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The ultra-bright femtosecond X-ray pulses provided by X-ray Free Electron Lasers (XFELs) open capabilities for studying the
structure and dynamics of a wide variety of biological and inorganic systems beyond what is possible at synchrotron
sources. Although the structure and chemistry at the catalytic sites have been studied intensively in both biological and
inorganic systems, a full understanding of the atomic-scale chemistry requires new approaches beyond the steady state X-
ray crystallography and X-ray spectroscopy at cryogenic temperatures. Following the dynamic changes in the geometric
and electronic structure at ambient conditions, while overcoming X-ray damage to the redox active catalytic center, is key
for deriving reaction mechanisms. Such studies become possible by using the intense and ultra-short femtosecond X-ray
pulses from an XFEL, where sample is probed before it is damaged. We have developed methodology for simultaneously
collecting X-ray diffraction data and X-ray emission spectra, using an energy dispersive spectrometer, at ambient
conditions, and used this approach to study the room temperature structure and intermediate states of the
photosynthetic water oxidizing metallo-protein, Photosystem Il. Moveover, we have also used this setup to simultaneously
collect the X-ray emission spectra from multiple metals to follow the ultrafast dynamics of light-induced charge transfer
between multiple metal sites. A Mn-Ti containing system was studied at an XFEL to demonstrate the efficacy and potential
of this method.

photosynthetic water oxidation in nature is catalyzed by an
1. Introduction oxo-bridged Mn,Ca metal center located in a multi-subunit
membrane protein, Photosystem Il (PS II) (Figure 1). The

Many of the catalytic reactions in inorganic systems and

natural enzymes involve multiple electrons, and proceed understanding of the mechanism of light-harvesting, charge

through several intermediate steps For example separation and catalysis is well-connected to the function of

this molecular machine. A PS Il monomer consists of 17 or 18

membrane integral subunits composed of 35-36 trans-

membrane helices and 3 peripheral subunits. In addition, there
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Mn,CaOg catalyst.1
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are many cofactors, 35 chlorophyll a (Chl), 11-12 all-trans f3-

1 OEC (Oxygen
1 heme b, one heme g,
2 pheophytins,

carotene molecules,
Mn4CaO5
plastoquinones,
important for

Evolving Complex,
2 or 3
1 nonheme Fe, that are
charge

cluster),
light-harvesting, separation and
stabilization, and electron transfer. The high-resolution X-ray
crystal structures of PS Il from a thermophilic cyanobacterium
has been reported to a resolution of 1.9 A, revealing the
detailed architecture of this enzyme.l’2

In parallel to the basic understanding of natural enzymes,
learning from natural systems on how to control electron flow
between multiple sites that can undergo an ultrafast photo-
excited charge separation is a key issue for developing
artificial photosynthetic devices and
magnetic materials. For example, a rapid charge separation in

materials such as
inorganic chromophores is often accomplished via a metal-to-
metal charge transfer event (MMCT). To be useful for driving a
multi-electron catalyst, as required for processes such as CO,
reduction or water oxidation, the excited state that is formed
by the initial ultrafast processes in the binuclear charge
transfer unit has to be sufficiently long lived to allow for
electron transport to/from the catalyst. To understand such
sequential chemistry, it is important to probe signals from
multiple metal sites simultaneously in a time-resolved manner.

Introduction of X-ray Free Electron Lasers (XFELs) has made
it possible to follow photochemical reactions in biological
systems at room temperature, using time-resolved detection
methods, before the onset of radiation-induced changes
propagates, by taking advantage of the ultrashort
femtosecond X-ray pulses. detecting early
picosecond to sub picosecond time-scale phenomena using X-
ray techniques has become possible, expanding the impact of
such photochemical studies to many inorganic systems with

Similarly,
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Figure 2: A. Simultaneous collection of X-ray diffraction
data (downstream) providing overall  structural
information and X-ray emission spectra (at 90 degrees)
using the wavelength-dispersive spectrometer providing
electronic structure information of the metal site.
Adapted from Kern et al’ B. Multiple illumination
protocol used for triggering photochemical reactions that
can be probed using the femtosecond X-ray pulses from
the XFEL.
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ultrafast excited state dynamics.

