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reaction intermediates with femtosecond EXAFS+
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Femtosecond-resolved Extended X-ray Absorption Fine Structure (EXAFS) measurements of solvated
transition metal complexes are successfully implemented at the X-ray Free Electron Laser LCLS.
Benchmark experiments on [Fe(terpy).]>* in solution show a signal-to-noise ratio on the order of 500,
comparable to typical 100 ps-resolution synchrotron measurements. In the few femtoseconds after
photoexcitation, we observe the EXAFS fingerprints of a short-lived (~100 fs) intermediate as well as
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Introduction

Transition Metals are ubiquitous in biological systems, e.g. Fe
in the Heme group in Myoglobin® and the Mn cluster in Photo-
system II.> Furthermore, they play essential roles in catalytic
applications; Transition Metal (TM) complexes are used as
photosensitizers for hydrogen evolution,® for conversion of
solar to electric energy’ and TM oxide nanoparticles are
exploited as photocatalysts.”® Hard X-ray absorption spectro-
scopy (XAS) is ideally suited to investigate such TM centers due
to its element specificity and sensitivity to changes in the
geometric and electronic structures. The X-ray Absorption Near
Edge Structure (XANES), i.e. the region around the absorption
edge typically up to a few tens of eV above the edge, is rich in
electronic structure information (e.g. oxidation state or valence
orbital occupation) through transitions of a core electron to
unoccupied valence states.”® Furthermore, the shape of the
absorption edge can be analyzed to obtain geometric structure
information.” Analyzing the Extended X-ray Absorption Fine
Structure (EXAFS), a wide region from tens of eV to several
hundreds of eV above the absorption edge, is very beneficial,
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those of a vibrationally hot long-lived (~ns) excited state.

as it is dominated by the local geometry in the close vicinity of
the absorbing atom. EXAFS spectra can be very well understood
and modeled in a single photo-electron picture, which is
generated in the X-ray absorption process and scatters of the
neighboring atoms. The modulations in the X-ray absorption
probability are due to interferences of this photo-electron wave
with itself and can be analyzed by Fourier transformation
to produce pseudo-radial distribution functions of the local
atomic surroundings.'®™*?

X-ray Free Electron Lasers (XFELs) provide intense and
ultrashort X-ray pulses,’® which ultimately enable the measure-
ment of ultrafast XAS with a temporal resolution of <100 fs,
limited among other things (e.g. laser pulse duration, sample
thickness, timing jitter) by the pulse duration of the X-rays.
Furthermore, the intense XFEL pulses can be used to obtain
XANES measurements free of radiation damage (which is
induced e.g. by radical diffusion),"* similar to diffract-before-
destroy crystallography experiments.'> XFEL based XANES was
first used at the Linac Coherent Light Source (LCLS) to study
the ultrafast spin switching in the model systems [Fe(bpy)s]***°
and [Fe(phen),(NCS),]."” Since then, femtosecond XANES has
found numerous applications: the photoactivation and the
subsequent ultrafast structural and electronic dynamics of
the active sites of several biomolecules have been investigated,
including carbonmonoxy myoglobin,"® vitamin B12,'>*° and in
model Ni-porphyrins.>! Next to TM complex systems, fs time-
resolved XAS has been applied to condensed matter charge
carrier dynamics; at the SACLA XFEL, the charge-carrier
dynamics of anatase TiO, nanoparticles in an aqueous solution
were investigated via Ti K-edge XANES, which revealed trapping
of the conduction band electrons in ~100 fs.® The energy range
of the XANES can be increased in order to enhance the
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structural sensitivity. For example, XAS scanned up to ~110 eV
above the Fe K-edge in cytochrome ¢ has been exploited to
capture the low energy portion of the EXAFS region, which
facilitated tracking the Fe-S bond distance in the Fe-methionine
dissociation and recombination.>” Despite the success of these
experiments, analyzing and interpreting XANES spectra remains
challenging due to the tangled electronic and geometric structure
information contained in the spectra. Time-resolved X-ray diffuse
scattering (XDS), a complementary technique to study the
structural dynamics of solvated molecular systems, suffers
from another disadvantage. Since the scattering signal consists,
due to the lack of element specificity, of contributions from all
atoms in the sample, disentangling the numerous inter- and
intra-nuclear degrees of freedom involved in photoinduced
structural dynamics can be troublesome.**°

