy curves of the various states of Fe(Il)-
based complexes is shown in Fig. 1.10a, as a function of the Fe—N bond length
[146]. The MLCT states have nearly the same equilibrium distance as the ground
state, in agreement with [88], the ligand field states L3T 5T and 3E have their equi-
librium distances elongated by ~0.1, ~0.2 and ~0.3 A, respectively, relative to
the ground state bond distance. Light excitation into the singlet Metal-to-Ligand-
Charge-Transfer ('MLCT) state or to the lower-lying ligand field states leads to
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population of the lowest quintet state T, with unity quantum yield [145]. The life-
time of the latter varies by several orders of magnitude as a function of ligand and
temperature [145] with [FeH(bpy)3] having the shortest lived quintet state lifetime
(650 ps) at room temperature.

Structural studies by X-ray diffraction or X-ray absorption spectroscopy under
quasi steady-state conditions, pointed to a bond elongation of ~0.2 A of the Fe-N
bond for Fe(Il)-based complexes with long-lived HS states [147-149] but the
question arose if this applies to the shortest lived HS state of [Fe'l(bpy)s], as pre-
dicted by theory [150].

Khalil et al. [151] and Gawelda et al. [152] captured the structure of the quin-
tet state after laser excitation using 70 ps hard X-ray pulses probing the structure
changes at the K edge of Iron. In the first case, the system was [Fell(tren(py))s]
in acetonitrile, which has a quintet state lifetime of 60 ns, while the second case
was [FeH(bpy)g], which we describe in more details now. Figure 1.11 shows the
Fe K-edge XANES of the molecule in the ground state, the transient (differ-
ence) spectrum at 50 ps time delay and the XAS spectrum of the quintet state,
as retrieved from the ground state and the difference spectra and from the pho-
tolysis yield determined in laser-only experiments (and convoluted to match
the much longer X-ray probe width). The structural analysis of the excited state
was based on fitting both the transient XANES [152] and the transient EXAFS
spectra [58, 83] in energy space. These deliver the same Fe—N bond elongation
ARpe.n = 0.20 A, but the precision increased considerably using the latter proce-
dure (0.203 & 0.008 A).

The fact that the bond elongation is nearly the same in the HS state in all com-
plexes, regardless of its lifetime [147, 151] implies that the bond elongation is not
the parameter that controls the decay rate of the quintet state to the ground state.
Rather, the adiabatic energy and the coupling parameters between low spin and
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high spin state are the crucial parameters. Indeed, of all Fe(II)-SCO complexes,
[Fe'l(bpy)3]*>* has the highest lying quintet state.

In order to describe the electronic structure of the quintet state, Huse et al. [120]
carried out picosecond L-edge spectroscopy of [Fel(tren(py))s]. This experiment
was the first of its sort and it used a liquid cell equipped with SiN membrane win-
dows. Their results showed a significant reduction in orbital overlap between the
central Fe(3d) and the ligand N(2p) orbitals, consistent with the expected ~0.2 A
increase in Fe-N bond length upon formation of the high-spin state. The overall
occupancy of the Fe(3d) orbitals remains constant upon spin cross-over, suggest-
ing that the reduction in o-donation is compensated by significant attenuation of
mt-back-bonding in the metal-ligand interactions. These results show the power of ps
soft X-ray spectroscopy to fully unravel the details of the electronic structure of
the systems under study, and its complementarity with hard X-ray spectroscopy.

Femtosecond resolution in X-ray absorption spectroscopy is however needed if
one wants to follow the ultrafast structural dynamics of photoexcited systems in
real-time, and thus answer a host of questions that have escaped femtosecond
optical spectroscopies or ps XAS. Femtosecond XAS was recently implemented in
the hard and the soft X-ray ranges to fully resolve the photocycle of the above spin
Cross-over systems.

Indeed, the mechanism and relaxation pathways of the photoinduced HS-LS
conversion in Fe(Il) complexes were still unknown, and in particular the pathway
leading from the initially excited "MLCT state to the lowest lying excited quintet
state [145, 153, 154]. One of the reasons for this situation was the fact that the
intermediate 'T state (Fig. 1.10a) are optically silent, while the HS quintet state
absorbs below 320 nm [155]. The early time dynamics was identified by Gawelda
et al. on [FeH(bpy)3] in laser-only studies, [156] who found that departure from the
SMLCT state occurs in ~130 fs (Fig. 1.10b). The XANES spectrum of the ground
state (Fig. 1.11) shows a shoulder (the B-feature) on the edge, which is a multi-
ple scattering feature [157]. Upon Fe—N bond elongation in the quintet state its
intensity increases causing the significant peak at low energy in the transient spec-
trum (Fig. 1.11b). Simulations based on multiple scattering theories confirm the
distance dependence of the B-feature (Fig. 1.10c), which one can use to identify
the various electronic states possibly involved in the relaxation cascade.