We have developed several X-ray-based techniques
suitable for studying photochemical reactions in biological and
inorganic systems at XFEL facilities (XFELs).3'8 Figure 2 shows a
wavelength-dispersive X-ray emission spectrometer that has
been developed and used for collecting X-ray emission spectra
(XES) at the LCLS (Linac Coherent Light Source, SLAC, USA) and
SACLA (Spring 8, Japan). This setup is suitable for shot-by-shot
data collection at XFELs, as it can collect the entire emission
spectrum at once. It also has several advantages for dealing
with the inherent properties of the XFELs, e.g. it does not
require a beamline monochromator and is compatible with the
XFEL SASE (Self-Amplified Spontaneous Emission) spectral
profile in which the energy bandwidth is 0.2-0.5% (FWHM) of
the total SASE energy for hard X-rays. In addition, the shot-by-
shot variation of the intensity and the energy distribution of
the SASE beam is not an issue. Wavelength-dispersive XES can
also be combined with other techniques like crystallography in
which the same incoming X-rays can be used for simultaneous
the (XRD) signal
complementary structural information. Moreover, this setup

collection of diffraction to obtain
allows detecting emission signals from multiple elements
simultaneously, which is useful to follow the time-course of
sequential reactions in multimetallic sites in biological and
inorganic systems.

In this work, we present the XES and related methodology
we have developed at XFELs and its application to study
photochemical

reactions in both biological and inorganic

systems.

2. Photochemically Driven Electron Transfer and
Water Oxidation Reaction in Photosystem Il

A. Photosystem I

In Fig. 1, the electron transfer chain in PS Il is shown, where
light-harvesting, charge separation, charge stabilization, and
electron transfer take place. The Pggo (an ensemble of up to 4
Chlorophyll and 2 Pheophytin molecules that are excitonically
coupled) located in the D1 and D2 subunits is the primary
electron donor that traps the light energy delivered from the
inner antenna subunits (CP43 and CP47 subunits) or the outer
antenna complexes (LHC1 and LHC2) of PS Il. The excited state
of the primary donor Pego " rapidly transfers the electron to
Chlp,, pheophytin (Pheop,) and subsequently to the acceptor,
plastoquinone Qa (a firmly bound plastoquinone) and
ultimately to the final electron acceptor plastoquinone Qg,
stabilizing the charge-separated state. After accepting two
electrons from the Mn4CaOs cluster and after protonation the
acceptor Qg becomes plastoquinol QH,@), which is released
from PS Il into the membrane matrix for transfer to the cytbgf
complex. The latter connects the electron transfer chain
between PS Il and PS I. On the donor end of PS II, the cationic
Chl radical P6807 is reduced by a tyrosine residue, Tyr;
(D1Tyr161), to generate a neutral tyrosine radical Tyr,” which
acts as an oxidant for the water oxidation process at the OEC
(see also Fig. 3 in the later section).

This journal is © The Royal Society of Chemistry 20xx
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The OEC cycles through a series of five intermediate S-
states (Si, i=0 to 4), representing the number of oxidizing
equivalents stored in the OEC driven by the energy of the four
successive photons absorbed by the PS Il reaction center (see
Fig. 4 in the later section).9 When PS |l is dark-adapted, it
relaxes to the S; state (note that although Sy is the most
reduced state of the OEC, the Sy state is oxidized by tyrosine
D(Yp*") during the dark adaptation and therefore the S; state
becomes the dark-stable state). Illumination of dark-adapted
PS Il (the S, state) with saturating flashes of visible light leads
to a maximum O, yield after the 3 flash, and then after every
4™ successive flash. Each flash advances the oxidation state of
the OEC by removing one electron, and the OEC acts like a
redox capacitor for the water oxidation reaction until the four
oxidizing equivalents are accumulated (S,-state). Once four
oxidizing equivalents the OEC,
spontaneous reaction occurs that results in the oxidation of
water, release of O, and the formation of the Sy-state. Thus,
the Mn4CaOs complex in the OEC couples the four-electron

are accumulated in a

four-proton oxidation of water with the one-electron
photochemistry occurring at the PS Il reaction center by acting
as the locus of charge accumulation.™

