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I. INTRODUCTION

The advent of structural techniques such as X-ray, electron and neutron diffraction,
nuclear magnetic resonance (NMR), and X-ray absorption spectroscopy (XAS)
has made it possible to directly extract the structure of molecules and condensed
matter systems, with a strong impact in physics, chemistry, and biology [1-7].
However, the static structure of the systems under study means that often the
mechanisms underlying their function are unknown. Thus, from the early days of
femtochemistry, efforts were deployed to implement these structural tools in time-
domain experiments [8-11]. Since the first implementation of XAS in a pump-
probe type experiment [12] in the micro- to millisecond range, time-resolved XAS
has emerged as the method of choice for the study of local structural changes
of molecules in solution. The wealth of electronic and geometric information
available from an X-ray absorption spectrum has led to its implementation for the
study of a wide variety of systems [1-7,13-22].

An X-ray absorption spectrum is characterized by absorption edges, which re-
flect the excitation of core electrons to the ionization threshold and is consequently
element specific. For a particular edge, an electron is initially excited to unoccu-
pied or partially filled orbitals just below the ionization potential (IP) giving rise
to bound-bound transitions, which form the pre-edge features. This region, thus,
yields information about the nature of the unoccupied valence orbitals, as the tran-
sition probability is governed primarily by the atomic dipole selection rules. Above
the IP, resonances show up due to interferences of the photoelectron wave from the
absorbing atom with the wave scattered back from the neighboring atoms. When the
kinetic energy of the electron is large, that is, well above the edge, single scattering
(SS) events usually dominate, as the scattering cross section of the photoelectron is
small. This region is called the extended X-ray absorption fine structure (EXAFS)
region and it delivers information about coordination numbers and the distance
of the nearest neighbors to the absorbing atom. In contrast, at low photoelectron
energies (<50 eV above the edge) contained within the X-ray absorption near-
edge structure (XANES) region, resonances arise primarily from the interference
of scattering pathways between multiple atoms, that is multiple scattering (MS).
This region contains information about the three-dimensional structure around the
absorbing atom, i.e. coordination numbers, bond distances, and bond angles.



RECENT ADVANCES IN ULTRAFAST X-RAY ABSORPTION SPECTROSCOPY 3

The methodology for time-resolved XAS has been developed at the beginning
of the 2000s [8,9,11,23-30]. It generally consists of an optical pump/X-ray probe
experiment operating in a transient absorption geometry, where the laser-induced
changes in the sample X-ray absorption coefficient are probed by the X-ray pulse
as a function of energy and time delay with respect to the laser pulse. In most
cases, the X-ray absorption-induced changes are recorded on a pulse-to-pulse ba-
sis with the X-ray transmission through the sample being recorded at twice the
repetition rate of the laser [26,31]. In such cases the laser pulse is from an ampli-
fied femtosecond system operating at 1 kHz, in order to ensure a high photolysis
yield, and the X-ray synchrotron pulses (typically 50-100 ps long) are recorded
at a repetition rate of 2 kHz. This implies a significant loss of X-ray flux since
synchrotrons operate at MHz repetition rates. In recent years the methodology
for time-resolved XAS studies has seen significant developments in both tempo-
ral resolution and signal-to-noise ratio (S/N). In particular, the implementation of
the slicing scheme [32] has made it possible to demonstrate femtosecond XAS
of photoexcited species in solutions [33-36]. In addition, a scheme using a high-
repetition rate pump laser, operating at an integer fraction of that of the storage
ring [37-39], has allowed exploitation of up to two orders of magnitude more
X-ray photons than previous schemes based on the use of kHz lasers for
picosecond (ps) XAS experiments. Consequently this has led to over an order
of magnitude increase of S/N compared to the previous schemes. Finally, the
advent of the X-ray free electron lasers (X-FELS) is opening new opportunities in
the area of structural dynamics [40-42], as X-FELs have a 10 orders of magni-
tude larger flux per pulse, compared to the slicing scheme at comparable temporal
resolution.

The complex mechanism behind the origin of X-ray absorption spectra means
that their analysis is inextricably linked to detailed theoretical simulations, tra-
ditionally performed using MS theory within the limits of the muffin-tin (MT)
potential [3]. This approach is computationally very efficient and sufficient when
the photoelectron is not sensitive to the details of the potential near the ioniza-
tion limit. However, the limitation of the MT approximation close to the edge
means that such calculations cannot always interpret the entire spectrum, par-
ticularly the near-edge region. The above experimental developments as well as
continuous improvements in the instrumentation are enhancing the sensitivity of
both static and time-resolved XAS experiments, thanks to which finer details of
the spectra are uncovered. This calls for more detailed theoretical approaches
and the last decade has witnessed significant developments, in particular for the
simulation of X-ray absorption spectra beyond the MT potential. These include
traditional electronic structure methods extended to core hole excitations
[43-45]. In addition, there has been extensive work to move beyond the quasi-
particle approximation (QPA), which treats the excited electron as a single particle
moving in an average potential. Many-body effects, which arise from the break-
down of this approximation, such as the intrinsic and extrinsic losses [3], have until
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recently been accounted for using a phenomenological broadening of the calcu-
lated spectrum [46].

There are already several excellent reviews on both static and time-resolved
X-ray absorption spectroscopy [1-3,5-9,11,23,28-30,45]. Therefore, here we
focus on the most recent experimental developments and the various state-of-
the-art theoretical tools for static and time-resolved XAS of species in solution.
This chapter is organized in the following way: In the first section, we recall the
basic aspects and recent developments of the XAS methodology. This is followed
by a detailed summary of the theoretical approaches for simulating X-ray absorp-
tion spectra, before finally presenting some recent highlights.

Il. EXPERIMENTAL METHODS

The measurement and analysis of X-ray absorption fine structure (XAFS) data are
asignificant challenge [2,47] and therefore an effective analysis requires a detailed
attention to possible systematic errors. Experimentally this type of spectrum can
be realized in several ways, each with its own advantages and disadvantages. In the
following sections, the two most commonly used detection methods are discussed,
followed by their extension into the time domain.

A. Steady-State XAS
1. Transmission and Fluorescence Detection Modes

The simplest and most common method of measuring the X-ray absorption
coefficient is X-ray transmission. Using a tunable monochromatic X-ray beam
(AE/E ~ 0.015%) both the transmitted (/;) and incident (Ip) X-ray signals are
measured as a function of incident photon energy [1-3,29,30]. These signals are
often measured with ion chambers, where the gas mixture can be varied to maintain
detector linearity, or with diodes. The X-ray linear absorption coefficient w(E) (in
cm~1) is then derived from the Lambert—Beer law:

A =n(e)-a=nn () @
I

where d represents the sample thickness. In principle, w(E) refers to the total
absorption coefficient of the sample, which includes not only the absorber atom
but also the environment in which the absorber is contained, along with coherent
inelastic Compton scattering.

In contrast, it is sometimes advantageous to measure w(E) by monitoring pro-
cesses that are proportional to the absorption coefficient, such as the X-ray to-
tal fluorescence yield (TFY) or the total (Auger) electron signal emitted by the
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sample [49]. These are particularly useful when the signal of interest contributes
only a small fraction to the total absorption, or when the sample transmission is
very large. The fluorescence and Auger signals are due to the absorbing atom
only, and in a careful geometrical arrangement, the elastically scattered photons
can be discriminated against resulting in a close to background-free measurement.
Photon-counting detectors, such as avalanche photodiodes (APD) or photomul-
tiplier tubes (PMT), are often used. If energy-resolving detectors are used (e.g.,
silicon drift detectors) the elastically scattered photons, which are of higher en-
ergy than the fluorescence photons, can be discriminated against improving the
sensitivity of the measurement even further.

