crystals

Review

Advances in Diffraction Studies of Light-Induced Transient
Species in Molecular Crystals and Selected
Complementary Techniques

Krystyna A. Deresz T, Piotr Laski T(), Radostaw Kamiriski *

check for

updates
Citation: Deresz, K.A.; Laski, P,;
Kaminski, R.; Jarzembska, K.N.
Advances in Diffraction Studies of
Light-Induced Transient Species in
Molecular Crystals and Selected
Complementary Techniques. Crystals
2021, 11, 1345. https://doi.org/
10.3390/ cryst11111345

Academic Editors: Sophie E. Canton,
Dmitry Khakhulin and Qingyu Kong

Received: 8 September 2021
Accepted: 29 October 2021
Published: 3 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Katarzyna N. Jarzembska *

Department of Chemistry, University of Warsaw, Zwirki i Wigury 101, 02-089 Warsaw, Poland;
ka.deresz@uw.edu.pl (K.A.D.); pa.laski@uw.edu.pl (P.L.)

* Correspondence: rkaminski85@uw.edu.pl (R.K.); katarzyna jarzembska@uw.edu.pl (K.N.J.)
t Both authors contributed equally.

Abstract: The review provides a summary of the current methods of tracing photoexcitation pro-
cesses and structural dynamics in the solid state, putting major emphasis on the X-ray diffraction
techniques (time-resolved Laue diffraction on synchrotron sources and time-resolved serial fem-
tosecond crystallography on X-ray free-electron lasers). The recent developments and nowadays
experimental possibilities in the field are discussed along with the data processing and analysis
approaches, and illustrated with some striking literature examples of the respective successful stud-
ies. Selected complementary methods, such as ultrafast electron diffraction or time-resolved X-ray
absorption spectroscopy, are briefly presented.

Keywords: time-resolved diffraction; Laue diffraction; X-ray free-electron lasers; serial femtosecond
crystallography; ultrafast electron diffraction; X-ray absorption spectroscopy; excited states

1. Introduction

The complexity of real-world systems and their transformations makes theoretical
predictions often inaccurate or even not feasible. Nevertheless, the knowledge on struc-
tural changes, mechanisms and dynamics of various processes is of great importance from
both biological and/or technological points of view. Therefore, experimental methods
allowing studies of physicochemical changes at the molecular level are of high demand.
This way one may obtain direct information on what is happening, which is not achiev-
able theoretically, or validate theoretical predictions, and so the existing computational
approaches. Various advanced experimental methods are indeed constantly being devel-
oped and applied to investigate the key cases. In this regard light and matter interactions
are of great relevance. Some striking literature-reported examples here are the cis-trans
isomerization of retinene [1,2], light-to-energy conversion in solar cells [3] or light-induced
biological transformations in proteins [4-7]. The obtained results contribute to our better
understanding of biological processes, compounds’ properties and function, and help us to
design novel functional materials.

Considering materials of technological relevance, it is worth stressing that the signifi-
cance of solid-state photoactive materials is constantly increasing. This applies to sensors,
optoelectronic devices and ultra-high-capacity data storage media, as well as materials of
environmental and biomedical applications. Since potential functional materials should
be studied in their technologically-applicable solid-state form, structurally well-defined
single crystals appear to constitute excellent model systems to mimic real-world situ-
ations, but also to supplement the solution-sample studies, or model the inter-surface
environment. The conversion of light energy into some sort of other action, such as charge
transfer, can further trigger transformations in which molecules change their geometry,
function, emit photons of different energy, etc. The resulting structural distortions in the
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case of single crystals can be explored via X-ray diffraction techniques which provide a full
three-dimensional experimental picture of crystals.

Application of X-ray diffraction methods to samples excited using some source of
UV-Vis light (e.g., laser, light-emitting diode (LED), Xe lamp or, even, the sunlight) is
called most commonly photocrystallography, or photodiffraction [8-10]. This way one can
track light-induced processes taking place in the solid state via observation of structural
changes, as well as study metastable or short-lived excited states in crystals. In this
contribution major attention will be paid to the challenging investigations of the very short-
lived excited-state species (lifetimes shorter than microseconds). Such experiments are
technically advanced while the collected data requires novel methods of data handling and
analysis [8,11-14]. Studies of short-lived light-induced excited states in crystals of small
molecules are currently feasible almost exclusively at high-intensity X-ray sources, such as
synchrotrons [12,15,16]. The time-resolved (TR) X-ray diffraction Laue method, applied
originally for macromolecular samples [6,7,14,17], constitutes the most efficient approach,
as it allows effectively single-pulse diffraction experiments thanks to a superb X-ray flux.
Since the data processing in the case of a polychromatic X-ray beam is considerably more
difficult when compared to the monochromatic approach [11], here we shall describe both
small- and macromolecular Laue data handling methods.

Time-resolved laser-pump/X-ray-probe approach (Figure 1) yielded in the past years
interesting results regarding reactions in proteins [6,7,14,18], such as a state-of-the-art
study by Srajer et al. on photolysis of the carbon monoxide complex of myoglobin and
excited-state species in crystals of transition-metal coordination compounds [13,19-25]. As
far as the Laue method is concerned most advances have been recently made in handling
of the polychromatic-radiation data sets, which facilitated tracing structural changes also
in small-molecule crystals. Furthermore, more and more is being experimentally possible
nowadays using X-ray free-electron lasers (XFELs) or electron diffraction (ED) techniques,
thus the current experimental capabilities in these fields will also be discussed in this
contribution and illustrated by the most striking literature-examples of successful studies.
Finally, some complementary TR methods enabling tracing transient species, namely X-ray
absorption spectroscopy techniques, will also be mentioned.

Energy

Nuclear coordinate

Figure 1. Schematic representation of the laser-pump /X-ray-probe experiments. The ground state of
the system is excited with a laser-light pulse (large green arrow) to some higher-energy state with
different geometrical features. Before the excited state relaxes back (dashed lines) to the ground state
it is probed with the intense X-ray pulse. In this simple example ground state is indicated as singlet
(So), and possible excited states are shown as higher energy singlet (S;) and lower energy triplet (T1),
the latter exhibiting larger molecular deformation and a rather long lifetime.
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On the whole, this short review is thought to provide a summary of the methods of
tracing excitation processes and structural dynamics in the solid state, indicate some of
the recent important results, and constitute a valuable source of information on what has
already been conducted in the field, as well as on the current research possibilities. The
latest trends are described along with the data processing and analysis methods.

2. Time-Resolved Photocrystallography

As it has been mentioned, one of the most straightforward approaches of examining
structural dynamics in crystals is to derive the geometry of transient species by using
crystallographic methods. If one can obtain reliable X-ray diffraction data at any chosen
point in time relative to the moment of excitation, and process such data correctly, then it is
possible to reproduce the so-called “molecular movie” almost frame by frame. Although it
sounds simple, in practice it is a very challenging task due to the demanding experimental
requirements, various technical issues and specific data handling techniques. The entire
class of such methods is unified under the broad term of time-resolved photocrystallogra-
phy. Current possibilities of the TR photocrystallographic methods and future prospects
will be discussed in this section.

2.1. Experimental Approaches

Photocrystallographic experiments can be classified by the temporal relation between
the excitation source and the probing X-ray radiation. Consequently, there are four different
approaches to study light-excitation products in crystals: a static experiment (Figure 2a), a
quasi-static experiment (Figure 2b), a stroboscopic experiment (Figure 2c) and, finally, the
pump-probe experiment (Figure 2d).
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Figure 2. Schematic representation of various types of photocrystallographic experiments: (a) static method, (b) quasi-static,
(c) stroboscopic and (d) pump-probe. Dashed lines in (b,c) refer to the average population. Note that in all cases it is

assumed that the processes are reversible. Figure based on Hatcher and Raithby [15].