During the reaction, the Mn cluster provides a high degree
of redox and chemical flexibility, while protein residues are
critical for mediating the
potentials and providing pathways for electrons, protons,
substrate H,0, and product 02.11’ 12
well-controlled

reaction by modulating redox

Thus, PS Il orchestrates a
the
release of

catalytic reaction at close to

thermodynamic potential, while avoiding the
chemical intermediate species such as superoxide or peroxide
during the water oxidation reaction that can be detrimental to
the protein matrix and to the chemistry occurring at the OEC
To follow catalysis under physiological conditions in PS II, X-

ray crystallography and X-ray spectroscopy methods have

been used at XFELs.” In particular, the simultaneous collection
of crystallography and X-ray spectroscopy data has been
proven to be a powerful method for studying metalloenzymes
like PS Il (Fig. 2), providing important insights from both the
atomic structure of the protein crystals and the emission
signals from the metal catalytic centers. This setup allows
accessing time resolved data during photochemical reactions
triggered using visible light.
B. Room Temperature Crystallography and Spectroscopy of
PS I

XFEL serial femtosecond X-ray crystallography has been

13
In

proven to be a new way of doing protein crystallography.
general, biological crystallography at a synchrotron facility is
carried out at cryogenic temperature to minimize the
radiation-induced changes during data collection, summarized
as radiation the

metalloenzymes, often damage to the active site is observed

14 .
damage. Nevertheless, in case of

even under cryogenic conditions and at a dose well below the
5-17
It

is accepted that the cooling process, typically to 100-150 K,

dose threshold leading to observable loss of diffractivity.1
does not perturb the functional structure of enzymes.
However, it is also known that the temperature could shift the
intrinsic population of conformers in many proteins.m'20
Protein dynamics play a critical role in enzymatic functions,
and therefore many enzymes do not function at freezing
temperatures. systems, the
landscape that is important for enzyme function may not be
data
collection at cryogenic temperatures can prevent capturing

For some conformational

captured under cryo-cooled conditions. In addition,
short-lived reactive intermediates unless such species can be
cryo-trapped within the time-scale of state-of the art freeze-
quenching methods. Thus, data collection under physiological
conditions is required in such cases.

We have collected room temperature X-ray diffraction data
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Figure 3: Center: The Kok S-state cycle for water oxidation by PSII. Gray - donor side: Each of the four photons absorbed by
the PS Il P680 reaction center, oxidizes the tyrosine Y; intermediate, which in turn oxidizes the Mn,CaOs complex. Blue -
acceptor side: Q4 and Qg are reduced on the acceptor side. Left Top: A best case steady state S-state population as a
function of laser-flash illuminations. 10% miss hit is assumed. Insets: The evolution of the populations of the S-states as a

function of time are shown after O flashes (OF), 1 flash (1F) and 2 flashes (2F).
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Figure 4: A. Overlay of the 2F-dark Mn Kf;3 XES difference spectra using an XFEL (blue) and a synchrotron (black). B. fs
diffraction pattern of a PS Il crystal in the 2 flash state recorded at room temperature, resolution in the corners is 2.13 A and
at the edges 2.57 A, diffraction spots are visible beyond 2.3 A resolution. C. Mn KB, 3 XES from PS Il crystals in the 2F state.
The spectrum was collected from an experimental run in which 1466 crystal hits were identified in the diffraction detector.

from PS Il at the CXI instrument™” * at the LCLS using 9.5 keV

incident X-rays. The rmsd (root-mean-square deviation) of the
room temperature dark state crystal structure of PS Il in
comparison with the cryogenic structure of the same protein
reported by Suga et al.! showed that the changes are mostly
within 2 A, and they are in the solvent-exposed region of the
protein. This implies that the cofactor distances in the electron
transfer chain remain similar to those obtained at cryogenic
temperature, as the cofactors are present in the hydrophobic
interior of the PS Il membrane complex.