Using hard X-ray fs pulses generated by the slicing scheme at the SLS, Bressler
et al. carried out an optical pump/X-ray probe experiment following the evolution of
the B-feature as a function of pump-probe delay. Figure 1.12 shows the time scan
obtained at the B-feature (7.122 keV) showing that the signal stabilizes from about
300 fs up to the scan limit of 10 ps (see inset), which is evidence that the system is
already in the quintet state. Further evidence is the energy scan at 300 fs, which repro-
duces the transient spectrum at 50 ps time resolution (Fig. 1.11b). The fit in Fig. 1.12
shows that the quintet state is reached in 150 £ 50 fs. This time corresponds to the
decay of the SMLCT state, implying that the ultrafast spin conversion is a simple
three-step 'MLCT - MLCT - T cascade that bypasses the intermediate T states.

The time scale of ~150 fs corresponds to about two oscillations of the Fe-N
stretch vibration [158], suggesting a nearly non-Born—Oppenheimer process. This
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Fig. 1.12 Time scan of the signal (blue points) at the B-feature (Fig. 1.6c), as a function of laser
pump/X-ray probe time delay after excitation of aqueous [Fe'l(bpy)3]** at 400 nm. The inset
shows a long time scan up to 10 ps time delay. The red trace is the simulated signal assuming
a simple 4-step kinetic model 'A; — 'MLCT — 3MLCT — T to describe the spin conversion
process. The vertical arrow displays the expected absorption increase for an elongation of 0.2 A
for the Fe—N distance AR between the LS and HS states (see Fig. 1.10c)

experiment illustrates the power of ultrafast XAS to retrieve dynamical informa-
tion difficult to obtain by laser-only experiments. It also shows how structural
dynamics studies can identify the electronic relaxation pathways of complex mol-
ecules, while so far the opposite was common practice. Further visible pump/UV
probe transient experiments of the quintet state identified its vibrational relaxation
dynamics, [159] thus providing a complete picture of the photocycle of aqueous
[Fe'l(bpy)s]. A full description of the combined optical and X-ray studies on this
system is given in a recent review [160].

Very recently, Huse et al. [38] carried out the first time femtosecond soft X-ray
experiment of a similar spin cross-over molecular system in solution, which fully
confirm the above results. Their experiment represents a real breakthrough as it
demonstrated the visualization of ultrafast electronic structure changes of dilute
molecular systems in solution by soft XAS.

1.4.4 Dynamics of Pure Water

The unusual properties of water have stirred much research. Liquid water can be
regarded as a highly dynamic network of molecules connected through hydro-
gen bonds. The results of static X-ray absorption spectroscopy measurements
show a pre-edge peak (I) followed by a main-edge (II) and a postedge feature
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(III) related to local water structures with specific coordination and hydrogen
bonding. There has been much controversy over the correct structural model and
their relative merits in determining the average number of hydrogen bonds per
water molecule [117]. Nevertheless, there is consensus on a qualitative level as
to the structural meaning of the three characteristic spectral regions of the oxy-
gen K-edge and how these features change upon melting of ice as well as heat-
ing of liquid water. In order to describe how the different structures interchange
upon heating of water, Huse et al. [161] and Wernet and co-workers [119, 162]
demonstrated infrared pump/soft X-ray probe investigation of pure water at the
K edge of Oxygen. However, the tens of ps time resolution of these experiments
precluded observations at relevant time scales. Therefore, Wen et al. [37] extended
these experiments to the femtosecond range using the slicing scheme at the ALS.
They recorded the conversion of highly coordinated water structures to less-
ordered structures with weaker hydrogen-bonding via fs-XANES spectroscopy
upon vibrational excitation, exploiting the relation between coordination/order and
distinct X-ray spectral features due to the high sensitivity of XANES regions to
chemical coordination. The observed dynamics was described by a 0.7 ps ther-
malization time that is characteristic of the hydrogen bond network in water. Their
transients capture the formation of a high-pressure phase distinct from the equilib-
rium state of liquid water.