Obviously, when employing the first two methods, i.e., the static and the quasi-static
techniques, the time-resolved studies are not possible. Nevertheless, these approaches
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are often useful when determining whether a given sample deserves further examination
by more complex TR methods. In the static approach the crystal sample is exposed to a
continuous light source (e.g., Xe lamp or light-emitting diode) for a given period of time,
after which it is examined using the X-ray diffraction technique. Hence, in practice the static
method constitutes a standard crystallographic experiment performed for the light-induced
single-crystal sample, thus it is usually applied using a laboratory (or “in-house”) X-ray
radiation source. Importantly, since the whole crystallographic measurement is conducted
after the sample irradiation, i.e., significantly later than the photoexcitation takes place,
the generated structural changes have to be rather long-lived, if not permanent (e.g., the
photoreaction leads to a stable product; it is not reversible). In some cases of the reversible
processes the lifetime of excited-state species, or photoreaction products, can be sufficiently
elongated by lowering the temperature [26]. On the other hand, in the quasi-static method
a pulsed light source is used. Laser pulses periodically excite the sample during the X-ray
diffraction measurement. The population of the excited state species is then on average
constant during the entire experiment [27]. This allows examination of relatively shorter-
lived species, which would otherwise relax back to the ground state. Since these two
methods do not require any specific and advanced experimental setups, they have been
used extensively to study structural dynamics of a variety of systems, with particular
emphasis on photo-switchable materials undergoing for example photoisomerization or
reversible photolysis [28-46].

As far as the time-resolution is concerned, it can be achieved by utilizing pulsed X-ray
radiation. In the stroboscopic experiment, the sample is excited in the same manner as
it is conducted in the quasi-static method, however, the X-ray pulses are synchronized
with the laser. In turn, in the pump-probe experiment, the laser and X-ray pulses are
perfectly synchronized, so that the emergence and dissipation of the metastable state can
be tracked with full time resolution (in contrast to the stroboscopic method in which the
excited-state population is being built-up). The pulsed X-ray radiation is most readily
available on several selected synchrotron beamlines (the time structure of the synchrotron
beam, consisting of series of pulses, is well suited for TR experiments), however, some
approaches to generate intense X-ray pulses in laboratory conditions were tested and
recently applied to TR studies of small-molecule crystals. The methods using synchrotron
and in-house techniques will be discussed in the following sub-sections separately.

2.2. Synchrotron Facilities for TR LAUE Studies

In recent years, one of the major developments in the field of pump-probe pho-
tocrystallographic experiments was the application of the Laue method to collect TR
X-ray diffraction data. Initial studies for small-molecule crystals were performed with
monochromatic radiation, mostly using the stroboscopic technique. A couple of im-
portant results were obtained in this way, including determination of the excited-state
structure of the platinum [47] or copper complexes where the excimer formation was
recorded [48]. Moreover, diffuse scattering and structural dynamics studies of a purely
organic tetrathiafulvalene-p-chloranil cocrystal system [49,50] constitute an interesting
example here. It should be noted, however, that the intensity of the monochromatic syn-
chrotron radiation is significantly reduced with respect to the available primary X-ray
beam. Instead, in the Laue method polychromatic probing pulses are used, which allows
for much higher intensity of the incident beam. This is especially desirable when con-
ducting time-resolved studies on short-lived metastable species in solids, as it enables
obtaining sufficient signal even from little populations (0.5—5%) of excited-state species
in crystals. In fact, the primary objective of using the polychromatic beam was to study
protein crystals, which generally diffract rather poorly and must be studied with intense
X-ray sources [51-53]. There are three main beamlines allowing such TR pump-probe
experiments: 14-1D-B at the Advanced Photon Source (APS; Chicago, IL, USA) [54], ID09 at
the European Synchrotron Radiation Facility (ESRF; Grenoble, France) [55,56] and NW14A
at the Photon Factory Advanced Ring (PR-AR; Tsukuba, Japan) [57]. Additionally, some
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new beamlines with pump-probe capabilities are being recently commissioned, such as the
TPS 15A beamline at the Taiwan Photon Source [58].

The mentioned beamlines are specifically designed for the laser-pump /X-ray-probe
experiments. The synchrotron beam consists of a series of consecutive pulses called a
synchrotron train. In call these cases the most intense X-ray pulses are generated by a
set of undulators (see Table 1 for short characteristics of the beamlines)—state of the art
synchrotron insertion devices. The structure of the beam depends on a filling pattern of the
storage ring, but generally a single polychromatic “pink” beam (i.e., narrow band) X-ray
pulse amounts to about 10'° photons or more. Obviously, it is impossible to use all pulses
of the X-ray primary beam, thus at each beamline a specific protocol is utilized to isolate
a single X-ray pulse. A very good general description of the method was provided by
Graber et al. [54] (Figure 3). The synchrotron train is first attenuated by the water-cooled
high-heat-load chopper, and later the combination of millisecond shutter and fast rotating
triangular Jiilich chopper facilitates a single pulse isolation. X-ray and laser pulses are then
synchronized electronically with a FPGA (field-programmable gate array) module. Each
beamline is equipped with a variety of pico- or nanosecond lasers to study a large array
of samples.
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Figure 3. Schematic single-pulse isolation protocol implemented at the 14-ID-B BioCARS beamline
at APS. Figure reproduced with permission of the International Union of Crystallography from
Graber et al. [54].

The data collection conforms usually a fixed target (sample) mounted on a translating
and/or rotating stage (frequently a single- or multi-axis goniometer) allowing for changing
the orientation of the specimen during the experiment. In the case of polychromatic
radiation, in order to collect single Laue image the crystal is kept still while it is exposed to
the X-ray beam. All reciprocal nodes which fall in-between the limiting Ewald spheres with
radii of )\;ﬁln and AL, fulfil the diffraction conditions, thus may be recorded on a detector.
A full data set is composed of images collected at different crystal orientations usually
obtained by rotating it from frame to frame along the specified axis (e.g., perpendicular to
the X-ray beam direction).
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Table 1. Short characteristics of synchrotron beamlines facilitating TR Laue photocrystallography experiments. Note the

most up-to-date parameters may somewhat differ because of continuous development of these beamlines and storage

ring upgrades.

Beamline Name BioCARS 14-ID ID09 NW14A
Synchrotron source APS, Chicago, USA ESREF, Grenoble, France PR-AR, Tsukuba, Japan
Storage ring energy 7.0 GeV 6.0 GeV 6.5 GeV

Two undulators with 23 and 27 mm Two undulators with 46 and Two undulators with 20 and
Source type . . .
periods 17 mm periods 36 mm periods
Mirrors Pair of Kirkpatrick-Beatz mirrors Toroidal mirror Cylindrical mirror
Monochromator Cryogenically cooled Si (111)
Energy range 6.8-19 keV 8.5—28.0 keV 5-20 keV
Photons per pulse 1.1-4.2 x 1010 1.1 x 1010 1 x 10°
Focal spot size 90 um (h) x 20 um (v) 100 um (h) x 60 um (v) 60 um (h) x 60 um (v)
X-ray pulse width ~100 ps
Detectors # Rayonix MX340-HS, b MarCCC 165 ¢ Rayonix MX170-HS MarCCC 165, ¢ Rigaku IP €

“ Note other detectors are also frequently available. ¥ Website: https:/ /biocars.uchicago.edu/ (accessed: 28 August 2021). ¢ Graber et al. [54].