For fluorescence yield detection, the measured signal, Iz, is proportional to the
absorption coefficient w( E), but needs to be corrected for the fluorescence quantum
efficiency and geometrical factors. As depicted in Fig. 1, the fluorescence yield is
proportional to the X-ray intensity 7 at the point of absorption and the fluorescence
efficiency ea. Therefore, given a measured fluorescence flux at position y, the
signal is given by

Is = IOMA(E)GA . e_M(E)y . e—u(Ef)z (2)
where ua(E) is the absorption coefficient of the absorbing atom, z is the escape

depth, w(E) is the total absorption coefficient including the environment around
the absorbing atom, E is the photon energy of the incident beam, and Ej is the
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Figure 1. The two most commonly used experimental configurations for measuring XAS are
(a) transmission and (b) fluorescence yield modes. Figure from Ref. [48].
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emission energy of the fluoresced photon. After integration over y and z and using
the geometry shown in Fig. 1 (& = ® = 45°) [48], one arrives at

lona(E)en )+ u(EDN
f= 1—e ¥ HALS 3
GRSl ) ®)

where d’ = d/ sin(45°). The fluorescence intensity is thus directly proportional to
the absorption coefficient of the absorber, but in addition, the geometrical factors
and the quantum efficiency are now included. The above equation can be further
approximated in two different experimental limits: the thick-sample [49] and the
thin-sample [50] limits. However in both cases, the resulting X-ray fluorescence
can be directly related to the changes in the absorption coefficient of the central
absorbing atom and thus it should yield quantitatively the same XAS spectrum, as
recorded by X-ray transmission [51].

In general X-ray signals are normalized such that the signal well before the
absorption edge is set to zero and the post-edge signal is set to 1. This allows
more straightforward analysis and comparisons of signals across experiments and
to theory. All X-ray signals presented in this chapter are normalized this way.

B. Time-Resolved XAS

1. General Setup

Time-resolved XAS experiments are implemented within the laser-pump/X-ray-
probe scheme, for which a generalized setup is shown in Fig. 2. Here, an ultrashort
laser pulse starts a chemical reaction and a delayed X-ray pulse probes the changes
induced in the system by the photoexcitation. The detected transient XAS signals

Sample chamber |

( 1 | )
Total fluorescence o
yield detector Transmission
‘ XAS detector
Laser
source | \/L
—
At
Sample
X-ray 1/ v
source Total fluorescence
q tIO ; yield detector
etector { )

Figure 2. Sketch of the time-resolved XAS setup for the study of liquid samples. The continu-
ously refreshed sample can be a flow capillary, a flow-cell, or a high-speed liquid jet.



RECENT ADVANCES IN ULTRAFAST X-RAY ABSORPTION SPECTROSCOPY 7

will contain all the photoinduced electronic and structural changes between the
ground state spectrum and the excited state spectrum. However, the use of an X-ray
probe in contrast to an optical probe introduces some specific conditions [8,25,31].
These are as follows:

* An X-ray pulse contains ~10% — 108 photons, much less than a typical ul-
trashort laser pulse that can contain >10° photons nJ—. This necessitates an
optimization of the sample and the detection system to minimize the number
of X-ray photons required to measure a given X-ray absorption cross sec-
tion with the highest possible accuracy, thus maximizing the S/N [8,28]. The
closer the measurement to the shot-noise limit, the more efficiently it can
detect small XAS changes.

e The Absorption Cross Section of X-rays. Hard X-ray absorption cross sec-
tions are typically two to four orders of magnitude smaller than optical cross
sections; therefore, the interaction of the sample with the X-ray probe pulse
is weak, yielding small X-ray signal changes. Conversely the optical density
(OD) of the sample at visible wavelengths is often quite high, resulting in a
significant difference between the laser and the X-ray absorption that is far
from ideal. Maintaining a balance between the maximum possible X-ray ab-
sorption and an optical density that will absorb 90% of the laser photons can
be challenging since external factors, like sample solubility, can also affect
the conditions.

e To ensure that the X-rays are probing the photoexcited region of the sample
they need to be focused to a spot size smaller than that of the laser focus.
The laser focus size determines the excitation fluence (mJ cm~2), which
is related to the population of the excited state. At typical third-generation
bend magnet beamlines, X-ray foci are in the 100-300 wm diameter range.
The divergence of the X-ray beam is inherent to the source properties and
limits its brilliance. This generally restricts the experiment to a large laser
spot size, which requires high pulse energies to maintain sufficient fluence
and places limitations on the laser sources used for the experiments. An
alternative approach, which is available at some insertion-device (wiggler,
undulator) beamlines at third-generation synchrotrons, is to use specialized
X-ray optics, for example, Kirkpatrick—-Baez focusing mirrors [52-55] or
zone plates [56,57], which can significantly reduce the X-ray focal size down
to the 1-10 wm range. This allows the use of more diverse laser sources and
wavelengths.

 Thetypical X-ray flux available ata third-generation synchrotron is composed
of a train of X-rays pulses (the multibunch, Fig. 3), generally separated by
a few nanoseconds (ns). In order to perform pump-probe measurements,
an isolated probe pulse must be used. The approach taken by many light
sources is to place an isolated electron bunch into the ion-clearing gap of the
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Figure 3. Plot of the X-ray fill pattern at the Swiss Light Source showing the isolated hybrid
pulse, the photo excitation laser pulse, the multibunch pulse train, and the ion-clearing gap.

fill pattern (Fig. 3). This gap is typically ~200 ns long so with fast X-ray
detectors, such as APDs or PMTSs, it is possible to measure only the X-ray
pulse from this isolated bunch (so called hybrid pulse), allowing a pump-
probe experiment to achieve a time resolution limited by the duration of this
X-ray pulse (~50-100 ps).

Data acquisition of time-resolved XAS signals is based on the measurement of
transient absorption spectra, which is the difference between the absorption of the
excited sample minus that of the unexcited sample. Briefly, the XAS signal at a
specific X-ray energy and pump—probe time delay is recorded at twice the laser
repetition rate, alternating between the signal from the excited sample (pumped)
and that from the unexcited sample (unpumped). At the Swiss Light Source (SLS)
synchrotron (Villigen, Switzerland), the pulse is delivered at a repetition rate of
1.04 MHz. In addition, a zero measurement is made for every X-ray measure-
ment by reading the detector signal in the gap where no X-rays are present. This
electronic zero level is then subtracted off the corresponding X-ray signal to com-
pensate for any drifts over time of the data acquisition baseline. The signals pro-
vided to the user correspond to the pumped XAS signal (I, = [I,]X™™® — [1,]?),
the unpumped XAS signal (Iunp = [Lunp]*™® — [Lunp]?®™) and the pulse-to-pulse
difference signal of pumped-unpumped with the zeros being ignored as the elec-
tronic baseline will have no time to drift during the interval separating the two
X-ray measurements (Igisg = [Ip]*™"® — [Iunp]*"™®). The reported measurements
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can be either simultaneously or separately performed in transmission and/or in
fluorescence yield modes. For this dual-mode detection, the results can be aver-
aged to achieve a more efficient data collection and a better S/N; however, this
requires a proper definition of the transient spectra recorded in both modes and
their comparison, which we will now demonstrate.