Time-resolved EXAFS with ~70 ps resolution is to date
measured routinely at synchrotrons with numerous applications
to investigate a broad range of materials. While the afore-
mentioned XANES measurements of photoexcited TiO, revealed
the timescale of the electron trapping, the extension to the EXAFS
regime to study ZnO nanoparticles allowed the precise charac-
terization of the hole trapping site as a singly charged oxygen
vacancies.” A further advantage of time-resolved EXAFS is the
high accuracy - on the order of 1 picometer - in resolving the
TM-ligand bond distances and the changes therein,”” as well as
the sensitivity in resolving asymmetries in the first coordina-
tion shell around the TM.>®>* Extending EXAFS of weakly
concentrated solvated samples to the femtosecond regime with
beam slicing at synchrotrons® or tabletop plasma source®* is
not viable due to the low photon flux and/or limited photon
energy tunability of these source. Measuring femtosecond
resolved EXAFS at XFELs is challenging due several reasons:
(i) the extremely large pulse-to-pulse fluctuations due to the
Self-Amplified Spontaneous Emission (SASE) process require
a systematic and rigorous normalization and (ii) scanning
the incident X-ray energy over a broad range is technically
challenging, as it either requires a very accurate scanning
of the long (~100 m) undulator gaps, or, in the case of LCLS
with fixed gap undulators, a continuous modulation of the
accelerator electron energy. Recently, a first steady-state EXAFS
spectrum acquired at LCLS has been published.?’

Here, we present the extension of EXAFS to the femtosecond
regime. We show full range time resolved EXAFS spectra up to
~500 eV above the absorption edge (k ~ 12 A™*) and demon-
strate the possibility of extracting structural information of
~100 fs lived intermediate states in the relaxation pathways
of photoactivated TM complexes.

1. Experimental methodology to
measure EXAFS at LCLS

Ultrafast XAS of Fe complexes in solution was measured at the
X-ray Pump Probe instrument (XPP)*® of the Linac Coherent
Light Source (LCLS). The incident X-ray beam with a bandwidth of
~30 eV and pulse energy of typically 2-3 mJ was monochromatized
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to AE/E ~ 1.4 x 10~ * with a channel cut Si(111) monochromator,*”
which effectively reduces the pulse energy by two orders of magni-
tude. The incident X-ray energy was scanned through a combi-
nation of accelerator electron beam variation and monochromator
adjustment. The X-ray beam was focused to ~25 pm at the sample
using a set of Be compound refractive lenses. To compensate for
the change of refractive index of Be while scanning the incident
X-ray energy, and thus the change in focal position with respect to
the lens, the lens stack position along the X-ray propagation
direction was adjusted according to the X-ray energy. The sample,
a 20 mM solution of [Fe(terpy),]”" (where terpy is 2,2:6/,2"-
terpyridine, see Fig. 3a) in H,O, was contained in a free-flowing
round liquid jet with 50 pm thickness. The X-ray absorption signal
was measured in total fluorescence yield (TFY) mode with an
ePix100 detector with 768 x 704 pixels of 50 x 50 pm’ size,*®
mounted in the X-ray beam propagation plane and perpendicular
to the beam direction in order to minimize the collection of elastic
scattering. A circular region of interest (ROI) in the center of the
€Pix100 detector was selected and integrated for the TFY signal.
The intensity of the incident X-ray beam (I,) was measured by
collecting the diffuse scattering of the solvent (H,0) using a CSPAD
2.3M,*® with the advantage of a single-shot normalization to
fluctuations in the jet thickness as well the incoming X-ray
intensity. An ROI to select the water ring was integrated as Io.
Dividing the TFY by I, yields the normalization corrected XAS signal
(Fig. 1). To measure time-resolved XAS, the sample was excited with
visible laser pulses at a wavelength of 500 nm and a pulse energy of
12 yJ, which were focused to a 150 pm (fwhm) spot at the sample
position. Arbitrary data acquisition patterns of laser-excited and
ground state (no visible excitation laser) can be chosen, and 2 out of
9 X-ray pulses were used to measure the ground state, while 7 out
9 pulses were used for the laser-excited XAS measurement.