4 Nozawa et al. [57].

2.3. Processing of TR Laue Data

One of the most demanding aspects of the polychromatic TR method is the data
analysis. Dedicated software has been developed over the years, and toolkits such as LAUE-
GEN [59,60], LAUEVIEW and PRECOGNITION [61], LAUEGUI [62] or LAUEUTIL [63,64]
have already been reported. Some of them are highly successful in analyzing data for
macromolecules, where the diffraction patterns are “dense” and the collected data is usu-
ally of very good quality and high completeness. This is unfortunately rarely the case
for small-molecule crystals, thus there is still high demand for new ideas and algorithms
regarding fast and efficient processing of Laue data collected for systems of this kind.
The recorded reflection positions cannot be directly used to reconstruct the reciprocal
lattice due to the unknown X-ray wavelength associated with each diffraction spot. For
this fundamental reason, the tools to analyze the Laue data have to overcome the arising
complications in both integration and indexing of detected reflections. Even then, the
data is still difficult to process, since the refinement procedure usually requires accounting
for several wavelength-dependent factors, such as absorption of the crystal sample. Both
LAUEUTIL and PRECOGNITION programs offer different approaches in resolving these
issues, which will be presented in the following paragraphs.

2.3.1. Signal Searching and Integration

The first step of data analysis is to locate and quantify the reflections collected on the
detector. The PRECOGNITION software treats each frame in a dataset separately. Firstly,
images are inspected for spots fitting a rough profile pre-determined by user. Such a profile
is composed of an estimated overall spot size, as well as minimal signal-to-noise ratio
of a reflection. Once the spots in each frame are located, new spot-profile parameters
are extracted by calculating the mean of the above-mentioned parameters for detected
spots. Then, the procedure of spot-finding is repeated, this time with refined profile
parameters, which yields more accurate spot locations. Finally, a procedure of recognizing
Laue ellipses is applied to identify nodal spots and find the beam-center. In order to obtain
the intensity of each reflection contributing to the detected spots, an integration procedure
is invoked. This consists mostly of evaluating and subtracting local background for each
spot, differentiating between spatially overlapping reflections in each spot and assigning
an integrated intensity value for each reflection. PRECOGNITION offers multiple methods
of integration, which can be divided into two categories: summation methods and profile-
fitting methods. The summation methods offer a quick and rather primitive integration,
i.e., integrating spots over a fixed area around it, usually with limited spatial deconvolution
of reflections. In the profile-fitting integration methods the profile of reflections in a
given frame can be assumed either on the basis of the most prominent and best-separated
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spots found in the image (numerical profile fitting), or using a well-known reflection
profile (analytical profile fitting). Overall, the entire procedure of signal searching and
integration in PRECOGNITION can be described as frame-by-frame processing coupled
with recognition of characteristic Laue patterns.

In the case of LAUEUTIL an entirely different approach to signal search is employed [64].
The algorithm here takes advantage of the fact that the dataset is 3-dimensonal, i.e., it
contains two physical dimensions of the area detector and additionally the frame number.
The dataset is treated as a whole, where pixels are grouped together with respect to their
detector coordinates on different frames. This results in 1-dimensional sets, or vectors,
containing the information on the intensity distribution of a single pixel among all the
frames in the dataset (Figure 4). In order to evaluate whether a pixel contains signal in
a given frame, a Kruskal-Wallis test is applied recursively. Quite recently an alternative
signal-detection method, the so-called seed-skewness algorithm [65-67], has been imple-
mented and shown to yield comparable results in terms of extracting weak signal on a
frame, while keeping the background filtering procedure at the same level of efficacy [68].
In either case, if a pixel does not contain signal, it is discarded from further processing,
and treated as a part of a background mask. Once the signal is distinguished among all
the frames, it can be integrated. In order to take into account the usual spatial distribution
of reflection spots, sets of pixels which remain after background mask subtraction on
each frame are treated with a series of morphological operations [69]. These operations
include erosion (to remove single pixels), dilation (to revert signal retraction caused by
erosion) and “hole filling” (to prevent non-physical reflection discontinuities). A similar
“statistics-based” approach was also proposed by Straase et al. [70]. Their method uses the
variance minimization criterion to separate the signal and background regions. However,
it has not been applied in TR Laue studies yet.

frame1 frame2 frame3 frame4 frame5

Figure 4. The idea behind the method: intensity of a selected pixel (x,y) is analysed vs. frame
number. The procedure is repeated for every pixel on the detector surface. Figure reproduced with
permission of the International Union of Crystallography from Szarejko et al. [68].

2.3.2. Sample Orientation Determination

Having identified diffraction spots, it is necessary to ascribe their respective (Laue)
indices. Since the proper assignment is heavily dependent on the incident beam wavelength,
some ingenuity is required to overcome these issues. Most importantly, the orientation
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matrix, which unambiguously defines the spatial orientation of a crystal lattice in a given
dataset, should be found. In PRECOGNITION possible orientation matrices are calculated
on the basis of the identified spots. These can be then used to generate the theoretical
diffraction patterns, in order to hand-pick the crystal orientation matrix which best recreates
the data. Additionally, such matrix can be chosen or discarded manually by the user.
This approach is highly dependent on the quality of the available data and the sheer
amount of distinct reflections detected on a single frame (which is significantly greater
for macromolecules). The assignment occurs for an arbitrarily chosen frame, which is
sufficient, since once the crystal orientation matrix is known at any given angular position,
it is known for the whole dataset. Furthermore, this method is extremely sensitive towards
any mismatch between the actual and input experimental setting parameters. Among these,
the most important ones are the primary beam position and the crystal-to-detector distance.
PRECOGNITION offers an instrument-model refinement procedure so as to optimize these
parameters, which increases the number of properly indexed reflections.

In the LAUEUTIL program a novel approach to assigning orientation matrices is im-
plemented, designed specifically for small- and intermediate-size molecule data [63]. All of
the reciprocal-space vectors with unknown indices are projected onto a unit sphere (Figure
5). The same procedure is conducted for a separate, reference data set containing data from
the monochromatic measurement of the same crystal at the same temperature. By grouping
the projected vectors into clusters and subsequently comparing the spheres created for the
collected Laue data with their analogues created for the reference monochromatic data,
it is possible to match these patterns and find the orientation matrix for the Laue dataset.
Similarly, as it is the case in PRECOGNITION, the experimental setup parameters are of
extreme importance to properly obtain the crystal orientation matrix. Originally LAUEUTIL
came with no toolkit to refine these parameters, however, recently an instrument-model
refinement method has been reported by [71], and successfully applied to the cases where
the assumed experimental values were off from their initial estimates. Finally, it should be
noted that novel algorithms of this kind still emerge, as for example the new PinkIndexer
module developed by Gevorkov et al. [72].
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Figure 5. Visualization of normalized reciprocal-space vectors for (a) experimental Laue data set, and

(b) reference monochromatic data. Figure reproduced with permission of the International Union of
Crystallography from Kalinowski et al. [63].

2.3.3. Structure Refinement

The last few steps of Laue data processing are thought to account for numerous
corrections present in the case of a polychromatic experiment. The PRECOGNITION
software provides appropriate tools to take into account, for example, sample’s anisotropy,
beam polarization and crystal mosaicity, as well as perform intensity scaling and data
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reduction. The absorption correction can be taken into account in a local scaling procedure.
Other than that, the structural refinement of the data is similar to that performed routinely
for regular monochromatic X-ray diffraction data.