This work was the first femtosecond soft X-ray study of a liquid-phase sys-
tem. It demonstrated the feasibility and prospects of solution-phase ultrafast X-ray
studies in the soft X-ray range where K-edges of C, N, O and L-edges of transition
metals deliver chemically specific information about coordination, valence charges
distribution, bonding and atomic structure in order to uniquely follow chemical
reactions and solvation dynamics on ultrafast time scales. As a matter of fact, the
same team demonstrated ps and fs soft X-ray spectroscopy at the L edge of Fe in
an SCO complex as discussed above ([38, 120]) and at the N K-edge of photoex-
cited [Fel'(bpy)s], [120].

1.4.5 Solvation Dynamics and Hydrophobicity

The above examples on Copper, Platinum and Ruthenium complexes alluded to
the role of the solvent in the photoinduced structural changes. Electronic solva-
tion dynamics is the rearrangement of the solvent molecules around a solute as
a result of an electronic redistribution in the latter. This electronic redistribution
may be caused by photoexcitation or simply by a chemical reaction. The role of
the solvent is crucial in enhancing or hindering reactions, via its modification
of barriers and the dynamics of solvation is intimately influenced by the intra-
molecular dynamics. So far solvation dynamics has only been investigated by
ultrafast optical techniques (transient absorption or fluorescence up-conversion),
[163—-165] which do not deliver structural information. In these studies a dye mol-
ecule is excited in a solvent, inducing either a dramatic dipole moment change
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Fig. 1.13 Principle of the optical pump/X-ray probe experiment on solvation dynamics. The
electron of the iodide (isoelectronic with Xe) is removed by an ultrashort laser pulse. The evolu-
tion of the structural changes in the solvation shell is probed by an X-ray pulse that records the
changes at the iodine L edges

(polar solvation) or an expansion of the electronic cloud (non-polar solvation) in
such a way that depending on the polar or non-polar nature of the solvent, respec-
tively, a dramatic solvent shell reorganisation occurs, which minimises the free
energy. While this approach delivers detailed information about the dynamics of
the system, the solvent shell structure cannot be recovered. In addition, the sol-
vent rearrangement depends on the shape and size of the molecule in the ground
state. In order to capture the solvent structural dynamics and to obtain a general
description of the solvation dynamics, we carried out time-resolved XAS studies
of the solvent rearrangement around photoexcited aqueous iodide. In this case, the
UV (<260 nm) photoexcitation abstracts the electron from the iodide, leaving a
neutral iodine behind (Fig. 1.13) and the solvated electron. It turns out that this
changes the solute from a hydrophilic one to a hydrophobic one.

Hydrophobicity is considered the major driving force behind fundamental bio-
logical and chemical processes. In the hydration of small hydrophobic species, the
formation of small cavities in the solvent to accommodate the solute is an entropi-
cally dominated process, and the presence of the solute constrains the orientational
and translational degrees of freedom of the neighbouring water molecules. The
microscopic understanding of hydrophobic hydration relies so far almost solely on
theory and simulations, due the fact that experimentally probing hydrophobicity at
the atomic scale is very difficult, and quantitative studies are not yet available.

We previously carried out a preliminary picosecond XAS study of multipho-
ton-excited aqueous iodide, which showed significant changes in the XANES
and EXAFS regions of the L; 3 edges 50 ps after excitation, suggesting an exten-
sive solvent rearrangement in the transition from iodide to iodine [166]. Soon
after, Elles et al. [167] reported a similar study on aqueous bromide excited into
the so-called charge-transfer-to-solvent (CTTS) bands by one-photon at 200 nm,
and probed the resulting neutral bromine atom was done at its K-edge using pico-
second hard X-ray pulses. Their recovered Br” K-edge spectrum showed shallow
features above the edge, making it difficult to extract a solvent shell structure.
For this purpose, they carried out Monte-Carlo simulations of the radial distri-
bution functions (RDF) of Br~ and Br¥, and found that indeed in the latter case,
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Fig. 1.14 a Normalized
static iodide L3 edge XAS
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the solvent shell structure is more diffuse and expands by ~0.5 A, explaining this
way the weak modulations of the spectrum above the Br® K-edge. Their RDF also
exhibited a small peak at shorter distances, which they attributed to formation of
a Br’...OH, charge transfer complex, although no signature of this complex was
found in the time-resolved X-ray signal.