2. Interpretation of the Transient Signal

The transmitted X-ray intensity can be defined, as in the static case, by the Lambert—
Beer law with a slight modification with respect to the photo excitation yield f.
If the sample concentration is nsam (in particles mm~2), then the excited state
concentration in the laser-excited volume is f - nsam, averaged over the sample
thickness d. Given the low X-ray flux available in these experiments, the probing
process is linear (this may be reconsidered in the case of X-FELS); therefore,
using the Lambert—Beer law, and expressing the transmitted X-ray intensity I; as
a function of the fraction of excited state species and the remaining ground state
species, (1 — f) - nsam, One obtains

It — IO . e—(l—f)"samffgrd . e—f"samoexcd . e—"samaresd . e—nsoIUsold (4)

where ngo) and nggm are the solvent and sample concentrations, respectively, oo
is the X-ray absorption cross section of the solvent molecule, ogr and oy are the
X-ray absorption cross sections of the absorbing atom in the ground (unpumped)
and excited state (pumped) at a given X-ray energy, respectively. ores accounts
for the X-ray absorption of all residual atoms present in the molecule. Setting
Aoex = 0ex — ogr and oyotal = ogr + Ores, We can rewrite Eq. (4) as follows:

It — 10 . e—"samUtotald . e—f"samAUexcd . e—nsolasold (5)

Here, the transmitted X-ray intensity is described as a function of the excitation
contribution to the signal: e~ fsamAvexcd The transient absorption signal can then
be defined as the logarithmic ratio of the unpumped X-ray transmission to the
pumped X-ray transmission:

Linp(E)
IJ(E, 1)

AAT(E. 1) = AJ(E. 1) = Ajpp(E) = In ( ) = f - nsam - Acexc -d (6)

where the subscripts p and unp represent the X-ray transmission of the pumped
and un pumped sample, respectively. In a similar way, we can define the transient
pump-probe signal detected in fluorescence yield mode as

15 (E, t AAT(E, ¢
M=6A-f-nsam-A0exc-d=# 7)

F —
AIT(E, 1) = Io(E) A
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This establishes the relation between the transient signals measured in transmis-
sion, AAT(E, 1), and fluorescence, AIF(E, r), modes under the thin-sample limit
condition [48]. Both signals are identical apart from the constant factor 1/ea,
which accounts for the fluorescence yield probability.

Importantly, this demonstrates that the excitation yield is a critical factor for
the accurate characterization of the XAS spectrum of the excited species [28]. It
must be precisely known, and since it is rarely measured during the optical pump/
X-ray probe experiment, it has to be extracted from a separate optical pump/optical
probe measurement under similar conditions. It is important to emphasize that, if
the product XAS spectrum is to be accurately extracted, the excitation yield cannot
just be estimated from the sample characteristics (optical absorption coefficient,
concentration, etc.) and the laser pulse parameters, since this ignores other losses
in the sample including scattering and nonlinear absorption contributions.

C. Sources of Ultrafast X-ray Pulses and Data Acquisition
1. Picosecond XAS

As previously noted in Section I, until very recently all time-resolved XAS exper-
iments were performed with the pump laser operating at kHz repetition rates. This
means that typically 10° of the X-ray pulses are wasted, as synchrotron pulses are
delivered at MHz repetition rates. This is a major limiting factor in the achiev-
able S/N of the experiments, which as previously discussed is already a significant
challenge. This not only reduces the accuracy of the structural analysis but also
places the restriction that samples must have solubilities in the range of tens to hun-
dreds of millimolar (mM) (mmol L~1) and large optical absorption cross sections
(OD > 1).

In order to exploit all the available hybrid X-ray pulses, a setup was recently im-
plemented [37] using a ps pump laser having a variable repetition rate that can run
at 520 kHz, that is, half the repetition rate of the SLS (1.04 MHz). This represents
the most efficient use of all the available isolated pulses, but the laser repetition
rate can also be decreased if required due to sample relaxation times (> 1 ps) or
if higher laser pulse energies are desired. Provided the conditions (laser fluence,
incident X-ray flux per pulse, sample concentration, thickness, etc.) are similar
to those of the previous 1 kHz experiments and assuming that the predominant
source of noise is the shot noise of the X-ray source, an increase of +/520 ~ 23
in S/N can be expected, resulting in significantly shorter data acquisition times. In
fact, an increase of 25-30 was determined in calibration experiments [37]. Sim-
ilar high-repetition rate pump—probe schemes have in the meantime been imple-
mented at the Advanced Photon Source synchrotron (Argonne, USA) [38] and the
Elettra synchrotron (Trieste, Italy) [39]. Better time resolution can be achieved
while maintaining the improvements of the high-repetition rate technique by
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taking advantage of specialized synchrotron modes such as the low-alpha mode
[58] or unique ring modifications such as the crab cavities [59,60]. Unfortunately
both of these techniques will only reduce the pulse duration down to a few ps and
this improvement in time resolution comes at a cost in X-ray flux. Subpicosecond
resolution is achievable at synchrotrons using the slicing scheme that operates at
kHz repetition rates, as discussed next.

2. Femtosecond XAS: The Slicing Scheme

In order to extract fs X-ray pulses from a storage ring, the slicing scheme [32,61,62]
was developed, which is based on scattering a femtosecond laser pulse from a
relativistic electron bunch within the storage ring [63]. The ultrafast laser pulse
copropagates with the electron bunch through a specially designed wiggler and
modulates the electron energies of a “slice” of the 50-100 ps long bunch. The slice
duration is approximately the temporal width (50-100 fs) of the slicing laser pulse.
The electrons are then sent through a chicane that spatially separates them as a
function of energy, followed by propagation through an undulator that generates
the X-rays. Because the sliced X-rays are spatially separated from the main core
beam, it is possible to use spatial filters to isolate the fs X-ray pulses and use
them for measurements. The resulting pulse duration at the SLS slicing source is
170 fs [62]. The drawback of this scheme is the drastically reduced X-ray flux,
which is typically a thousandth that of a typical synchrotron pulse. This decrease
in flux makes XAS experiments quite challenging, due to the requirements for
energy resolution (<2 eV) but for ultrafast X-ray diffraction, the slicing scheme
has proven very successful [64-73], as a high energy resolution is not required.
The slicing scheme at the SLS was first applied to XAS at the Fe K-edge (~7 keV)
for the study of Fe(ll)-based complexes in solution undergoing a light-induced
ultrafast spin crossover [33]. It has also been extended to the soft X-ray regime by
Huse et al. [36] in their study of the same process at the Fe L edges (700 eV).

3. Future Developments: X-FELs

The advent of the X-FELs offers new and exciting opportunities for structural
dynamics in solution chemistry and biochemistry [41,74,75]. These sources de-
liver coherent X-rays in the wavelength range 0.1-10 nm and temporal width of
10-100 fs, with a peak brightness over 101 times that of a third-generation syn-
chrotron. In particular for XAS, X-FELs make it possible, in principle, to follow
chemical dynamics of molecules in solution on ultrafast timescales, with very high
S/N. However, restrictions due to photon energy tunability and the stability of the
spectral and temporal characteristics of the source still need to be improved to make
them usable for such studies. Indeed, the FEL photon energy can fluctuate outside
its own bandwidth from shot to shot, resulting in ~100% intensity fluctuations



12 THOMAS J. PENFOLD ET AL.

after the monochromator [76]. In addition, timing jitter between the excitation
laser and the X-FEL has limited the temporal resolution thus far to ~300 fs,
though recent improvements make it possible to rebin data using a shot-to-shot
cross-correlator, resulting in 120 fs time resolution [77]. Therefore, at present,
synchrotrons remain the most reliable source of X-ray photons for time-resolved
XAS, although this situation may change in the near future. Combined with the
slicing scheme or an ultrafast X-ray streak camera [78-81], they will continue to
provide the subpicosecond to picosecond time resolution. It is also important to
note that although the per-pulse X-ray flux is much higher at X-FELSs, the average
flux per second is comparable, or even lower than at undulator-based synchrotron
beamlines (1012 photons s~1).

The first femtosecond X-ray absorption spectra obtained using an XFEL have
recently been published [82].

I11. THEORETICAL APPROACHES FOR XAFS

As for all spectroscopies, the starting point for calculating an X-ray absorption
spectrum is the Fermi Golden Rule (FGR)

1(E) oc 2y (W] Hine Wi) |*8(Eif — heo) ®)
f

It describes the transition from an initial state (\W;) to a final state (W), where in
both cases W represents the full many particle wavefunction. Hin is the interaction
Hamiltonian, typically within the dipole or dipole + quadrupole approximation.