In turn, LAUEUTIL contains modules employing the idea of the so-called RATIO
method [73]. In order to apply this concept, at the data collection stage frames with
and without light exposure are registered (the so-called light-ON and light-OFF frames,
respectively). In consequence, after processing the light-ON and -OFF reflection intensities
are available. In the RATIO method the ratios of such quantities are further analyzed.
Assuming that the unit cell size does not change upon laser-light excitation (which is the
case for the relatively fast TR experiments; especially when the pairs of light-ON and
-OFF frames are collected consecutively), it can be shown that most of the wavelength-
dependent corrections cancel out. The intensity ratios contain then only the information
about the excited-state structure and its relation to the reference ground-state structure.
Such ratios can be treated similarly to the intensity values themselves. For instance,
they can be scaled and merged (for example with the SORTAV program [74-78]) to yield
photodifference maps, study excitation anisotropy, or to be used in the so-called response-
ratio structure refinement [11,79-81] with some software developed especially for these
cases, e.g., the LASER program [82]. The modified RATIO method has also been used in
the macromolecular case [51].

2.3.4. Software Comparison

These two toolkits, despite seeking to solve the same issues, are in fact fundamen-
tally different as far as the implemented approach is concerned. While PRECOGNITION
is more versatile, and its algorithms are engineered in a way that particularly favors
macromolecular systems, LAUEUTIL is tailored to process Laue data collected for crys-
tals of small- to medium-sized molecules. The latter takes full advantage of the nature
of photocrystallographic measurements, where the geometry of a ground state is often
known before the experiment. Initial comparisons regarding the indexing capabilities
were performed by Kalinowski et al. [63] showing the robustness of the proposed indexing
procedure working in the normalized reciprocal space comparable to the PRECOGNITION
algorithm. Recently, more comprehensive comparison of these toolkits has been conducted
by Velazquez-Garcia et al. [83], who worked on TR Laue data processing for a tetranuclear
Fe!l complex. The results have shown that the PRECOGNITION software is better suited
for monitoring larger changes between the ground and metastable state, while LAUEUTIL
performs more efficiently for samples which experience lesser conversion rates. Lastly,
in the field of TR data processing, a simple correlation plot method of evaluating light-
response of a system has been documented [84]. As the synchrotron beamtime is very
valuable, such a plot provides some prescience of the quality of potential data prior to a
full-scale experiment.

2.4. In-House TR Diffraction Studies

Finally, it is worth mentioning that the recent developments in the field of time-
resolved photocrystallography are directed towards the application of in-house X-ray
sources, much more common and accessible than synchrotron beamlines. Surely, it is
not an easy task, however, to date there have already been reported some successful
experiments of this kind obtained using two approaches which are schematically depicted
in Figure 6. The first method is analogous to the one described above regarding synchrotron
studies, i.e., the pulsed X-ray source is used while the detector (e.g., CCD one) registers
the data continuously. The time resolution obtained in this method reaches about 100 ps
in the case of synchrotron sources, whereas the time resolution available using laboratory
diffractometers is in the order of microseconds. The second technique takes advantage
of modern detectors called hybrid-pixel-array detectors (HPADs). Such a detector is
fast enough to perform a quick gated readout while the structure relaxes to the ground
state. It is also possible to set multiple gates in the detector readout system in order to



Crystals 2021, 11, 1345

10 of 37

record a number of different time points during a single experiment. In this case the time
resolution is limited by the speed of the detector readout and currently reaches milliseconds.
Therefore, this approach is suitable for investigations of relatively slower processes, such
as switching reactions during which significant molecular rearrangements take place.

(@) repetition rate X(t) (b) repetition rate

pulsed ” |'| ” continuous J L
X-ray probe X-ray probe

AT S Al )

Laser pump |_|“ I_l |_| Laser pump |—|“ H |—|

response response

X(t)

signal J signal I'I |'| I'I

acquisition T acquisition e

Figure 6. Two possibilities of performing time-resolved X-ray experiment: (a) with a pulsed X-ray source and a conventional
detector, and (b) with a continuous X-ray source and a fast-gated detector. Figure reproduced with permission of the
International Union of Crystallography from Casaretto et al. [85].

To date, two examples of the so-called in-house studies following the first method
have been reported. These include the comparison between the in-house obtained pho-
todifference maps and the respective results from the Laue diffraction method applied at
the synchrotron (described further) [86], and, also, the study of the photoactive organic
molecule with the long-lived phosphorescence [87]. For that purpose, a significant modifi-
cation of the laboratory diffractometer was performed [88]. This concerned the installation
of the light-delivery device [89,90] and a rotating chopper as an X-ray pulse “generator”,
as well as the electronic and software system coupling the X-ray source with the laser
into a single data collection module. Schematic layout of the designed setup is presented
in Figure 7. The X-ray source produces continuous primary beam which is then cut into
pulses by the rotating chopper located right in front of the collimator. The location of the
chopper forced the design of the appropriate enclosure to possibly reduce the disturbance
of the cryostream due to the air flow [91]. In the used experimental setup, the X-ray beam
generated by the molybdenum rotating anode has a diameter of about 0.2-0.3 mm. To
achieve a selective pulse generation, the chopper blade must have slots of similar or larger
size. This allowed using the 445-slot blade, yielding the 4.17 us X-ray pulses. However,
longer pulses can be relatively easily generated by adjusting of the chopper rotation speed
and selecting different “chopping” discs. It should be mentioned here that the application
of a bright X-ray source is crucial since about half of the beam intensity is blocked by the
chopper. The chopper is synchronized with the laser pulses via the delay generator. For
both the laser and the X-ray light the timing is set using a system of photosensitive diodes.
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Figure 7. Schematic representation of an in-house photocrystallography setup including a classical CCD detector and an

X-ray chopper [88].

2.5. Case Studies

Since the TR Laue method had been first applied to macromolecular systems, some
tremendous developments of the experimental setup and data processing algorithms for
such cases were reported in the past [14,54,55,61,92-95]. As has been already mentioned,
later the efforts regarding data collection and processing handling have been shifted
towards investigations of small-molecule systems which have been recently more explored.
In turn, biologically important macromolecular cases are nowadays intensively examined
using XFELs, which would be the subject of the next chapter. Consequently, in this section
selected examples of the most recent studies on small-molecule crystals using the TR
diffraction techniques will be presented, both for Laue and in-house approaches.

A study undertaken by the Coppens group on the Rhy(u-pnp),(pnp)z-(B(Ph)y),
(pnp = MeN(P(OMe);)2) complex [96,97] constitutes an excellent example of the appli-
cation of the TR Laue technique to a small-molecule crystal [24,25]. The complex molecule
in the solid state contains four ligands, out of which two are bridging ligands linking the
Rh centers together. Additionally, the rhodium atoms interact with each other. The solid
under study, namely the o polymorph, when excited with the 337 light exhibits phos-
phorescence shows two bands with emission maxima at 730 and 780 nm. Both bands are
visible at very low temperatures (at 10 K the determined lifetimes are 35.3(2) and 46.5(3) ps,
respectively), whereas the higher-energy band tends to vanish above 50 K. The TR Laue
experiment was then conducted at rather high temperature of 225 K, assuming only one
type of excited-state (attributed to the 780 nm emission) is present under such conditions,
lifetime of which is not shorter than 100 ps. The second reason for running the experiment
at higher temperature is that the Laue patterns do not show any elongated spots, as it has
been the case at low temperatures (most probably due to some strains existing in crystals at
low temperature). The obtained photodifference map clearly shows shifts of the Rh atoms
in the excited state in respect to the ground state (Figure 8). Further structure refinement
resulted in the determination of the Rh- - - Rh interaction shortening by 0.136(8) A, being the
result of the core-centered electronic transition (from the antibonding to bonding orbital).
The experimental findings for the geometry distortion were also modelled using quantum-
mechanics/molecular-mechanics (QM/MM) approach yielding excellent comparison, thus
confirming the validity of the TR Laue result.