a)
Lens
500 nm
X-rays
b)
XAS
E — Laser OFF
—— Laser ON
Energy
Fig.1 (a) Experimental configuration to measure EXAFS at the XPP

instrument of LCLS. Optical and X-ray pulses are focused onto the sample
solution, and elastic scattering and emission are integrated over detectors
in-line and perpendicular to the sample, respectively. (b) The X-ray
absorption spectrum is obtained by dividing a region of interest of the
ePix100 (representing the total fluorescence yield) by a region of interest
on the CSPAD (representing /o).
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2. Benchmark picosecond EXAFS
measurements of transition metal
complexes

As a benchmark test, EXAFS spectra of a 20 mM solution
[Fe(terpy),]** in H,O were acquired 10 ps after 500 nm excita-
tion in the metal-to-ligand charge transfer (MLCT) bands. The
photophysical processes (see Fig. 3b) of [Fe(terpy),]*" are
expected to be very similar to those of other low spin (LS)
Fe(u) complexes such as [Fe(bpy);]**.?° Optical excitation to the
MLCT states is followed by ultrafast relaxation to a longer-lived
high-spin (HS) °T, state. The initial MLCT lifetime is on the
order of ~100 fs, and the relaxation cascade involves the
crossing of a metal-centered (MC) intermediate spin (IS) T state
with a similar lifetime of ~100 fs, the ground state recovery time
from the final HS state is comparably long (> 100 ps).*® In the LS
ground state of (quasi) octahedral Fe(u) complexes, all six 3d
electrons occupy the non-bonding t,, orbitals, leaving the anti-
bonding e,* orbitals empty. In the IS and HS excited states, the e,*
orbitals are singly and doubly occupied, respectively. In the
case of [Fe(terpy),]*", the long-lived (~2.6 ns in H,0) HS state
has been extensively studied with hard X-ray spectroscopy,
including EXAFS, and the Fe-N bond elongation was found to
be ~0.2 A5 This bond elongation of ~0.2 A is typical for
Fe(u) complexes during the LS-HS transition and due to the
double occupation of the e,* orbitals. A single change in the e,*
configuration, as is the case for the triplet IS state in Fe(m)
systems, is expected to result in a smaller average bond length
change on the order of ~0.1 A. Similarly, an average metal-
ligand bond elongation of ~0.1 A has been observed for the
doublet-quartet transition in [Co(terpy),]**.>*

The XAS spectrum, with and without laser excitation (Fig. 2)
was removed from artifacts (see ESI} for details on the deglitching
procedure). The measured energy range allows the analysis of the

1.44 —— Laser ON
—— Ground State
1.2
c
51.0
£
Zo.8 -
2 k/A~
%0.6- 0 5 1|0
JE 0"& 1 ON-OFF
0.4 =
x 0
3
0.2~J <
RS S
7.1 7.2 7.3 7.4 7.5 7.6

X-ray Energy / keV

Fig. 2 X-ray absorption spectra of a 20 mM aqueous solution of
[Fe(terpy),]?* in the ground state and 10 ps after 500 nm excitation (Laser
ON). In the inset, the transient difference in photoelectron wavevector
k-space, weighted by k%, shows clear light-induced changes over the
whole spectral range up to ~12 A™L.
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EXAFS spectrum up to a photoelectron wavevector k of ~11.9 A™*
and optically induced transient differences are visible over the
whole spectral range (see inset on Fig. 2). The total acquisition
time of the data shown in Fig. 2 was ~3.5 h, with ~250 energy
points equidistant in k-space. The laser excitation fraction is
determined to be f = 76% by comparing the intensity of the
transient difference (normalized to the K-edge amplitude) of
[Fe(terpy),]*" to the published synchrotron measurements, in
which complementary X-ray emission spectroscopy (XES) mea-
surements were used to precisely determine the excited state
fraction.*® The laser excited spectrum j; o contains contributions
from both ground and excited state, as not all molecules are
turned over to the HS state by the optical laser. As the excited state
fraction fis known, the ES absorption spectrum s is obtained by
removing the contribution from the ground state absorption
spectrum pgs (= fi o) via'!