In contrast to simulating valence level spectroscopy, the necessity to accurately
describe both the localized core electrons and the diffuse continuum states presents
asignificant computational challenge. In addition, many-body effects are often im-
portant, but their inclusion is far from trivial. The development of MS approaches
[3,83,84] revolutionized this domain, making it possible to simulate the whole
spectrum in a computationally efficient manner. So far, most of these implemen-
tations have been within the limits of the MT approach, which approximates the
potential as nonoverlapping spherical cells centered at each atomic site. For EX-
AFS spectra this gives a good agreement with experiment because at energies well
above the edge, the photoelectron is not sensitive to the finer details of the potential
near the IP. However, and in particular with the improvement in the quality of ex-
perimental data, the MT approximation is often no longer sufficient to describe the
fine details of the XANES spectrum. This is vital for understanding time-resolved
experimental signals because the largest changes occur in the XANES region of
the spectrum. These limitations have led to an intense effort in theoretical devel-
opments culminating in dramatic progress over the past decade. In the following
section, we give a description of the theoretical approaches for simulating X-ray
absorption spectra, detailing the current status and recent progress.
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A. Structural Analysis: The EXAFS Region!

Extracting the fine structure oscillations associated with the EXAFS spectrum is a
critical step and a thorough understanding of the theory is a prerequisite for a mean-
ingful analysis. However, it is not our intention to present this here, and instead, we
refer the reader to previous reviews [6,85] and commonly used methods [86,87].

Once extracted, the EXAFS spectrum can be routinely simulated using the
EXAFS equation [2,3,83]

2
x(®)=>" %We-“wm(k)e—zdzkz SiN(2kR,, + ) 9)
y 14
Here, y is the scattering path index with degeneracy N,,. The half-path distance and
the squared Debye—Waller (DW) factor are represented by R,, and o2, respectively.
In addition, feff(k) = | £ (k)| exp'?®) is the complex backscattering amplitude for
path y, ¢, is the central atom phase shift of the final state, and Ayt(k) is the
energy-dependent mean free path. S(z) is the overall amplitude reduction factor that
accounts for many-body effects (see Section I11.C).

This equation comprises two components, amplitude (the first three terms) and
phase (the final, sine term). The amplitude contains information about the nearest
neighbors (coordination), atomic species and disorder, while the phase component
consists of interatomic distance and a phase factor that has a k£ dependence arising
from an increase in the kinetic energy close to the atomic core [85]. Unfortunately,
both the amplitude and the phase depend only very weakly on the atomic species
and this means that it can be difficult to identify an unknown scatterer with precision
from an EXAFS analysis. For most chemical complexes this is not a problem
because their composition is known. However for larger systems of biological
interest this can be important, as was recently demonstrated for the nitrogenase
iron—molybdenum cofactor [88].

The resolution can be enhanced by scaling the spectrum in k-space with different
weighings (typically k, k2, or, k), but this does not generally help distinguish very
similar atoms, for example, C, O, N, and S. Funke et al. [89] and Munoz et al.
[90] have recently presented approaches based on a wavelet transform. This yields
a 2D correlation plot in both R- and k-space (analogous to a time—frequency
correlation plot). This can help distinguish atomic species, especially for atoms at
a similar distance from the absorber. Interestingly, the properties of wavelets are
making them increasingly attractive for molecular systems [91] and a method for
calculating the XANES spectrum within this basis has been implemented in the
BIGDFT [92] package. However, at present, we are unaware of any applications.

Following extraction of the EXAFS fine structure oscillations, the structural
information is usually refined using a fit of the spectrum, for which there are

1 The implementation of the wavelet transform has recently been done [93].
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numerous packages available [94-97]. Initially an EXAFS calculation is performed
to extract the details of the scattering paths. From these the most important are
selected and, in addition to variables including the amplitude reduction factor, the
Debye-Waller factor, and the phase shift, they form the parameter space to be
optimized.2 This is routinely performed for the EXAFS spectrum, but has recently
been extended for fitting the XANES spectrum [99-101]. This represents a more
challenging problem, in particular, for obtaining an accurate description of both
the spectral convolution (used to account for many-body effects) and the potential.
Most notably, the MXAN method [99] has been applied with success to fit a wide
variety of problems, including the heme protein myoglobin [17-19].

B. The Quasiparticle Approximation: Modeling the Near Edge

Simulations for the EXAFS spectrum are routinely performed and, because the
photoelectron is largely insensitive to the details and response of the potential,
agreement with the experimental spectra is generally good. The picture is some-
what different for the XANES spectrum for which the agreement is often qualitative
rather than quantitative. Solving the FGR using the full many-body wavefunction,
as described in Eq. (8), is obviously not possible and therefore the first approxima-
tion made is the so-called quasi-particle approximation (QPA). This assumes that
the excited electron propagates through a molecule, behaving as a quasiparticle
moving in an effective potential and, the Hamiltonian comprises the single particle
terms plus a self-energy operator (see Section I11.C.1). A physical illustration of
this approximation is that the XANES spectrum for K-edges can often be approx-
imated (within the dipole approximation) from the p density of states (DOS) of
the absorbing atom. This is because for these spectra the many-body effects tend
to be small. The simplifications brought about by the QPA has led to it becom-
ing the cornerstone of XANES calculations, making the FGR for such spectra a
tractable problem. In this section, we outline the most commonly used approaches
for simulating XANES spectra.

1. Green’s Functions and Multiple Scattering Theory

Insimulating X-ray absorption spectra, even within the QPA, the major limitation is
the requirement to calculate the final states. The most commonly adopted approach
is that of multiple scattering theory [3,83,102,103]. Here, instead of explicitly
calculating the final states, the FGR is expressed in terms of the photoelectron
Green functions, that is, of the ground state matrix elements. The power of this
approach lies in its ability to separate the final state into scattering sequences,
each sequence involving individual potential cells with free-particle propagation

2 In such procedures it is important to comply with the Nyquist criterion [98], describing the minimum
ratio of independent points compared to the number of fitting variables for a meaningful fit.
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between the events. This gives rise to the picture of multiple scattering of the free
photoelectron from sequential atomic sites, and therefore the resonances are often
described in this manner. However, it should be emphasized that this approach is
valid both below and above the IP and the scattering order represents the extent to
which the final state is distorted from the atomic symmetry of the absorber.

Within multiple scattering theory, the FGR [Eq. (8)] is rewritten in the form of
a sum of Green’s functions:

w(E) o —13 Z l(ile - rG(r, r’; E)e - Y'|i)|?8(Eif — Fiw) (10)
T

The propagator G(r, r’, E) can be expressed as contributions of the absorbing atom
(G°) and the surrounding atoms (G*°):

G(r,v';E) = G%r,V'; E) + G*(r, 1, E) (11a)
G*°(E) = GTG + GTGTG + - - (11b)
G*=(1-GT)G (11c)

G*¢ is then solved either as a sum over all MS paths [Eq. (11b)] or as a matrix
inversion, that is, full MS [Eq. (11c)]. G represents the free Green’s function
damped by the complex self-energy operator (see Section 111.C.1). The separation
of the propagator into individual scattering sites imposes that these calculations
are carried out at nonoverlapping potential cells; however, as demonstrated by
Williams and Morgan [104] there is no limitation on this shape, except the fact
that they are nonoverlapping. Difficulties in formulating a useable approach based
upon nonoverlapping potential cells means that such calculations have been so
far limited to the MT potentials. Recently, the spectra have been improved by
using overlapping MT [105]. When the overlap is around 10-15% the benefit can
remain greater than the error; however, this approach is mathematically incorrect
and these false improvements can hide structural or electronic information [106].
Importantly there have been attempts to extend traditional MS theory beyond the
MT potential. Most notably, a recent paper by Hatada et al. [84] presented a method
for full potential MS based upon space filling cells [107].