The second example here comprises a model and very illustrative study dedicated
to the tetranuclear silver(I)-copper(l) complex [21]. The molecule contains two copper
and two silver centers arranged in a “zig-zag” manner and stabilized by four ligands
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(diphenylphosphino-3-methylindole). The complex crystallizes in the P1 space group with
one molecule in the asymmetric unit and exhibits a rather bright orange-red phosphores-
cence when excited with the UV light (ca. 1 ps excited-state lifetime). The large Stokes shift
suggested that some significant structural changes probably occur in the sample under
light irradiation. This assumption was confirmed with the TR Laue technique. The crystals
were pumped with the 390 nm light pulses from the Ti:Sapphire laser (pulse duration
~40 ps) and probed after 100 ps with ca. 100 ps long X-ray pulses. The subsequent data
processing utilizing the methods described in the previous chapter yielded a photodif-
ference map of an unprecedented quality (Figure 9). It clearly indicated the metal-atom
shifts and, consequently, the way in which the metal core undergoes deformation. Further
structural refinement with the LASER program showed that the Ag: - - Ag distance shortens
by 0.38(3) A. The resultant bond length (2.66(3) A) becomes comparable to the shortest
argentophilic interactions reported in the literature [98]. The chemically-intuitive simple ex-
planation is as follows: during the light excitation ligand-to-metal-charge-transfer (LMCT)
occurs yielding formally the Ag® centers from their initially Ag'* state. The repulsion of
“neutral” silver atoms is then reduced, which results in the Ag- - - Ag bond strengthening
and shortening. This explanation and observed structural changes have been strongly
backed up with theoretical computations. Furthermore, the experimental results (see the
photodifference map; (Figure 9)) indicate that the two copper atoms shift in a different
manner. This behavior is a consequence of the crystal confining effects, which are well-
modelled using the QM /MM approach. It is also worth mentioning that the observed core
contraction was confronted later with the high-pressure spectroscopic and synchrotron ex-
perimental results [99]. It appeared that pressure-induced structural changes differ notably
from the geometrical distortions observed for the excited state, which results mostly from
the charge transfer accompanying the excitation, which under high pressure does not take
place to that extent. Interestingly, shortening of the Ag—Ag bond itself does not ensure the
red shift of the absorption and emission spectra.

Figure 8. Photodifference map of the Rhy(u-PNP), (PNP),2* cation (red surfaces—positive values,
blue—negative). Figure reproduced with permission of the International Union of Crystallography
from Makal et al. [24].
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Figure 9. Photodifference map for the tetranuclear silver(I)-copper(I) complex (blue surfaces—
positive values, red—negative; ligand fragments are omitted for clarity). Figure reproduced with
permission from Jarzembska et al. [21]. Copyright (2014) American Chemical Society.

As far as the in-house TR diffraction studies are concerned, solely a couple of exam-
ples have been published to date. Initial tests of the application of the method employ-
ing the earlier-described chopper technique (Figure 7) were performed for the copper(I)
system [20,86], previously studied with the monochromatic stroboscopic TR diffraction
method at the synchrotron [100]. Despite similar photodifference maps, the atomic shifts
appeared to be much less pronounced in the results of the in-house experiment, yet
comparable to other quite similar Cu! complex studied previously by Makal et al. [22].
Otherwise, the in-house experiment was performed on a purely organic molecule, 1,4-
dibromo-2,5-bis(octyloxy)benzene [87]. The main finding of these investigations was that
the intramolecular Br- - - Br distances elongate by 0.09 A, whereas the C—Br bonds shorten
by 0.018 A, when the long-lived (325 ps lifetime) phosphorescent excited state is formed.
Here, no computational modelling was reported.

In turn, the gating-detector technique was applied in the study of the sodium ni-
troprusside, Nay[Fe(CN)sNO]-2H,O, single crystals [85]. In this case the NO ligand in
the examined compound undergoes significant distortion in the crystal upon irradiation.
The ligand can be switched with the visible light between the linear Fe-NO state and the
side-bound metastable form. The transient absorption studies revealed that the metastable
state goes back to the ground state after 100 ms at 150 K. This makes it a perfect example to
be studied with the TR method. Apart from the structure determination of the metastable-
state geometry (Figure 10a), it was possible to trace the time-evolution of the selected
reflections’ shape, position and intensity (Figure 10a).

Figure 10. Cont.
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Figure 10. (a) Structures of the ground (left) and metastable (right) states of sodium nitroprusside.
(b) Normalized intensity of the 240 reflection as a function of time, together with the histogram of
the normalized intensity distribution obtained for this reflection. Figure reproduced with permission
of the International Union of Crystallography from Casaretto et al. [85].

3. X-ray Free-Electron Lasers

Thanks to the significant technological advances, X-ray free-electron lasers have re-
cently become a highly competitive alternative to synchrotron beamlines. This is because of
the very bright, coherent and monochromatic X-ray radiation they produce, including very
short X-ray pulses which can be generated (down to femtoseconds). Once the technical
issues, such as experiment design or data processing, are resolved, XFELs may provide
access to very fast processes of interest and enable tracing of structural dynamics with
sub-ps time resolution. Indeed, numerous impressive TR experiments were performed
using XFELs in the past few years. The very short X-ray pulses that can be produced
facilitate thorough research on macromolecules and biological systems, as nuclear motions
take place in the tens to hundreds fs regime. The commonly applied approach employing
the strong XFEL source is called serial crystallography, while the principle of the fem-
tosecond experiments of this kind is referred to as “diffraction-before-destruction” This is
because the high-energy radiation when reaches the sample destroys it almost immediately.
Nevertheless, since the X-ray pulse interacts with the electron density of the analyzed
sample prior to its complete decay, the diffraction pattern can readily be observed.

There are two essential processes accompanying sample destruction with the XFEL
beam—ionization and ion motion. Ionization occurs mainly during the photoabsorption,
i.e.,, when the photon energy ejects an electron from a given atom. The described process
also causes Auger decay and secondary electron cascade. Such ionized atoms can then
easily turn into plasma due to the heating up and ion motion which leads to further
electron-ion and ion-ion collisions [101]. The resolution of the registered diffraction pattern
is then determined by the extent of the sample damage. It can be estimated based on the
limiting dose of radiation absorbed by the sample using the so-called “dose fractionation
theorem” [102]. For example, Henderson and Gramer found a typical “safe dose” for
macromolecular systems as high as 10 MGy per Angstrém of resolution [103].

3.1. Experimental Approaches

In view of the above it is very important to adapt sample delivery method to the
type of the planned experiment. The proper choice assures low sample consumption, fast
data collection and minimized background noise. Since a bright X-ray pulse destroys the
sample almost immediately, it is crucial to deliver new samples into the beam between
the X-ray pulses with the frequency of the source. There can be distinguished two main
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types of sample delivery: crystal injection and fixed-target methods, which are briefly
described below.