Pham et al. [39] recently carried out a detailed ps and fs XAS study of photoexcited
aqueous iodide, which was complemented by detailed quantum chemical calcula-
tions and molecular dynamics simulations [39]. While the Li-edge (originating
from the 2 s core orbital) informs us about the electronic structure of the systems,
in particular via the appearance of the 2 s-5p resonance that becomes possi-
ble upon formation of neutral iodine, the L3 edge (originating from the 2p3,
core orbital) is ideal for probing the geometric structure of the solvent shell.
Figure 1.14 shows the static L3 iodide spectrum (solid line in (a)), the tran-
sient spectrum (b) and the recovered iodine spectrum (points in (a)). Dramatic
changes are observed which point to an extensive rearrangement of the sol-
vent shell. In order to quantify it, we carried out both classical and quantum
mechanics/molecular mechanics (QM/MM) molecular dynamics (MD) simu-
lations. The iodide solvent shell had already been described by QM/MM MD
simulations, [168] and the resulting RDF is show in Fig. 1.15 for both the I-O
and the I-H distances. Figure 1.15 also shows the RDF’s obtained by classical
and QM/MM MD for iodine. Both types of MD simulations show an increase
of the I-O distances from iodide to iodine, but the most dramatic changes
show up on the I-H RDF, where the first peak shifts on average by well over 1 A
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Fig. 1.15 1-O (a) and I-H (b) radial distribution functions (RDF) of aqueous iodide (red lines,
same as in [168]) and iodine for the classical MD (green lines) and the QM/MM MD (black
lines). The QM/MM MD simulations represent an equilibration over 15 ps with a single I~/
described at DFT level of theory. The I°-O/H RDFs were equilibrated for 10 ns in the CMD
simulations

from iodide to iodine. While for iodide the first peak of the I-H RDF lied at
smaller distances than that of the I-O RDF, for iodine it is at almost the same
distance as the first peak of the [-O RDF, but it is broader and has a long tail
extending to larger distances. Finally, the I-H RDF shows clear modulations in
the case of iodide, but the separation between solvent shells is less clear cut in the
iodine case.

All this indicates that the majority of the hydrogen atoms rotate and point away
from the iodine atom, contrary to the iodide case. We used these RDFs to simulate
the transient L3 EXAFS spectrum and both classical and QM/MM MD of neutral
iodine delivered a good agreement with the experimental data. The main result is that
the experimental data confirms the expansion of the solvent cage from I~ to I, with
an increase of the cage radius (measured on the [-O distance) of 5-20 % (depending
on the type of simulations). Furthermore the RDFs already suggest the formation of
a hydrophobic cavity as the water hydrogen atoms prefer now to point towards other
water molecules rather than towards the solute.

Sub-picosecond transient XANES spectra are shown in Fig. 1.16 where one
can note a broadening on the blue side of the features that appear at the L edge,
compared to the 50 ps transient. Based on quantum chemical calculations and
QM/MM MD simulations of an IO(H20)9 cluster in bulk classical water, this
broadening is caused by the occurrence of a weakly bound and short lived (few ps)
1°-OH, complex, whose 2 s-5p resonance is slightly blue shifted compared to
that of the uncomplexed Iodine atom due to the formation of a 3-electron bond
between iodine and water, therefore causing the observed broadening.

The simulations show that the lifetime of the complex is determined by the
time it takes to complete the formation of a cavity of hydrogen bonded molecules
around the solute (hydrophobic solvation) following electron abstraction from
iodide. This study showed the power of combining ps and fs XAS with high-level
quantum calculations and molecular dynamics simulations to unravel the complete
dynamics of the system.
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Fig. 1.16 a Normalized transient L; edge spectrum of photoexcited aqueous iodide at 50 ps
(black dots), 300 fs (red dots) and 850 fs (blue dots) time delays after excitation. b same as a
but for the transient L3 edge spectrum. The sub-ps transients were multiplied by a factor of 1.75
in order to match the value of the 50 ps transient at the maximum of the positive feature. The
insets show the time traces recorded with fs resolution at 5185.5 eV a and 4561 eV b, denoted by
arrows, together with their fits by a step function with a rise time of 250 fs corresponding to the
cross correlation of the optical and X-ray pulses

1.4.6 Towards Biological Systems

Metalloporphyrins are the basic constituents of a large class of biological systems
and play a central role in photosynthesis and in respiration [169]. Time-resolved
XAS should solve a number of important questions concerning their relaxation
pathways and mechanism after photoexcitation. Indeed, similar to the above pre-
sented Iron(II)-polypyridine complexes, metalloporphyrins contain several opti-
cally silent metal-centred (or so-called d—d states), which can be accessible by
XAS.