Despite the aforementioned limitations, multiple scattering theory provides,
for many cases, a satisfactory description of the X-ray absorption spectrum and
should always be the first calculation performed. Due to its wide application, there
has been considerable work aimed at overcoming the limitations and reducing its
computational expense, which are discussed in detail in Ref. [108].
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2. Beyond Spherical Potentials

At present, for systems that are poorly described within the limits of the MT
approximation, the most widely used alternative is the finite difference method
(FDM) near-edge structure (FDMNES) approach by Joly [106,109]. For these
calculations, the system is decomposed into three regions, (i) the atomic core,
(if) the continuum, and (iii) the valence region. The FDM is used to solve the
wavefunction in the important valence region, while the continuum (which has a
constant potential) is solved using a basis of Neumann and Bessel functions. The
atomic core is described using spherical harmonics, similar to the approach of the
MT potential. But in this case the spherical region is smaller than that typically
used in the MT approach. In fact it is only used to save the computational expense
associated with having the dense grid required to accurately describe the potential
close to the nucleus.

In solving the wavefunction in the FDM region the Schrddinger equation is
expressed as

neighbors
(—li+Vi—EWi+ > —ljy;=0 (12)
J
Here [;; is the Laplacian operator, composed of an approximation of the wave-
function around the grid point i using a fourth-order polynomial. In solving this
equation, particular care has to be taken to ensure a continuous behavior of the
wavefunction across the boundaries of the three regions.

This approach offers significant improvements to the MT potential, and its
applicability has been demonstrated on numerous molecular systems [110-113].
However, the major limitation is that these calculations are computationally ex-
pensive. This comes from the maximum angular momentum used to connect the
interstitial region to the outer sphere, given by

kr = V Imax(Imax+1) (13)

where k is the photoelectron wave vector and r is the cluster radius. In the absence
of symmetry, this limits its application to clusters of not more than 30 atoms [114].

Other approaches beyond the limitation of nonoverlapping potential cells have
been implemented using plane waves. The ability of plane waves to describe the
diffuse continuum states is well established [115-118]; however, pseudopotentials
have to be used for the core levels, meaning that these approaches often lack phys-
ical transparency. Hiitter and coworkers have extended their Gaussian augmented
with plane waves method [119,120] to core hole spectra [121,122]. This approach
benefits from describing the continuum states in a plane wave basis, while still
explicitly calculating the core states in an efficient manner within the Gaussian
basis. It has been used to calculate the spectra for bulk water and small organic
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complexes [123,124], and although promising, its applicability still needs to be
demonstrated on a large variety of systems.

C. Many-Body Effects

Despite the effectiveness of the QPA there are some significant failures that have to
be addressed in order to obtain an accurate description of the spectrum. These arise
from correlations between electrons, giving rise to many-body effects. These are
most commonly associated with the discrepancies between experiment and theory
for the L 3 edge spectra, which are reflected by deviations from the statistical (2:1)
branching ratio [125,126] and have been traditionally simulated using multiplet
theory [5,7,127].

In addition to multiplets, many-body effects are the origin of inelastic losses
(giving rise to the mean free path) [128], plasmon excitations, shake-up and shake-
down transitions [129], and the atomic X-ray absorption fine structure (AXAFS)
effect, which is due to the scattering of the photoelectron at the periphery of
the absorbing atom [130-132]. Since the scattering process is determined by the
binding energies of the electrons in the various orbitals, the AXAFS is likely to
change between the ground and excited state species in a time-resolved experiment.

These many-body effects are commonly subdivided into two groups, namely
extrinsic and intrinsic losses [3]. The former arise from the dynamically screened
exchange interaction between the photoelectron and the system, and they give rise
to physical variables such as the mean free path. In contrast, the latter denote many-
body excitations that are analogous to a higher order excitation expansion space
in configuration interaction (CI). At present, these effects are usually accounted
for in a phenomenological manner. At high enough energies, above the edge, the
sudden approximation is valid because the excited electron is no longer sensitive
to the fine details and response of the potential to the creation of a core hole. In this
case, the many-body effects can be estimated as the overlap between the N — 1
electrons not involved in the excitation:

S = [(wg¥ w12 (14)

SS is the amplitude reduction factor, as seen in the EXAFS equation and it usually
has a value between 0.8 and 1. Closer to the edge, one typically uses a Lorentzian
broadening function to describe the core hole lifetime and an energy-dependent
component to account for the inelastic losses [17,46,133]. These components have
a clear physical meaning and are not adjustable parameters. Despite its physical
basis this approach does not include the fact that extrinsic and intrinsic losses are
guantum mechanically indistinguishable and therefore interference effects close
to the edge will be important [134]. It is, therefore, desirable to be able to describe
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them in an ab initio manner, and recent progress in this respect are presented
hereafter.

1. The Self-Energy Operator

The most routinely used approach for including many-body effects is through the
self-energy operator (X), analogous to the exchange-correlation potential Vyc(0)
of density functional theory (DFT). This energy-dependent complex variable de-
scribes the inelastic losses and is added to the Coulomb potential in the single-
particle Hamiltonian [135],

2

o= ”7 + Veoul + Z(E) (15)

It consists of a real part accounting for the energy dependence of the exchange and
an imaginary part that yields the mean free path:
. k
S[E(E)]
In practice the Hedin-Lundqvist self-energy, Xy (E, p) [136,137], based on the
uniform electron—gas model, is most commonly used. This is written as

(16)

d
S(r,r',E)=5 / 2—wG(r, ¥ E— o)W, r, o) (17)
J 2=

for which the dynamically screened Coulomb potential matrix is W = ¢ v, where
€L is the inverse dielectric matrix and v is the bare Coulomb potential. If W is
replaced by v, then X in Eq. (17) becomes the Hartree—Fock (HF) self-energy. The
dielectric matrix is typically calculated within the single plasmon pole approxi-
mation of Hedin and Lunqvist [136-138]; however, close to the edge the energy
loss spectrum (I[e(w)~1]) is often broad and relatively structured and therefore
it is not well represented within this single pole approximation. To overcome this
limitation Rehr and coworkers have recently implemented a many-pole approach,
which is modeled to an ab initio dielectric constant over a selected spectral range.
The energy loss spectrum is then represented as a linear combination of these poles
in the form [128]

g 0] = 5 Y gjwi8(@ — w))(g) (18)
j

where g; = (2Aw;/mw;)3I[e(w;)71] is the strength of pole j; Aw; is the pole
spacing.

In addition to inelastic losses this model has been used, in conjunction with the
quasiboson model of Rehr and coworkers [134], to calculate the satellites and other
many-body excitations [134,139]. For this the quasiparticle spectrum is convoluted
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with an energy-dependent spectral function, composed of extrinsic, intrinsic, and
interference terms that are calculated from the many pole loss function [128,134].

2. Time-Dependent Density Functional Theory

Using the QPA, an X-ray absorption spectrum is simulated within the initial
(ground state configuration) or final (density in the presence of a core hole) state
rules [3]. To go beyond this, the cross section can be written as an interacting re-
sponse function, x [140] and therefore include the relaxation effects of the system
following the creation of a core hole. This can be solved using the Bethe—Salpeter
equation (BSE), which includes two-particle excitations (excitons), but is usually
computationally expensive [141]. Alternatively one can work within the frame-
work of time-dependent density functional theory (TD-DFT) [142-144]. Here,
the density response can be expressed in a Dyson form as

X =x0+ xo(+ fxe) x (19)

where g is the polarizability of the noninteracting (unperturbed) system. fxc is
the exchange-correlation functional, which, within the adiabatic approximation
(i.e., the time dependence is neglected and therefore the system has no memory
effects), is defined as 82 Exc[0]/80(r)8p(r'). Alternatively setting fxc — 0, Eq. (19)
becomes the time-dependent HF response, commonly referred to as the random-
phase approximation (RPA).