tes = Hoorr + (1f) X (Hron — HroFr) 0

The EXAFS spectra ugs and ugs, were then analyzed with the
Demeter 0.9.26 software package, which includes ATHENA for
background subtraction, FEFF6 for the EXAFS simulation and
ARTEMIS for the final fit."® Fig. 3c shows the spectra after
removing the atomic background in ATHENA and translating to
photoelectron wavevector k-space. The EXAFS spectra of the LS
and HS states were further modeled with FEFF6 using struc-
tures obtained by density functional theory (DFT) calculations
of both states from literature.*’ The modeled spectra were then
fitted to the experimental data in the Fourier transform R-space
(Fig. 3d). Additional details on the EXAFS fitting procedure can
be found in the ESL.{ The EXAFS fit results in axial and
equatorial Fe-N bond lengths Ry.x = 1.86 + 0.03 A and Ryeq =
1.96 £ 0.02 A in the GS, and Ryax = 2.08 £ 0.02 A and Ryeq =
2.17 4 0.02 A in the ES, which is in excellent agreement with
~70 ps-resolution synchrotron studies.”®*® The noise level of
the transient difference is estimated from the point-to-point,
i.e. high-frequency fluctuations and compared to the maximum
of transient difference (at ~7.125 keV), resulting in an esti-
mated signal-to-noise ratio (S/N) of ~500. This is comparable
to the one of previously published synchrotron EXAFS measure-
ments using MHz repetition rate single photon counting TFY
measurements,’”*" but about one order of magnitude lower than
what can be achieved with novel multi-MHz high-dynamic-range
setups.*?

3. Femtosecond EXAFS measurements

After establishing the feasibility of time-resolved EXAFS at LCLS,
we performed femtosecond-resolved EXAFS measurements by
continuously moving a delay stage in the optical pump arm over
a range from —300 to 600 fs while acquiring the XAS signal. The
arrival time jitter is corrected using the timing tool** and the data
are binned on an incident X-ray energy and a pump-probe delay
axis, forming a 2D intensity map of the transient intensity as
shown in Fig. 4a (see also Fig. S7 for binned femtosecond XAS
data as a function of X-ray energy, ESIt). Cuts along the time axis
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Fig. 3 (a) Due to the tridentate terpyridine ligands of [Fe(terpy),]?*, the first coordination shell around Fe contains a total of 6 N atoms at two distinct
distances, four equatorial (Neg) and two axial (N,,). (b) Schematic showing the potential energy surfaces which are involved in the ultrafast spin transition.
(c) Background-subtracted measured EXAFS spectra and fit in k-space and (d) in R-space. The fit results in Fe—N bond length of Ryax = 1.86 + 0.02 A and
Rneq = 1.96 £ 0.02 A in the GS as well as Ryax = 2.08 £ 0.02 A and Ryeq = 2.17 £ 0.02 A in the ES.

of the 2D maps, e.g. at 7.156 keV, show coherent oscillations
(Fig. 4b) analogous to a previous study on [Fe(bpy)s;]*".** The
detailed analysis of these oscillations is outside of scope of this
paper, we merely show these as an indication of a temporal
resolution <100 fs. The transient signals at 7135 eV and
7158 eV change their respective signs 200 fs after optical excita-
tion, and in the case of [Fe(bpy)s]** these were found to be due to
the crossing of a short-lived intermediate state.** Using a kinetic
model for the LS — IS — HS transition, in which we assume a
Gaussian instrument response function of 70 fs (FWHM), a life-
time of 100 fs for the IS state, and neglecting the MLCT inter-
mediate, we estimate that the average excited state population is
>50% in the IS state for the 0-200 fs range (see ESIt for further
details). Accordingly, we re-bin the transient differences in the
delay axis to obtain difference spectra for the delay bins 0-200 fs
and 200-400 fs and compare them to the 10 ps-difference
spectrum from Fig. 2.