In terms of the chemical states of the Mn,CaOs catalytic
center in PS Il, the similar XES spectrum in the dark state was
observed in both XFEL room temperature and synchrotron
cryogenic temperature data.” This evidence demonstrates that
the catalytic center at room temperature remains intact under
the XFEL data collection conditions used in this study. The XES
data also serves as a diagnostic tool for evaluating the
chemical state of the samples.23
C. S-state Advancement and Acceptor Side Chemistry

The dark S; state can be advanced to higher S-states with laser
flash(es) at room temperature. By cryo-trapping the sample after
the laser flash, each S-state (Sg, S, S3, in addition to the dark S;
state) has been characterized at synchrotron X-ray facilities. As the
S-states do not decay rapidly, freeze-quenching of the illuminated
samples to liquid N, temperature within a couple of seconds is

4| J. Name., 2012, 00, 1-3

sufficient for trapping the stable intermediates like S,, S3, and Sg
states. The yield is never 100% due to the intrinsic limitations in PS
Il S-state advance because of misses and double-hits by visible light
photons. In the best case, a S-state distribution after each flash is
similar to what is shown in the inset Table in Figure 3. The T/, of
each S-state has been obtained from the literature,”**® and also
summarized in this figure.

Stable charge separation is the prerequisite for advancing the
Mn,CaOs cluster of the oxygen-evolving complex (OEC) from one
oxidation state to the next higher one. It is well known that stable
charge separation can only be achieved if the acceptor quinone, Q,,
is present in the oxidized state (Fig. 3). It is thus impossible to
uncouple the S state advancement from the often slower acceptor
side kinetics, i.e. the electron transfer from Q, to Qg or Qg , and
the formation and exchange of QgH, with a plastoquinone molecule
from the thylakoid membrane (or a pre-bound Q¢ molecule).n' 28
Thus, an important parameter governing the yield of the S; state
after two flashes is the amount of open centers (Qa) at the time
point of the second flash. A stable charge separation can only
happen in centers where Q, is present in the oxidized form (see e.g.
ref.”), whereas in closed centers only a very small fraction (<10%)
can proceed to the next higher S-state. If the second light excitation
flash is given in the earlier stage after the first flash, a large fraction
of the centers still have reduced Q4 (Qa ) and are thus closed,
meaning they cannot produce a stable P680™" to advance the

This journal is © The Royal Society of Chemistry 20xx
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To establish the
illumination conditions at XFELs, a replica of the XFEL illumination

Mn4CaOs cluster from the S, into the S;3 state.

set up was built to study the advancement of the sample using
isotope labeling and membrane inlet mass spectrometry (MIMS)
practically
Optimization of all these parameters is absolutely crucial for

under identical conditions as at the beamline.
achieving optimal sample turnover with a low miss factor.

The electron transfer rate between Q, and Qg or Qg , and the
exchange rate of QgH, with PQ, are species- and sample-dependent.
We thus measured the time scale of such electron transfer events
in the preparations used for our experiments. The fastest rates
reported so far is by de Wijn & van Gorkom™®® for spinach
membrane fragments. We note that measurements on intact cells
show that wait-times between flashes in the order of 10’s to 100’s
of ms are necessary to ensure turn over of the OEC and the
acceptor side.! The S-state advancement in crystals should not be
fundamentally different from all literature values available.