In the last decade, TD-DFT has become one of the most widely used methods
in quantum chemistry and is now routinely used to study the valence excitations of
molecules. In such cases, the density response of linear response time-dependent
density functional theory (LR-TD-DFT) is more commonly written in the form of
Casida’s matrix equation [144,145]:

EA0)=63)E) -

where X and Y represent excitation and deexcitation operators, respectively® and
the matrix elements A, _j» and B;,_j, are written:

Aja,jp = (€a — €i)8ai,jp + (ial fxc|jb) (21a)
Bia, jp = (ial fxcl jb)- (21b)

3 Equation (20) is often solved by neglecting the ¥ component. This is called the Tamm-Dancoff
approximation (TDA) [146]. The energetics within the TDA are usually indistinguishable from the
full treatment, and decoupling the excitations from the deexcitations simplifies the working equations.
However, within this approximation, the Thomas—Reiche-Kuhn f-sum rule (N = Z[ fi, N isthe
number of electrons) is not conserved, and therefore care should be taken when using the oscillator
strengths obtained.
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The labels i, j refer to occupied spin orbitals and a and b refer to unoccupied spin
orbitals. The solution of Eq. (20) yields the transition frequencies » and transi-
tion amplitudes X;,, Yiq, Which are used to calculate the dipole and quadrupole
moments [15].

Recently significant work has been deployed in extending this approach to
core hole spectra. Converting this expression from valence excitations to core ex-
citations is achieved by a projection onto a manifold of single core to valence
excitations [43-45]. This neglects the coupling to other excitations, however the
large energy separation that exists between the K-edge (transitions from the 1s
orbitals) and the other excitations makes this approximation reliable [15]. As a
result, these calculations yield transitions that give at least a qualitative, and often
quantitative, description of the preedge region of the spectrum under study. How-
ever, the absolute transition energies are typically shifted by 50-300 eV compared
to the experiment. This is primarily due to the use of the sudden approximation,
which neglects electronic relaxation upon ejection of the core electron. In order to
characterize the effect of this approximation, Ray et al. [147] performed a detailed
calibration of these errors and showed that for a particular atomic edge, the energy
shift is almost independent of the surrounding ligands within the limit of the same
calculation variables (i.e., basis set, functional etc.).

Although such calculation are not limited to the preedge region, most implemen-
tations use a localized Gaussian basis set, which are unable to describe the diffuse
continuum states. In addition, they are also subject to the same deficiencies as
valence excitations within TD-DFT, namely the well-documented charge-transfer
(CT) problem [148]. To illustrate this, Fig. 4 shows the simulated K-edge spectra
of [Mn(ll)(terpy)Cl3] with a varying amount of HF exchange [149], which reduces
the charge-transfer problem due to its nonlocal nature. Here, the intensity and posi-
tion of the 1s— 3d and metal-to-liquid charge transfer (MLCT) transitions change
dramatically upon increasing the percentage of HF exchange, a classic symptom
of the charge-transfer problem.

In the case of heavier elements, relativistic effects are important [150]. For
K-edges, the spin-orbit coupling (SOC) constant of the 1s levels is zero, meaning
that only scalar relativistic effects need to be accounted for. This can be efficiently
achieved using, for example, the zero-order relativistic approximation (ZORA)
[151,152]. However for L-edges this is no longer possible due to the strong SOC
of the 2p orbitals. The standard formulation of TD-DFT, within the adiabatic
approximation [144] is based upon pure density functionals, and therefore it can
only yield one of the triplet states, namely the transition that maintains the spin
guantum number, Ms. Fronzoni et al. [153] have extended the noncollinear (spin-
flip) TD-DFT scheme of Wang et al. [154,155] for core hole excitations, which
they applied to calculate the preedge L,/3-edge spectra of the TiCl; complex.
They obtained good agreement with the experimental spectra; however, this is a
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d° complex and although it can be applied to closed shell systems of this nature, it
cannot accurately describe the excitations for open shell and partly filled d-orbitals,
for which the multiplet effect is much larger, and single reference approaches such
as TD-DFT are no longer sufficient.

The above application of TD-DFT is focused on characterization of the preedge
transitions. However, as asserted earlier, this approach is not limited to this region
of the spectrum and can be used above the edge to go beyond the QPA. In particular,
Rehr and coworkers [156] have recently implemented a mixed model based upon
a local Kernel, employing TD-DFT within the adiabatic local density approxima-
tion (ALDA) exchange-correlation functional ( fyc = (r — )82 Exc[p]/8p) and the
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nonlocal part treated within the BSE. Here, the response Kernel is partitioned in
the forms:

K-, F, 0) = v(r, F) + fxe(r, 7, o) (22a)
KNY(r, ', 0) = W, r, 0) — fue(r, ', o) (22b)

The local, K-, can be recognized as the TD-DFT kernel [Eq. (19)]. The results
obtained using this approach, referred to as the projection operator method Bethe—
Salpeter equations (PMBSE), are formally equivalent to the BSE, but it becomes
increasingly difficult to implementas the photoelectron energy increases. To reduce
the computational expense one can treat only the local components, using the time-
dependent local density approximation (TDLDA) [156].

It is worth noting that, although it is generally considered that the nonlocal
and frequency-dependent components of the BSE are required to treat two particle
excitonic effects, recent work [157,158] has demonstrated that such effects can
be incorporated within specific forms of fyc, providing a very computationally
efficient way of obtaining the response. However, to our knowledge these have not
yet been applied to XAS.

3. Post-Hartree—Fock Methods

Finally, in a similar vein to TD-DFT adapted for core hole excitations, there has
been a significant amount of work extending post-HF methods into this domain.
Such methods, as is well known from standard valence excitations, describe the
excited state wavefunction as orders of excitation operators, giving a better descrip-
tion of multiplet effects. Nooijen etal. [159] and Coriani et al. [160] have developed
approaches based upon the coupled cluster theory. These provide a very accurate
description of the initial and final state wavefunctions, they are however presently
limited to small molecules.

Alternatively Asmuruf and Besley have proposed a method based upon con-
figuration interaction singles with perturbative doubles correction (CIS(D)) [161],
which is a second-order perturbative correction to single excitation configuration
interaction (CIS) [162]. For valence excited states, CIS(D) often provides a sim-
ilar accuracy to TD-DFT; however, because it includes exact HF exchange one
could anticipate some improvements in comparison to TD-DFT, particularly when
nonlocality is important. In addition, its efficiency means that like TD-DFT it
can be applied to larger systems. Following its implementation, it has been ap-
plied to study the near-edge spectra of several small organic complexes giving a
good description of the spectra and a mean error in the absolute peak positions of
~1-3 eV [161].

Ina similar vein, Neese et al. [164] have recently proposed the restricted open-
shell configuration interaction singles (ROCIS) method. Their approach expands
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a reference HF wavefunction with five excitation classes [164]; in addition, spin
flip excitations are included through quasidegenerate perturbation theory using the
one-electron SOC operator [168]. However, the limitation of applying excitations
to a HF reference is that in many cases, especially for transition metals, the lack
of correlation makes it an inadequate starting wavefunction. To overcome this
limitation, Neese et al. have incorporated restricted open-shell Kohn—-Sham orbitals
into the CI matrix, for which the parameters of the mixing have been obtained
from a fit to a test set of molecules. The effectiveness of the ROCIS method is
demonstrated in Fig. 5 that shows the calculated L, 3-edges for [Fe(bpy)s3]?* in
solution and compares it to the experimental spectrum [163]. Importantly, the
branching ratio and energy gap between the L, 3-edges are correctly described. In
addition, all of the major features are reproduced, except one (~712 eV), which is
slightly shifted compared to the experimental spectrum.
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Figure 5. Experimental (black) and calculated (red) L 3-edge spectra of [Fe(bpy)s]>* in ace-
tonitrile. The experimental spectrum was recorded in total fluorescence yield mode [163]. Insets are
molecular orbitals, which are important for the main resonances. The simulations were performed using
the restricted open-shell configurational interaction singles (ROCIS) method implemented within the
ORCA package [164,165]. A CP(PPP) basis set [166] was used for the iron, while the remaining atoms
were described using a TZVP basis. The calculation used a dense integration grid (ORCA Grid4) and
the B3LYP functional [124,167] was used for the incorporation of Kohn-Sham orbitals into the ClI
matrix. The simulated oscillator strength have been broadened with a Lorentzian function to account
for core hole lifetime effect.
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D. Beyond Picosecond Temporal Resolution

In the previous sections, we have outlined the theoretical approaches necessary
to accurately simulate X-ray absorption spectra. For most present applications,
the temporal resolution of third-generation synchrotrons means that the data ob-
tained are quasistatic. Therefore, the dynamical effects can often be neglected in
the simulations. Subpicosecond X-ray absorption spectra, which can presently be
achieved using the slicing scheme [33,35], and which will be increasingly available
with the X-FEL sources, means that this picture will no longer be valid.