To visualize the general trend below the noise of the
transient EXAFS spectra, we used a Savitzky-Golay filter*> with
11 point window size and third order polynomial (Fig. 4c). The
difference spectra for 300 &+ 100 fs and 10 ps are qualitatively
identical, except for a decrease in amplitude at higher & in the
case of the 300 fs spectrum. This amplitude difference is due to
an increase in the Debye-Waller factor at time delays earlier
than internal vibrational relaxation and energy dissipation to
the solvent, which occur with time constants on the ~1 ps time

This journal is © the Owner Societies 2020

scale for this class of materials.>® The resulting filtered spectra
at 100 £ 100 fs and 300 + 100 fs show a clear qualitative
difference, which points towards the crossing of an inter-
mediate state.

We simulated the EXAFS of the intermediate triplet and the
long-lived quintet state in FEFF6 using the DFT structures from
literature.”* To simulate the cold and thermally equilibrated IS
state, the same EXAFS fit parameters obtained from the GS fit
were used (Debye-Waller and amplitude reduction factors,
energy shift, correction to the bond lengths). Additionally,
to gain a better understanding of the observed amplitude
reduction in the 300 fs-transient, we simulated a hot HS-LS
difference (orange) by doubling the Debye-Waller factors com-
pared to the cold HS-LS transient. The obtained simulated
EXAFS transient for the cold HS-LS (green) difference is in good
agreement with the 10 ps data and the simulation reproduces
the amplitude reduction characteristic for the hot HS state.
While all 6 Fe-N bonds expand isotropically by ~0.2 A in the
HS state compared to the GS, in the IS state only the equatorial
Fe-N bonds expand by ~0.15 A and the axial ones stay
contracted, resulting in an asymmetric, axially-compressed
structure of the IS state with a significantly distinct EXAFS
pattern. Most interestingly, the simulation of the IS-LS transient
qualitatively resembles the relative trend visible in the 100 fs-data,
which further indicates a crossing of the triplet IS state. The
differences between the spectra of the IS and HS states are most
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Fig. 4 Femtosecond resolved EXAFS measurement. (a) 2D false-color map showing the transient XAS intensity as a function of delay and energy.
(b) Lineouts along the delay axis at selected energies, showing the ~100 fs temporal resolution of the experiment and coherent structural oscillations.
(c) Re-binned and filtered 100 fs, 300 fs and 10 ps transient EXAFS spectra. (d) FEFF6 simulations of the triplet IS transient (IS-LS, blue), a “hot” (orange)
and “cold” (green) HS transient qualitatively reproduce the measured EXAFS transient difference spectra.

pronounced in the k region between 7-12 A™', which stresses
again the need to measure full EXAFS spectra up to several
hundred eV above the absorption edge.

4. Discussion and outlook

In conclusion, we have demonstrated the viability of time-
resolved EXAFS with ~100 fs resolution using fixed gap undula-
tors at LCLS. The benchmark experiments on a 20 mM solution
of [Fe(terpy),]”" in a 50 um jet show a comparable S/N to
synchrotron time-resolved measurements with ~70 ps resolu-
tion. Furthermore, we have shown that femtosecond EXAFS can
be used to track structural changes of a short-lived (~100 fs)
intermediate spin state in the optically induced low- to high-
spin transition.

In the future, we envisage combining these measurements
with simultaneous ultrafast dispersive XES*® when the incident
beam is at the high energy part of the EXAFS spectrum. In the
aforementioned spin-transition example, the XES KB finger-
prints can then be used to quantitatively disentangle the EXAFS
of the intermediate spin state species. The EXAFS spectrum can
then be thoroughly analyzed in R-space and the structure of the
100 fs-lived intermediate can be determined. Such capabilities will
be especially compelling at XFELs with variable gap undulators,
such as the upgraded LCLS-II*” and the high-repetition rate
European XFEL.*® The variable gap undulator will ease the
incident X-ray energy scanning and the high repetition rate will
increase the average flux by 2-3 orders of magnitude. These
light sources will enable EXAFS measurements of traditionally

2664 | Phys. Chem. Chem. Phys., 2020, 22, 2660-2666

challenging samples with low concentration or weak transient
changes, which are particularly interesting for chemistry,
materials science, and biology.
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