We have collected the 2F XRD and XES data at CXI at LCLS using
conditions similar to those described in the previous section. The
dark-adapted PS Il sample was illuminated in situ with 532 nm
visible laser light (2 flashes) with the setup shown in Fig. 2, by
turning-on fiber-coupled lasers 2 and 3. Incident X-rays of 9.5 keV
were used for the experiment. Figure 4A shows the Mn XES Kf; 3
peak shift observed between the dark (OF) and 2F data. The Kf3,3
transition of Mn corresponds to a fluorescence decay of 3p to 1s
orbitals, that occurs after the excitation of the 1s core electron to
the continuum. Similar difference spectra were observed for the
synchrotron (cryogenic) and the XFEL (room temperature) data,
indicating that the S-state advancement under our experimental
conditions was comparable to that of samples prepared by the
freeze-quenching method for synchrotron experiments.3 The same
setup was used to collect the XRD data of the 2F sample, and the
data has been published in the literature.”

As mentioned the
crystallography and X-ray spectroscopy data using crystalline
samples is a valuable approach for studying the overall protein

above, simultaneous collection of

structure together with the chemistry that occurs at the metal
catalytic centers. XES can also be used for diagnostic purposes
during XRD data collection to ensure the intactness of the metal
catalytic centers. However, some caution is necessary when
crystallography and the spectroscopic data are collected under the
same conditions. Figure 4B shows a single-shot diffraction pattern
from a PS Il crystal obtained from injecting a suspension of crystals,
with a size distribution of 10-20 micrometers, using an
electrofocusing liquid injector with a liquid shield flow (coMESH)32.
An XES spectrum obtained from more than 1400 crystal hits is
shown in Fig. 4C, thus providing a diagnostic use of spectroscopy for
the chemical state and the intactness of the sample, while
collecting XRD data. For XES, each crystal provides only a weak XES
signal and accumulation over many individual shots is necessary to
obtain an interpretable spectrum for samples like metalloenzymes
in which the metal concentration is very low. The characteristics of
the individual crystal samples determine the maximum achievable
concentration of crystals, and these are often limited by factors like
aggregation and sedimentation of the crystals leading to clogging of
the injection setup. The necessary reduction of the particle

concentration leads then to a lower hit rate, e.g. often only a few

This journal is © The Royal Society of Chemistry 20xx

percent in liquid injector-based crystallography. Therefore the
average concentration in the sample volume probed by the X-ray
beam is lower, although the intrinsic metal concentration in a
protein crystal is generally higher compared to a solution of the
same protein. In the case of PS Il, the concentration difference
between crystals and solution samples is about six times but the hit
rate difference is a factor of 20-50. In addition, the jet volume
probed by the X-ray beam is not always filled completely by a
crystal, giving rise to another reduction in signal level from crystals
This
improvement in signal rates for PS Il solution samples over crystals

compared to solution samples. leads to an average
by a factor of ~10. In PS Il solution samples, with a Mn
concentration of ~ImM and a path length of 10 micrometers, a
total of 600 Mn K@ fluorescence photons are emitted per shot (40 fs
XFEL pulses, 9.5 keV excitation, with 2 mJ/pulse) out of which 8
photons can be theoretically collected by our spectrometer (solid
angle of 1.3%).4 Therefore, the spectroscopic signal needs to be
averaged over many shots. In practice, a collection time of 20-30
minutes at 120 Hz X-ray repetition rate for a Kf; 3 spectrum from
solutions was necessary to achieve sufficient S/N. To obtain a
spectrum of similar quality from a crystal suspension, collection
times of 4-5 hours would be necessary. To study the time-evolution
of chemical states of the metal cluster, based on small changes in
the spectral shape and energy position of the Mn emission, high-
quality KB, 3 XES spectra are required. This is only achievable in a
reasonable amount of measurement time with solution samples as
they provide a more efficient way of collecting data (100 % sample
hit rate).