An X-ray absorption experiment with femtosecond resolution will make it pos-
sible to map out the reaction path for the system under study. To simulate it one
will require efficient computational tools, which explicitly include the effect of
the surrounding environment and its response to a perturbation. Such simulations
can be performed using molecular dynamics (MD) within the quantum mechan-
ics/molecular mechanics (QM/MM) framework [169-174]. Here, the system is
partitioned into a quantum and a classical part that enables the explicit inclusion
of solvent molecules in an accurate and computationally efficient manner. This
approach was recently extended by Rothlisberger et al. [175] to include nonadi-
abatic effects using Tully’s trajectory surface hopping methodology [176] with
all of the relevant quantities, namely electronic energies, nuclear forces, nonadia-
batic coupling vectors, and transition dipole elements calculated on-the-fly within
LR-TDDFT [177,178].

A complication in such cases is that for systems for which there are several
competing pathways, and/or are heavily influenced by the surrounding solvent en-
vironment, a number of trajectories are required to obtain a statistically realistic
description and replicate the ensemble averaged signal from the experiment. Al-
though possible, this obviously has a significant computational expense associated
with it. An example of such a simulation for the analysis of subpicosecond XAS
transients of photoexcited aqueous iodide is given below.

IV. EXAMPLES

Several examples of time-resolved XAS studies of atomic and molecular systems
in solution have been presented in recent reviews [8,9,11,23,27-30]. Rather here,
we will present a few recent experimental examples to illustrate how they are
interpreted using the more recent theoretical developments described above. We
will also point to ongoing problems of the theory in interpreting XAS spectra.

A. Photoinduced Hydrophobicity

The properties of solvated atomic species and the role of the surrounding wa-
ter molecules are important in a large variety of chemical and biochemical
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processes [179,180]. Of particular importance to these is the nature of hydrophobic
and hydrophilic solvation, which are considered the main driving forces. Recently,
we have used picosecond and subpicosecond XAS to characterize the changes ob-
served upon photoinduced electron abstraction from aqueous iodide, which reflect
the transition from hydrophilic to hydrophobic solvation [35,181,182].

Figure 6b shows the comparison between the transient XAS measured at the
iodine L;-edge at various time delays after multiphoton excitation at 400 nm.
Laser ejection of an electron from iodide, creating iodine, opens a hole in the
5p valence shell. This makes possible an electronic transition from the 2s core
state to the 5p orbital that appears as a preedge absorption around 5185 eV of the
L1-edge. Importantly, Fig. 6 shows clear differences between the subpicosecond
timescale and the 50 ps measurement, with the 2s-5p resonance being broadened
on its blue side at short times.
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Figure 7. Time evolution of the 1°-O (a) and I-H (b) radial distributions for the first 5 ps
following the removal of an electron from iodide. These distributions are obtained from an average
over 15 starting configurations over the entire time range. Note the departure of both RDFs from the
iodide equilibrium configuration before + = 0. Reprinted with the permission from Ref. [35].

In order to understand the subpicosecond transient spectra, we simulate the
time evolution of the I-O and I-H radial distribution functions (RDF), shown
in Fig. 7 averaged over 15 QM/MM MD simulations. Here, we observe that
upon ultrafast creation of iodine there is a prompt expansion of the cage within
200 fs. However, the development of a hydrophobic solvation shell, that is, mov-
ing out and reorientation of the water molecules so that their protons point toward
the solvent, is a complex process that requires 3—4 ps. After the breakup of the
first shell, in which most molecules move away from the iodine, one comes closer
(Fig. 7a) and forms a complex with the iodine atom, with an average probability
of 0.4. The formation of this complex, which may be favored by the previously
identified anisotropy of the solvent cage around iodide [182,183], results in a blue
shift of the valence orbitals of iodine according to quantum chemistry calculations
(Fig. 6a), leading to the broadening on the blue side of the subpicosecond transient
spectra (Fig. 6b). The blue shift arises from a combination of the 12(5p®) with the
1b; orbital of water, leading to the formation of a 3-electron bond, similar to that
already reported for CI° [184] and Br® [185]. Importantly, this complex only sur-
vives the time it takes the solvent shell to build up a network of hydrogen-bonded
water molecules. Only once the hydrogen bonds have reached their steady-state
regime is the lone water molecule pulled toward the bulk, probably because the in-
teraction with the water molecules of the cavity overwhelms the weak 19 - - - (OH)



RECENT ADVANCES IN ULTRAFAST X-RAY ABSORPTION SPECTROSCOPY 27

interaction. For comparison, Fig. 6a also shows the blue shift of the 2s-2p transition
upon the formation of 1, which we also observed, but at much later times [35].

B. Spin-Crossover Molecular Systems

As an illustration of the performance of the high-repetition rate scheme, described
in Section 11.C.1, we investigated the photoinduced spin crossover in Fe!' molec-
ular complexes, in which the low-spin to high-spin transition can be induced by
optical excitation [186]. One of these complexes, [Fe(bpy)s]?*, had previously
been characterized in detail using ps XAS at 1 kHz repetition rate [33,186-188].
The results obtained with the recently implemented high-repetition rate scheme
(§C) are shown in Fig. 8 illustrating the 30-fold increase in S/N compared to the
1 kHz scheme [37], allowing transient changes to be measured in the preedge
region of the spectrum. Similar changes were reported by Nozawa et al. [189] for
another Fe(Il) complex using a kHz pump—probe scheme at the Photon Factory,
but the data acquisition times were significantly longer. These transitions contain
information about the spin state of the molecule and are a test benchmark for
theoretical simulations [190].

Already for static XAS, the increased sensitivity of the spectra is a challenge
to theory. The spectrum of [Fe(bpy)s]%* in the low-spin (ground) state contains
a number of preedge features, which need to be properly analyzed in order to
understand the nature of their changes upon photoexcitation. Figure 9 shows a
comparison between the experimental spectrum and the calculated spectrum using
TD-DFT. As previously noted, for such simulations the use of a localized Gaussian
basis set limits them to transitions below the IP and therefore we do not attempt to
describe those occurring at higher energy, which have previously been discussed in
Refs [187,188]. The agreement between the simulated and experimental spectrum
is satisfactory. These calculations show that the weak preedge features at low
energies are transitions into states arising from the mixing of ligand orbitals with
the empty iron 3d orbitals, while the higher-energy ones correspond to mixing of
ligand orbitals with the iron 4p orbitals (see Fig. 9 insets, for orbitals corresponding
to the A, B, and C features).

C. Solvent Effects

The molecular structure is usually extracted from an EXAFS spectrum by per-
forming a fit (outlined in Section I11.A). Here, the important scattering paths are
optimized to give the best agreement with the experimental data. However, for
molecules in solution additional care should be taken in accounting for the sol-
vent, especially when the X-ray absorbing atom is directly exposed to it. In such
cases, the close proximity (<6 A) of the solvent molecules means that the X-ray
absorption spectrum is likely to reflect scattering pathways that includes them.