Chen et al. pioneered the study of metalloporphyrins in solution [55, 59,
170-172]. They first studied the ligand (L) photodissociation of [Ni(tpp)L2]
(Ni(tpp) = Nickel(ii) tetraphenylporphyrin and L = axial piperidine ligand, which
was also the solvent in their study), and their recoordination with 14 ns resolu-
tion using synchrotron X-ray pulses [171]. The process has a time constant of
28 ns, which is sufficiently long to be resolved. They demonstrated time-resolved
XAS measurements for dilutions as low as 1 mM, which are important for biol-
ogy. They also found that the photodissociation intermediate is square-planar
under their time resolution limit. Next, they investigated the structure of the unli-
gated nickeltetramesitylporphyrin (Ni'!'TMP) in the excited triplet state. Here the
idea was to resolve the transient electronic structure. Indeed, The electronic con-
figuration of Ni(II) (3d®) in an almost square-planar ground state So has an empty
3dx?-y? molecular orbital (MO) and a doubly occupied 3dz> MO. Upon Sy — S
transition, the S; state is believed to decay to an intermediate state T state that
then undergoes vibrational relaxation to a relaxed T; triplet state, with a presumed
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Fig. 1.17 a Ni K-edge XANES spectra of NiTMP; inset: pre-edge region. Black, laser-on at
t = 100 ps; green, laser-on at t = 100 ps; and red, the T1 state spectrum; t = delay time). The
X-ray absorption near-edge structure (XANES) spectra of the Ni K-edge is rotated counter-
clockwise by 90° from the conventional display with highlighted regions enlarged showing the
pre-edge region for the 1 s — 3d transitions, and the transition edge region for the 1 s — 4pz
transitions

3(3dx>-y?, 3dz?) configuration, where 3dx2-y? and 3dz> MOs are each singly occu-
pied. The T state returns to the ground state in approximately 200 ps.

By ps XANES (Fig. 1.17a), Chen et al. found a single peak appears in the pre-
edge region due to the 1 s — 3dx>-y? transition in the Sy state, while two peaks
due to the 1 s — 3dx?-y? and 1 s — 3dz? transitions are observed in the excited
Ty state, showing for the first time that indeed the latter has two singly occupied
3dx?-y? and 3dz> MOs (Fig. 1.17b), which was only know from quantum chemical
calculations. These results show the power of time-resolved XAS at unraveling the
electronic structure of transient species that are optically silent. In addition, from
the EXAFS they also obtained the geometry changes of the excited system, as well
as following the ligation processes that occur with some solvents [173].

The next stage along this line of results is the study of metalloproteins and in
particular, haemoproteins. As a matter of fact the first time-resolved XAS ever to
be carried out were on ligated myoglobins, [121, 174—179] but were all limited to
the microsecond time scale. This time resolution is sufficient for the CO ligand,
and for other ligands if the system is at low temperature, which was the case in
some of these studies. To get at the dynamics at room temperature, one would
need to reach the ps, and possibly the fs tme resolution [180-183]. In order to
reach the ps resolution and exploiting its enhanced sensitivity, the Lausanne group
implemented the high repetition rate scheme described in Sect. 1.2 and [115]. A
first result on the photodissociation of CO from carboxymyoglobin (MbCO) is
shown in Fig. 1.18. Because of the long recombination time of CO to Mb (mil-
liseconds), this results was not obtained with the pulse-to-pulse data acquisition
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Fig. 1.18 Transient XAS of 2 mM MbCO collected in fluorescence mode. The sample was
excited at 532 nm. The black curve represents the difference XAS based on the static spectra of
deoxyMb and MbCO and scaled by 21 % (after [115])

described in Sect. 1.2. Rather the spectra were accumulated at tens of ps time
delay with and without the laser on. Figure 1.18 shows that the transient spectrum
is similar to the difference of the ligated minus unligated (deoxy form) spectra
of Myoglobin, confirming that the data acquisition strategy is sound. This study
was then extended to probing the recombination dynamics of MbNO, whose time
scale is about 200 ps. This was done using the pulse-to-pulse data acquisition and
the results fully confirm the recombination time derived from optical-only studies
[184]. These first results confirm that ps XAS can be implemented on biological
systems and open the way to the study of ligand dynamics with time resolution of
better than 100 ps. They are also important forgoing studies for the preparation of
experiments to be carried out at the X-ray free electron laser.