In the case of the crystal injection methods a stream of very small single crystals (the
so-called nanocrystals) is formed and flows perpendicularly to the XFEL beam direction
(Figure 11). When the X-ray beam hits a crystal the diffraction pattern is produced. In
order to obtain best results, crystals in the stream should be of similar size. The practical
realization of this concept is e.g., the gas-focused dynamic virtual nozzle (GDVN) technique,
which employs a liquid-jet injector. Crystals are delivered in the flowing liquid suspension
using high pressure generated by the system of two capillaries, where one is enclosed
by the other. In the outer capillary the gas at high pressure ejects the liquid containing
nanocrystal samples to the “virtual nozzle” (VN). The use of VN provides the formation of
a jet of a few microns in diameter, which significantly reduces background noises. The flow
rates for this method are around 10-60 pL-min 1, while in the case of more viscous media,
the obtained flow rates amount to 0.02—0.5 uL-min 1. In turn, another solution, microfluid
electrokinetic sample holder (MESH; also known as the electrospin injector), generates
thin liquid stream by the action of electric field. Both liquid and vicious matrices can be
applied in this method as long as they are sufficiently polarizable in order to interact with
electric field. It should be noted that the experiment is performed under vacuum, which
may result in evaporation of the sample liquid, or dehydration of crystals, which leads
to sample freezing. To overcome such issues, the new method, namely concentric-flow
electro-kinetic injector (CoMESH) approach, was introduced [104]. In the two-capillary
system used in MESH/CoMESH, the outer capillary creates an environment that protects
the sample from a vacuum-induced evaporation. MESH techniques facilitate flow rates of
around 0.1-10 uL-min~! [105,106].
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Figure 11. Principle of the TR serial femtosecond crystallography and the “diffraction-before-
destruction” method. Figure reproduced with permission from Schmidt et al. [107]. Copyright
(2013) Hindawi Publishing Corporation.

When the XFEL pulse does not destroy the sample, or, for some reason, it is impossible
to apply the methods described above, the fixed-target approach is employed. In such
cases the crystals are attached to the sample holder which moves allowing the beam to
hit a different crystal each time. It is crucial here to define the way in which crystals are
arranged on the holder. Among the method’s advantages are definitely the possibility
of in situ crystallization which enables data collection under various conditions, and
the reduced sample consumption. In this technique crystals can be delivered using a
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nylon loop, microfluid chip or conveyor belt system [106]. The so-called HARE (Hit
And REturn) chip is an example of a fixed-target system. It is a patterned silicon chip
bearing 6x6 compartments. Crystals are placed inside the chip using a specially-designed
vacuum loading platform which creates humid environment for samples to prevent crystal
dehydration [108].

Finally, it is worth mentioning some of the hybrid methods combining both the fixed-
target and injection-sample-delivery techniques in order to eliminate their limitations.
Within the most interesting methods of this kind are acoustic droplet rejection and crystal
extractor techniques. The first one uses sound pulses to transport droplets containing
sample through an air column. Picoliter to nanoliter droplets are released at a repeatable
rate with positional precision. In the second technique the crystals for measurements are
taken directly from the solvent where they were crystallized using MESH, or thin film [105].

3.2. Facilities for TR XFEL Crystallography

Time-resolved serial femtosecond crystallography experiments are currently per-
formed majorly at the following XFEL facilities: Linac Coherent Light Source (LCLS; SLAC
National Accelerator Laboratory, Stanford, USA), European XFEL (Hamburg, Germany)
and Spring-8 Angstrom Compact Free Electron Laser (SACLA; Kamigori, Japan). At all
three facilities there are already beamlines suitable for TR crystallographic experiments,
thus they will be described briefly below. It is also worth mentioning here that new beam-
lines dedicated to studies of structural dynamics in solids are constantly being developed.
The Cristallina beamline, which is, to the best of our knowledge, currently under real-
ization at SwissFEL (Paul Scherrer Institute, Switzerland), is a good example here. Its
commissioning is planned for 2022.

3.2.1. LCLS

Linac Coherent Light Source (LCLS), which is located at the SLAC National Accelerator
Laboratory, constitutes the world’s first hard X-ray FEL facility (started operating in 2009).
As far as time-resolved studies are concerned, an important feature of the FEL instruments
is the possibility to generate ultrashort X-ray pulses. LCLS can generate femtosecond
(30-500 fs) X-ray pulses from the 0.27—11.2 keV energy range with 120 Hz repetition
rate [109]. The electron bunch length can be changed, thus the X-ray pulse duration, using
two operating modes: low-charge operating mode [110] and a slotted-foil method [111]. In
order to enhance the pulse intensity, the self-seeding operations are implemented. Instead
of one undulator section there is installed a chicane and an in-line single diamond crystal.
The function of chicane is to delay the electron bunch to amplify the seed in the second
part of the undulator array, whereas the thin crystal creates a monochromatic seed pulse.
At LCLS “two-color” pulses can be created in two ways. An undulator beam line is
either divided into two sections, at which the electron bunch generates different color
pulses, while a delay chicane is used to control the time delay between them, or a split
undulator, which can generate and synchronize two electron bunches of different energies,
is employed. It should be noted, however, that in the latter approach the intensity of both
pulses is more limited, whereas the time delay depends on the chicane and can be as short
as ps.

At the LCLS facility there are two beamlines on which the TR studies on crystals
can be performed: MFX (Macromolecular Femtosecond Crystallography) and XPP (X-ray
Pump-Probe). The MFX beamline was designed for structural biology investigations in
order to reduce radiation damage. It can be, however, applied in various time-resolved
crystallographic experiments, as well as in solution scattering or emission spectroscopy.
Initially, for the purpose of macromolecular studies at LCLS only CXI (Coherent X-ray
Imaging) instrument was used. MFX has the same capabilities as CXI, and additionally
some other specific and relevant features. The principal difference between these two
facilities is the sample environment. In the case of CXI it is vacuum, while using MFX
experiments can be performed under atmospheric pressure which provides conditions for
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a wider variety of experiments. The MFX instrument consists of two detector mounting
systems and a large breadboard. It is installed on a hard X-ray branch. In the case of
standard fixed-target serial crystallography a highly automated goniometer-based setup is
applied. Measurements can be performed in a wide temperature range, from cryogenic to
room temperature, using MESH, grid or various chips for crystal mounting [112]. In turn,
the hard X-ray Pump-Probe (XPP) instrument at LCLS covers a photon energy range of
4-24 keV and achieves fs time resolution. The synchronized ultrafast optical laser is widely
tunable; it is capable of generating pulses from a large wavelength range, while temporal
profile can be adjusted to the experiment. Moreover, the instrument allows application of
various nonlinear excitation mechanisms. The XPP operates on two monochromators: a
channel-cut monochromator, or on a custom-built double-crystal monochromator, which
are selected depending on the experiment requirements. Similarly, as in MFX, a pulse
picker can deliver single X-ray pulses on demand. In the optical system of XPP there is a
home-built four-pass amplifier which can increase the pulse energy up to over 30 mJ [113].

3.2.2. SACLA

In March 2012 SACLA became the second XFEL facility in the world and the first com-
pact one where the short-period in-vacuum undulator is used [114]. The most important
parameter of the undulator is the short periodic length of its fragments, thanks to which
it is possible to generate short-wavelength radiation. In order to optimize the produced
radiation in such an instrument also the gap between the magnets must be very small [115].
However, by opening the gap the magnetic field can be decreased, thus higher energy
X-rays produced. Furthermore, via variation of distances between undulator magnets
also “two-color” XFEL pulses can be obtained. Duration of pulses is below 10 fs due to
the injector system using thermionic cathode and velocity-bunching system to produce
electron beam with a maximum pulse energy around 0.5 mJ and the peak power reaching
60 GW. The high intensity of the XFEL light (~102° W-cm ™) is enhanced using the two-
stage focusing system constructed in the Kirkpatrick-Baez geometry, which enlarges the
angular divergence and in this way produces tightly focused spot. The device is equipped
with a diamond phase retarder which is able to switch from the horizontal polarization of
the monochromatic XFEL beam to vertical, or circular polarization [114].