Another point that needs to be taken into account for the
simultaneous data collection of diffraction and spectroscopic signal
is that both methods are sensitive to different degrees of sample
damage. We have shown that XES data, free of electronic damage,
can be collected at XFELs together with the XRD data® > under the
conditions that were used for these studies (<50 fs pulse duration,
spot size of ~1.5x1.5 umz, 3-6x10™ photons/pulse at energies
between 7 and 9.5 keV, equivalent to an X-ray dose of 50-300
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H
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- 75\
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______________________ HS-GS
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Figure 5: A. Schematic of the Ti-O-Mn complex on a
Mesoporous silica substrate B. Structure of a Ti-O-Mn
bridged complex. C. Proposed energy level diagram for
the photo-induced metal-to-metal charge transfer
(MMCT) processes that determine photocatalytic yields
for the TiOMn" charge transfer unit. kgery and kisc are
ultrafast, kger; is the 1.8 ps process.
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MGy). However, X-ray induced changes to the electronic structure
will become visible when the X-ray dose increases (i.e. via the
increase of incoming X-ray photons/shot, the use of lower X-ray
energy leading to a higher cross section, a better focused beam,
etc.), and the effect will become noticeable in the XES more easily
than in the XRD. Such effects could for example be caused by
multiple excitation processes at the same site (either at the same
atom or in the same electronically coupled moiety, for example at
two neighboring Mn in the Mn4CaOs cluster in PS Il). Such effects
may not be readily apparent in the diffraction data until the atomic
positions are affected, especially as the time scales for electronic
and atomic motions are very different. Recent studies, both in the
soft- and hard X-ray regime, indicated the onset of such effects
under certain conditions, for example in the oxygen K-edge of
water33, in the Fe L-edge RIXS spectrum of Fe(CO)s in solution,34 and
in the XRD data of ferredoxin obtained using a very high dose (30
GGy) at the 100 nm focus instrument at CXI, LCLS s,
3. Towards Studying Electron
Transfer Chromophores

The functionality of metalloenzymes
consequence of the spin state, electronic structure, and ligand
environment of the catalytic
arrangement for electron and proton transfer in both space

Inorganic
arises as a

metal center, cofactor
and time, as well as the pigment-pigment interactions at
interfaces. To be useful for driving a multi-electron catalyst,
the excited state has to be sufficiently long-lived to allow for
electron transport from one pigment/cofactor to another.
There are some promising synthetic candidates for this type of
photodynamics based on a multimetallic unit anchored on a
silica nanoporous surface.®* While the back electron transfer
rate and slower changes following the initial MMCT excitation
have been studied by various techniques, very little is known
about the ultrafast steps that immediately follow the light
Besides the MMCT there are excited state
dynamics, and, possibly, spin
crossover processes that are critical for the function of these

excitation.
structural rearrangements,
and related systems.

In the case of the TiOMn system (Ti'VOMn”—>Ti”'OMn”')
(Figure 5A,B), an excited state lifetime of 1.8 microsecond was
established at room temperature (monitored by the dynamics
of ground state MMCT depletion and the Ti"
absorption). The unusually slow back electron transfer (kgers)
enables the photocatalytic activity, yet the photochemical
yield is determined by competition between two ultrafast

excited state

processes shown in Fig. 5C, namely ultrafast intersystem
crossing (kisc) versus ultrafast back electron transfer in the
initially excited S=5/2 MMCT state (kger;) following photo
excitation. It is the S=3/2 state with the long lifetime of 1.8
microsecond that gives rise to the observed reactivity. In order
to improve the photocatalytic
understanding of the factors that determine the branching

and optimize yield,

between ultrafast (spin allowed) back electron transfer in the
S=5/2 state versus intersystem crossing to the S=3/2 excited
state is essential. Although some of the optical methods can be
applied in the femtosecond time regime, the element-specific
methods based on techniques useful for