1.5 Conclusion and Outlook

The above review presented the recent advances in picosecond and femtosecond
X-ray absorption spectroscopy but it is not exhaustive. The more recent activities of
the Argonne group on molecular systems in liquids have been reviewed in [59]. This
review also does not include the numerous ps and fs XAS studies carried out on
solid materials, which have led to a wealth of new results in condensed matter phys-
ics on highly correlated systems, [42, 185—187] on semiconductors, [188] on phase
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transitions, [100, 101, 189—-192] defect formation in solids, [193] and on the spin
dynamics in materials [194].

Ps XAS (and to a lesser extent fs XAS) can be considered as a routine tech-
nique that can be implemented to a large class of molecular systems in solution,
but also to the probing of atomic ions in solutions, as recently demonstrated in
the case of aqueous lodide [166] and Bromide [167]. These studies presented
above, have been limited to the systems containing heavy atoms, since the solvent
absorption is weak in the hard X-ray range. Furthermore, they have been limited
to chemical systems, even though the desire to carry out studies on biological sys-
tems in physiological media has been stressed in the introduction to the technique,
and as already mentioned, the first time-resolved XAS was carried out on biologi-
cal systems [121]. Such studies are still commonly being carried out with milli- to
microsecond resolution [148, 149, 170, 178, 179, 195, 196]. One of the aims of
current efforts is to extend them to higher temporal resolutions.

Several exciting prospects are on the way thanks to recent developments in the
implementation of methodologies:

a. All the above experiments were carried out using a pump laser at 1 kHz repeti-
tion rate, while the storage ring operates at MHz repetition rates. This implies
that typically 10° X-ray photons remain unused. The implementation of high
repetition rate lasers (running at hundreds of kHz) that match an integer frac-
tion of the storage ring repetition rate, combined with microfocussing of the
X-ray and laser beams (this is possible at several synchrotron beam lines) allow
a significant increase of signal to noise, and therefore, the possibility to reduce
the data acquisition times and to work at much lower dilutions that in the pre-
sent situation (tens of millimolar), thus approaching the concentration of bio-
logical samples [115]. In addition the compactness of the high repetition rate
laser systems allow for a large flexibility in portability and simplification of
the experimental set-up. Last but not least, the use of the high repetition rate
laser allows for new experiments such as X-ray emission (XES), [197] resonant
inelastic X-ray scattering (RIXS) and X-ray diffraction (XRD) and scattering
(XRS). As a matter of fact, recent work by Bressler et al. [198] have indeed
shown all these capabilities.

b. Now that femtosecond XAS been demonstrated [36, 38, 39] thanks to the slic-
ing scheme, more studies should be possible. However the main limitation of
the slicing scheme is its very low flux, and more hope is now put on the free
electron lasers which deliver orders of magnitude more flux. Recently, femto-
second resolved XAS spectra at the Fe K edge were recorded at a commission-
ing beamtime at the LCLS Stanford, demonstrating very short data acquisition
times [199].

c. Extension of time-resolved XAS to the soft X-ray regime [57, 58], and the
recent results by Huse et al., both in the ps [119, 120] as well as the fs time
domain [37], show the anticipated returns from such a technique. The recent
static soft X-ray studies of biological systems in physiological solutions [200]
also open the way to their study in the time domain. Furthermore, the recent
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demonstration of a strong interaction of aqueous solvents with metal centres
in various types of complexes, offers a new way of probing the role of the sol-
vents in affecting the electronic structure of solutes, [201] but here again, when
transferred to the time-domain these studies will deliver an additional degree
of insight. These approaches have already yielded a wealth of new results on
chemical systems.

d. Core-level spectroscopies, such as Auger spectroscopy, X-ray emission spec-
troscopy (XES), ultraviolet photoelectron spectroscopy (UPS) and X-ray pho-
toelectron spectroscopy (XPS) are very well established techniques to probe
the electronic structure of molecular systems, and have also been implemented
in the static mode on high vapour pressure liquids [118]. Their extension into
the time domain is also underway, and recent femtosecond UPS results were
reported on various species in solution using a high harmonic VUV source,
[202-205] while the first ps XES and RIXS studies on [Fell(bpy)s] have also
been reported [197, 198].

In conclusion, the prospects are bright for ultrafast X-ray absorption spectroscopy
studies. While the upcoming X-ray free electron lasers offer a dramatic increase
in flux and time resolution, with very exciting prospects, accessability is limited
since these are single user machines. Therefore, synchrotrons will remain the main
source of X-ray photons for such applications, especially that they will allow pre-
liminary and complementary studies to those carried out at XFELs.
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