Time-resolved studies at SACLA are conducted using a synchronized Ti: sapphire
optical laser system which works on every experimental station there [114]. The BL3
beamline is most often used for TR experiments. The high peak power with an X-ray pulse
duration shorter than 10 fs is obtained as described above. At BL3 the optical system is
constructed of two different mirror sets and a double crystal monochromator with silicon
crystals. Using the mirror systems with 2 and 4 mrad glancing angles it is possible to reflect
X-rays below the cut-off energies and suppress the higher order harmonics. As mentioned
before, mirrors in Kirkpatrick—-Baez geometry provide focused spot of only ca. 50 nm. In
an optical hutch, transmission gratings are installed as beam splitters—this equipment is
used for simultaneous diagnostic of timing and/or spectrum [116].

3.2.3. European XFEL

European XFEL (EuXFEL) is one of the most recently put into use, and is, also, the
most modern facility of this kind [117]. Using super-conducting accelerator technology and
providing 27,000 light flashes per second there can be performed novel experiments with
exceedingly high time resolution. EUXFEL works in the burst-mode where femtosecond
pulses are emitted with 10 Hz frequency with a duration up to 600 ps, and with up to
2700 pulses per series. There are three SASE (Self-Amplified Spontaneous Emission) undu-
lators available at EUXFEL, SASE1, SASE2 and SASE3, which operate in different photon
wavelength ranges suitable for various applications [118], whereas the installed lasers
are supported by non-collinear optical parametric amplifier (NOPA). Two SASE1 beam-
line instruments—FXE (Femtosecond X-ray Experiments) and SPB/SFX (Single Particles,
clusters and Biomolecules / Serial Femtosecond Crystallography), both having ultrafast
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optical pump-probe laser working in the burst mode, are best suited for TR studies of
light-induced processes.

The SPB/SFX beamline has been designed, among others, to facilitate TR measure-
ments on EuXFEL. Using unique high peak repetition frequency, it is possible to signif-
icantly reduce the measurement time. The SPB/SFX instrument operates in 3-16 keV
photon energies with the expected peak performance between 6-15 keV. The beamline
includes two laser systems and other instruments such as: train picker, attenuator array;,
incoming beam diagnostic screen, lens and focusing system. The first laser system, placed
in the hutch house, is a reference laser system. It is composed of B4C blade slit system
and micrometer-scale KB focusing system built with mirror optics placed in two vacuum
chambers. Moreover, in order to prevent beam scattering clean-up slits and shutter are
mounted for X-ray beam transmission control. Mirror alignment is assured by three diag-
nostic screens located in the mirror chamber. The second laser system is built similarly,
however, there are two clean-up slits and a 100 nm-scale focusing system implemented.
Downstream there is mounted a differential pumping system which supports sample injec-
tion. AGIPD (Adaptive Gain Integrating Pixel Detector) is a main detector for SPB/SFX
which is installed in the interaction region chamber. Its position can be adjusted between
12 to 600 cm sample-to-detector distances [119].

3.3. Data Processing

In order to perform X-ray diffraction measurements and properly process the resulting
data, so as to extract the desired structural information, specific data processing techniques
and dedicated software suites are required. Overall, recent developments include the
design and upgrades of the algorithms used in the general pipeline of data processing.
Similarly, as in the case of TR Laue diffraction, due to the short duration of X-ray pulses,
the sample is practically kept fixed during the single diffraction experiment. However,
XFEL radiation is highly monochromatic, thus, in contrast to the Laue polychromatic
method where full reflections are measured, here only partial reflections are being recorded
on every image. Furthermore, in XFEL experiments, especially in serial crystallography
experiments, not all X-ray pulses give a meaningful signal, as, for instance, a pulse may
not hit a nanocrystal in the stream. These challenges have been greatly overcome with
various software packages, out of which CHEETACH [120] and CRYSTFEL [121] are the
most popular ones.

Data processing with the CHEETACH program starts with analysis of every detector
module separately. The module boundaries are avoided due to the appearance of various
artefacts. Since in most serial X-ray crystallography experiments the background level
varies from frame to frame, it is crucial to eliminate this effect before the proper data
analysis. In the CHEETACH software it can be performed in two ways: using “running
background subtraction” or “local background subtraction”. In the first method, blank
frames are collected between hits to calculate a pixel-wise median of a photon background.
This method can be implemented when the background is not very variable. The second
method is used when the samples are delivered by liquid jet-in this case background can
change for every hit. Subtraction is performed by estimating the background as the median
of all pixel values. Finally, Bragg peaks are identified by testing each pixel for the intensity.
If the pixel intensity fulfils the specified criterion surrounding pixels are tested, connected
and counted as a peak. The peak is then defined by calculating its intensity, centroid
position and surrounding background, and the program moves to the next pixel. When the
background noise is relatively significant and vary other methods must be implemented.
Major advantage of the CHEETACH software is that the peak searching can be performed
on a part of the detector and then extended to the rest of it if peaks were found in the initial
region, which speeds up the data processing. A crucial step in data analysis is to determine
sample hits. Diffraction pattern for crystalline sample can be considered as a “hit” only
if required number of Bragg peaks are present; for protein nanocrystals the value 20 is a
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reasonable and well-working choice. If the image passes this and other tests the data can
be transferred to the downstream analysis program, e.g., CRYSTFEL.

The first step of the CRYSTFEL processing is pattern indexing and reflection integra-
tion. The most robust approach is to use the auto-indexing procedures as implemented
in the well-known DIRAX [122] or MOSFLM [123] programs. The determined unit cells
for each image are also compared with the reference cell, in order to ensure every pat-
tern comes from the same structure. When the indexing is performed, the intensities are
integrated, including peaks which were not present in the initial peak search. For the
distorted peaks CRYSTFEL sums pixels within a fixed radius in order to integrate them,
whereas the local background is averaged by measuring intensities surrounding integration
region. The last step of the CRYSTFEL processing is intensities merging, by averaging all
measurements for each individual reflection. Moreover, the Monte Carlo integration which
uses three-dimensional reflection profile is applied when the number of measurements is
large. While merging intensities from XFEL experiments specific issues appear: for each
pulse the incident beam intensity and wavelength and spectrum are somewhat different, so
the large number of indexed patterns are necessary. The scaling of intensities is performed
by normalizing intensities in three different ways: using the mean intensity of the Bragg
peaks in each pattern, averaging overall intensity in each pattern or by scaling intensities
to the best fit of the values which were generated from the last program run.

3.4. Case Studies

In this section recent successful studies conducted at each of the three above-described
facilities will be presented.