In a recent paper, Penfold et al. [191] used QM/MM MD to demonstrate
the significance of the solvent effect on the ground state XANES and EXAFS
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Figure 8. (a) Ground state XAS (black curve) and transient XAS measured 50 ps after excitation
(blue markers) of aqueous [Fe(bpy)s]2* using the high-repetition rate setup at the microXAS beamline
at the Swiss Light Source. (b) Zoom of the preedge XAS spectrum showing the 1s—3d transitions
and how they change upon low-spin to high-spin excitation. Reproduced from Ref. [37].
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Figure 9. A zoom of the ground state (low spin) experimental (black line) and calculated (red
line) near-edge spectrum of [Fe(bpy)3]2* measured at the Fe K-edge. The simulations were performed
using the TD-DFT method implemented within the ORCA package [164]. The simulated oscillator
strengths have been broadened with a Lorentzian function to account for core hole lifetime effect. Inset
are the molecular orbital plots for the excited states with the largest oscillator strengths corresponding to
(from left to right) the A, B, and C features.

spectra [192-194] of the Pty (P,05H,)4]*~ (abbreviated PtPOP) complex in water,
N,N-dimethylformamide, and ethanol. In Fig. 10a, we show the EXAFS spectrum
from the QM/MM MD configurations for which the surrounding water molecules
have been neglected. In contrast, Fig. 10b, shows the same configurations, but this
time including the solvent molecules within a 6 A radius around the Pt. One can
see that this immediately results in a significant shift of the spectra. For water (red
line) all of the peaks in the EXAFS spectrum shift by approximately 10 eV, in the
case of DMF (green line) the shift is between 0 and 5 eV, with slight differences
between the peaks, and for ethanol the shift is between 15 and 20 eV for each
peak. These shifts, in the absence of the solvent, would be accounted for by further
structural changes of PtPOP, and this therefore would be expected to lead to errors
in the extracted structural parameters.

As discussed in Section I11.D, these results highlight implications for the analy-
sis of XAS with high time resolution (e.g., using an X-FEL) for which the solvent
response to the photoexcitation will have to be explicitly taken into account. Sol-
vent effects have clearly been observed using ultrafast optical spectroscopy of
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PtPOP, affecting both the excited state vibrational relaxation and the intersystem
crossing from singlet to triplet states [195].

D. Intramolecular Charge Transfer

Understanding the structure and bonding of metal carbonyl diimine (N,N) com-
plexes is a challenging problem, with implications to the description of the elec-
tronic structure of organometallics and in particular, the role of the metal d-orbitals
and the metal-ligand 7 bonding. The [ReBr(CO)3(bpy)] complex is a notable ex-
ample and it exhibits a highly mixed and complex electronic structure [196-198].
The highest occupied molecular orbital has a mixed character between Re and Br,
and therefore the electronic excitation has been predicted to have a ReBr(CO); —
N,N CT character, which is referred to as a metal/ligand-to-ligand charge-transfer
(MLLCT) state, but this has never been directly observed. XAS is ideal in this
respect as it can probe the oxidation state change at both the Re-L3 and the Br-K
edges.

Figure 11a shows the steady-state Re L3 spectrum (black trace) of the complex.
The main white line arises from transitions into the empty 5d orbitals, a com-
mon feature for the L-edge spectra of transition metal complexes. Higher energy
features arise from SS and MS, among others, from scattering paths along the
linear carbonyl bonds due to the so-called focusing effect [199]. Figure 11b shows
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Figure 11. (a) Normalized ground state (blue line) and transient XAS of [ReBr(CO)3(bpy)] in
DMF (red markers) measured 50 ps after 355 nm excitation around the Re Lz-edge in the fluorescence
yield mode. Inset: a zoom into the near-edge region to show the details of the XANES region. (b) The
Br K-edge measured in the transmission mode. The ground state XAS is shown in red. The results of
this figure have been published [200].
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the steady-state Br K-edge (red trace) in which all features are due to MS. Upon
excitation into the lowest CT state, the system relaxes into the triplet state faster
[201] than the temporal resolution of the experiment (>50 ps). Both the Re Ls-
and Br K-edge (Fig. 11b) transient spectra exhibit new preedge absorption peaks
at 10.531 and 13.473 keV, which are attributed to the Re 2p3,» —5d and the Br
1s—4p transitions, respectively, and arise from the creation of a hole in the Re-Br
moiety by electron transfer to the bpy ligand. This establishes the MLLCT nature
of the triplet excited state for the first time.

However, this type of metal complexes represents a limit to the current theoret-
ical approaches. First, the origin of the A feature (Fig. 11a) is, due to its position,
likely to derive from states that are dominated by ligand character, corresponding
to the low-lying valence orbitals of CO and bpy. However, all of the above theoret-
ical approaches failed to give a description of this feature and therefore its origin
is as yet unconfirmed. In addition, the Br K-edge XANES (Fig. 11b) spectrum
exhibits a significant solvent effect in acetonitrile and N,N-dimethylformamide.
As in the case of PtPOP, described in Section IV.C, this could in principle be de-
scribed using QM/MM MD simulations. However, the Br valence potential has a
very nonspherical character and it cannot be described within the MT approxima-
tion. The current implementations of non-MT approaches are computationally too
expensive, such that solvent effects cannot be quantified at present.

V. OUTLOOK

This chapter focuses on recent advances in the theory of static and time-resolved
XAS of liquid solutions and on recent experimental developments in time-resolved
XAS. As far as theory is concerned, the last decade has seen significant progress.
MS approaches can now routinely used beyond the QPA, and in addition, effi-
cient numerical implementation and parallelization means that such calculations
are very fast [202]. The most significant remaining limitation of this approach is
the MT potential, but work is underway to solve this problem. Beside MS the-
ory, there has also been significant progress in using alternative theories. These
include TD-DFT and post-HF methods extended to core-level spectroscopies and
the FDMNES method. Although these methods tend to be computationally more
intensive, they offer a high level of insight into the structure of near-edge spectra.
Nevertheless, there is still much work to be done, especially in giving consistent
guantitative agreement. This is likely to be even more important for the signifi-
cant increase in spectral and temporal resolution expected with X-FELSs, for which
the quasistatic approximation will no longer hold and simulations will be re-
quired to explicitly include the excited state dynamics, nonadiabatic effects, and
the surrounding environment and its response to a perturbation. Also, we have
stressed the importance of including solvent effects in the simulation of spectra, as
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neglecting them may, in many cases, lead to incorrect structural determination of
the solute.

On the experimental side, the major development in ps XAS, which can now
can be considered a routine technique for molecular systems in solution, has been
the implementation of MHz repetition rates. In addition to bringing a signifi-
cant increase in S/N, it also opens the possibility to perform time-resolved XAS
studies on samples that can be measured with a solubility of <1 mM, such as
proteins in physiological conditions [37]. These significant increases in sensitivity
are unraveling finer details of the spectra, which call for a higher level of the-
ory. Also, high-repetition rate optical pump/X-ray probe experiments open the
possibility to perform photon-hungry experiments such as X-ray emission spec-
troscopy (XES) [5,88,203-205] and resonant inelastic X-ray scattering (RIXS)
[206] of dilute systems in solution with ps time resolution. In addition, ps X-ray
scattering and diffraction experiments are also possible. Beyond the limitations of
third-generation synchrotrons, X-FEL’s offer many exciting opportunities due to
their significant increase in temporal resolution and per-pulse X-ray flux, provided
problems due to time and intensity fluctuations are solved. X-FELs will undoubt-
edly play a significant role in the future of time-resolved XAS but it is also clear
that synchrotrons will continue to contribute substantially to the field through the
advent of the high-repetition rate technique. In addition, the low flux per pulse
at synchrotrons will ensure less damage due to nonlinear X-ray effects than the
XFEL pulses, even though the per second fluxes at these two sources are compa-
rable. All these developments in experimental methodologies promise a detailed
mapping of the valence electronic and geometric structure of the species under
study and of their environment with atomic scale temporal and spatial resolution.
Together with the push for theoretical improvements, the field of ultrafast X-ray
spectroscopies promises to deliver new insight into the light-induced phenomena
of chemical, biochemical and physical systems.
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