X-ray are
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Figure 6: A. The schematic shows the method used for
simultaneous collection of the emission spectra from two
elements, Mn and Ti, using an energy dispersive X-ray
spectrometer and a 2D detector. B. Energy level diagram
showing the excitation, E1 and E2, and K@ emission
processes for Mn and Ti. C. Mn Kf3; 3 spectra of the Mn/Ti
molecular compound in the dark (blue) and illuminated
(1.2 ps) (green). D. Ti KB;3 of the Mn/Ti molecular
compound in solution in the dark (blue) and illuminated
(1.2 ps) (red). The difference spectra are shown in green.
E. Expected changes of the metal oxidation states during
the MMCT. F. Transient Absorption Spectroscopy of
Mn/Tn molecular compound in liquid.

understanding the local geometric and electronic structure of
the metals. At synchrotron radiation sources, X-ray studies
limited to the ~100 ps temporal
resolution®* and therefore XFEL X-ray pulses are required for

have been generally

capturing faster phenomena.

Using wavelength-dispersive XES, we have developed a
method to probe multiple elements based on ultrafast optical
pump and X-ray probe to simultaneously detect signals from
both metal centers in a time-resolved manner (Figure (SA,B).42
The setup, shown in Fig. 6A, allows accessing the time-points
within the accuracy of the X-ray jitter and the Laser timing.
This setup allows the measurement of time-points starting
from 300 femtoseconds, which is limited by the accuracy of
the timing between the X-ray probe and laser pump.

A multi-crystal von Hamos spectrometer combined with
two position-sensitive detectors was used for the data
collection of the photo-excitation of the MnTi system. The data
was collected at Hutch 3 in SACLA (SPring-8, Japan), using 7keV
incident X-rays with a pulse duration of ~ 10 femtoseconds and
a beamsize of 50 micrometer. A Ti"OMn" molecular complex

This journal is © The Royal Society of Chemistry 20xx
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in acetonitrile solution (5mM Mn and Ti) and a TiYomn"
complex anchored to silica nanoparticles (solid) was used for
the data collection. The solid sample was mounted on a solid-
target stage and was moved to afresh sample spot shot-by-
shot. The liquid sample was injected with a liquid injector (100
pm [.D.). Mn and Ti K emission lines are used to detect the
electronic structural changes of the two metal sites
simultaneously. Of the 16 slots for cylindrically bent analyzer
crystals of the von Hamos spectrometer, eight were populated
with Si (440) crystals aligned for the energy range of the Mn K@
line and the remaining eight with Ge(331) crystals for
observing the Ti Kf line. The Bragg reflections of Mn and Ti K@
signal from each set of 8 crystals were collected, and focused
on the two MPCCD detectors as two separate energy
dispersed

Bismuth crystal was used and its diffraction peak was used to

lines. Prior to the pump-probe experiment, a
determine the timing between the pump laser and the X-ray
laser.

A photon energy above the absorption edges of both
elements (Ti and Mn, in this case) studied was used and the
metal sites were probed simultaneously by different crystal
reflections that disperse the emission signal from each metal
onto a separate line on the 2D detectors (Fig. 6A). In this way,
the emission signals can be directly correlated on a shot-by-
shot basis. This detection scheme circumvents systematic
errors induced by the intensity jitter of the XFEL beam,
concentration, and volume distribution of the sample. Thus, it
results in an efficient way for characterizing ultrafast changes
in the local structure of heterometallic active sites where
changes in oxidation states occur at either or both metal sites
upon light in the Ti(O)Mn system
mentioned above. Studies using this method were conducted

irradiation, such as
on both a Ti-oxo-Mn complex anchored to silica nanoparticles
(solid sample) and on a molecular species with the same
heterobimetallic core dissolved in homogeneous solution
(liquid sample).43 Differences in the electron transfer dynamics
are expected in the two cases, primarily due to the role played
by the nanoparticles versus the solvent in stabilizing the
species forming along the reaction pathway but also due to
kinetic effects induced by the different media. The data for the
system anchored to silica nanoparticles showed no change due
to electron transfer ~10 ps after optical laser excitation. This
suggests that the important charge recombination might occur
at the very early stages after laser irradiation of this solid
sample. Preliminary UV-Vis transient absorption spectroscopy
liquid sample suggests
kinetics that likely corresponds to the oxidation of Mn(ll) to
Mn(lll) (and the reduction of Ti(IV) to Ti(lll)) upon optical laser
excitation of the initial sample, showing maximum formation

measurements performed on the

of the product around 1 ps after laser irradiation (Fig. 6C,D).
However, data from the pump-probe experiment performed at
the SACLA XFEL collected after 1.2 ps does not show clear
changes of the metal oxidation states (Fig. 6E,F). Likely reasons
for this are the current data quality or the population of the
excited state being under the detection limit. More detailed
data analysis including shorter delay times is necessary for

This journal is © The Royal Society of Chemistry 20xx

both the silica-anchored and the Ti(O)Mn liquid samples, and
such a study is underway.

4, Conclusion and Future Direction

We have developed XFEL-based methods for studying the
structure of complex biological metalloenzymes and for
studying the electronic structural dynamics of both biological
and inorganic systems. The simultaneous detection of XRD and
XES from metalloenzymes allows the investigation of both the
geometric and electronic structure of enzymatic reactions in
real time at physiological temperatures, and to ensure the
integrity and intermediate state characterization of short-lived
intermediate states. The method of simultaneous detection of
the x-ray emission spectra from multiple elements after optical
excitation has great potential for probing the dynamics of
MMCT or charge-separated states where charge transfer
occurs on ultra-fast time scales. This method will help
the that the
multidimensionally (time and space) controlled chemistry, by

understanding fundamentals govern
detecting competing pathways of energy loss and observing
energy transfer processes. Femtosecond X-ray spectroscopy is
a unique tool that provides access to these insights and can
guide design improvements for maximizing the branching in
favor of the photochemically active charge-separated or
MMCT states. The knowledge gained from these studies will
not only help understanding of currently known biochemical
processes, but may also lead to the improving/designing of
novel catalytic systems.

Besides the various advantages that the use of XFELs has
brought to the field of biology and chemistry by using the fs X-ray
probe to interrogate ps and sub-ps timescales and outrun damage
processes that otherwise often hinder X-ray studies at conventional
synchrotron sources, there are some limitations to this approach.
The most important point is that further increasing the X-ray dose
may not help getting the intact form of XRD and spectroscopic data,
due to the limitation that comes from electronic damage to the
samples in these high-flux regimes. Instead, increasing X-ray
repetition rate will be a huge advantage, in particular, for
large
compared to the X-ray and laser timing jitter, as in these cases often

spectroscopic data collection at time delays that are

it is not necessary to collect shot-by-shot information and the signal
can be averaged over many shots without the need of a high
repetition rate detection system. Nevertheless, at very high
repetition rates, one has to consider the effect of the shock wave
created by an X-ray pulse hitting the sample on the neighboring
sample volume both in a continuous jet or a stream of droplets (see
referenceM) and high speed sample delivery schemes have to be
designed accordingly. Another approach will be to use stimulated X-
ray emission processes to enhance the signal intensity. The
possibility of a non linear X-ray spectroscopy approach has been
postulated theoretically (e.g. reference545'47) and recently induction
of stimulated emission processes was demonstrated experimentally
for neon gas in the soft X-ray regime *8%% 3and a Cu foil in the hard X-
ray regimeso. When established, this approach will be truly
beneficial for collecting data from dilute samples or less-probable
transitions. Whether the stimulated process is applicable to more
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dilute systems, in which the shot-by-shot spectroscopic information
is currently not accessible due to the limited S/N ratio, is still an
open question.
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