The first selected example concerns application of the TR SC method to study enzyme
catalysis realized at the LCLS. In this particular case, the authors aimed at characterizing
the effect of covalent catalysis on isocyanide hydratase (ICH) conformational dynamics
along its catalytic cycle [112]. For this purpose, the substrate para-nitrophenyl isocyanide
was infused into a stream of unmodified microcrystals of ICH at 298 K, whereas the X-
ray diffraction data were collected at selected time delays. Based on these results, the
authors came up with the mechanism of the process under study, according to which
the catalytic Cys101 nucleophile reacts with the electron-deficient carbene-like center
located at the organic isocyanide moiety. This leads further to the formation of a covalent
thioimidate intermediate which has not been observed before (Figure 12). The created
enzyme-linked thoimidate eliminates the negatively charged thiolate at the Cys101 residue,
thus the Cys101-Ile152 hydrogen bond gets weaker. In consequence, the Ile152 aminoacid
fragment relaxes to an unstrained backbone conformation accompanied by the ICH helix
H displacement. Indeed, the difference electron density maps calculated from the 15 s
data confirm the formation of thioimidate covalent intermediate in the analyzed ICH
protomers. This is indicated by the appearance of electron density around the helix, which
shows that this fragment dynamically changes the active-site microenvironment. The effect
vanishes 5 min after mixing when the substrate is used out by the enzyme. These findings
demonstrate that MISC can be used to trace enzymatic processes and their dynamics
in microcrystalline samples. Thus, this approach may provide insights into the relation
between non-equilibrium protein motions and enzyme catalysis.
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Figure 12. Observation of thioimidate intermediate formation and enhancement of ICH helix mobility: (a) omit mF,—DF.

electron-density-difference map, and (b,c,d) anisotropic atomic displacement parameters (ADPs) from TLS models refined

against the XFEL datasets are shown at the 75% probability level and colored according to Beq value (blue—less motion,

red—more motion). Figure reproduced with permission from Dasgupta et al. [112]. Copyright (2019) National Academy

of Sciences.

The second study quoted here concerns the fluorescent rsEGFP2 protein photoswitch-
ing reaction mechanism and has been performed at the BL3 beamline at SACLA [124].
The rsEGFP2 protein, characterized by a reversibly-switchable fluorescence, constitutes
a variant of the enhanced green photoswitchable protein. This class of systems serves as
markers in advance fluorescence imaging [125-129]. The respective chromophore fragment
in rsEGFP2 consists of three residues: Ala-Tyr-Gly. Molecular structures of two major states
of the studied system, the so-called non-fluorescent protonated off-state and fluorescent
deprotonated on-state (Figure 13a), were already established using standard crystallog-
raphy methods. The protein can be switched from the off-state (neutral trans1 form) to
the on-state (anionic cis form) with the 400 nm light, whereas the opposite reaction can be
triggered using the 488 nm laser light.

Further, more advanced TR SEX investigations, which facilitated monitoring of the
photoswitching reaction at room temperature, were performed with the XFEL radiation.
This method has provided several intermediate-state structures for other photosensitive
proteins in the recent years [130-136]. In the discussed case, two time regimes were tested.
Experiments of the ps-time-resolution showed that 1 ps after the photoexcitation with
the 400 nm laser light the chromophore adopts a twisted excited-state conformation in-
between the trans and cis isomers. In turn, after 3 ps the cis chromophore of a presumed
ground-state intermediate starts to appear, which means that the isomerization occurs
in the excited state. It was, however, difficult to derive a reliable structural model for
the observed transient species. For the purpose of the other room-temperature pump-
probe TR experiment, the microcrystal was first photoswitched with the 488 nm laser
light back to its off-state. The subsequent X-ray diffraction measurement showed that
the structure contains three different conformations, i.e., transl, trans2 and cis forms with
the 65%, 25% and 10% occupancies, respectively. It should be noted here that the trans2
chromophore conformer has not been earlier observed. Then the pump-probe experiment
was conducted with the 400 nm excitation wavelength. It appeared that 10 ns after the
irradiation the original protonated trans off-state transforms to an intermediate state. A
related photodifference map showing the depletion of the initial off-state and population
built up of the chromophore conformation, similar to the one observed for the on-state is
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presented in Figure 13b. It was possible to establish the structure of the detected transient
species which occurred to be compatible with the cis protonated chromophore. Population
of the intermediate state was estimated to about 50%.
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Figure 13. (a) The on and off states of the rsEGFP2 protein chromophores. (b) The 10-ns intermediate
structure; the photodifference map shows the chromophore ligand time-evolution (note the negative
peaks indicate the transl configuration depletion, whereas the positive green contours indicate the
formation of new intermediate trans2 form and the final cis form). Figure reproduced with permission
from Woodhouse et al. [124]. Copyright (2020) Springer Nature.

All in all, the combined data led to the conclusion that the off-to-on photoswitching
process in rsEGFP2 involves excited-state isomerization on the ps timescale followed by
us conformational changes in the ground state resulting in the proton transfer in the ms
regime. The structurally characterized intermediate state at 10 ns with a protonated cis
chromophore remains stable up to 100 ns. The findings enabled derivation of a detailed
photoswitching process mechanism, as shown in Figure 14.
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Figure 14. Model for the rsEGFP2 off-to-on photoswitching process. Figure reproduced with
permission from Woodhouse et al. [124]. Copyright (2020) Springer Nature.
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Finally, it is worth mentioning some studies conducted using the most modern Eu-
ropean XFEL facility, which unlike other XFELs, can generate pulses of a MHz frequency
that can be successfully used in TR serial femtosecond crystallography to follow dif-
ferent stages of reaction in one experiment [137,138]. Very recently, Pandey et al. [139]
applied this approach to examine the photocycle of a model bacterial photosensor, pho-
toactive yellow protein (PYP) (studied before at synchrotrons and XFELs with TR SFX
technique [6,133,136]), which is used in optogenetics for optical control of biological pro-
cesses, such as neural activity. During the photocycle, the key element of PYP, i.e., the
para-coumaric acid chromophore, isomerizes form its trans to cis form (Figure 15).
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Figure 15. The photocycle of PYP in crystals. (a) The photocycle is initiated by blue light that
excites the ground (dark) state pG to the electronic excited state pG *; It, pRy, pRy, pBy and pByp,
denote various intermediate states. (b) The chemical structure of the trans configuration of the pCA
chromophore bound to the Cys 69 sulfur. Figure reproduced with permission from Pandey et al. [139].
Copyright (2020) Springer Nature; access provided by the U.S. DOE PAGES public repository under
the entry No. 1605212.

The transformation is initiated by irradiation of the sample with the 420 nm laser light.
Several experiments using different X-ray and laser repetition rates were performed to
establish optimal conditions to monitor the studied process taking place in the PYP crystals.
As aresult, 1.13 MHz X-ray repetition rate with the 375 kHz laser pulse appeared to be
too strong for this experiment. In turn, when the frequencies were reduced to 564 kHz
and 141 kHz for the X-ray and laser pulses, respectively, whereas the pump-probe delay
was set to 10 ps, the calculated difference electron density maps exhibited strong features
which assured the proper choice of the experimental conditions. Datasets were collected
with the following time delays: 3 ps, 10 ps, 30 ps, 80 ps and 100 ps, so as to probe the
time range not yet investigated in detail, however, including at least one process observed
spectroscopically [140]. Difference electron density maps were calculated for each time
point which showed the trans to cis transformation steps (Figure 16). Importantly, it was
possible to derive geometry of the intermediates and products at the successive stages of
the photoisomerization. This opens up a wide range of possible time-resolved studies at
the EuXFEL.
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Figure 16. Difference electron density maps and structures of the chromophore-binding region of
PYP. (a) A 10 ps time delay (yellow—reference structure, cyan—10 ps structure, difference electron-
density map features: red x—negative, blue 3—positive). (b) For comparison: structures of some
known intermediates, i.e., the pR1 (magenta—difference electron-density map (3 features) and pR2
(red—P, features) species, respectively. Figure reproduced with permission from Pandey et al. [139].
Copyright (2020) Springer Nature; access provided by the U.S. DOE PAGES public repository under
the entry No. 1605212.

4. Complementary Methods

The above-described TR synchrotron and XFEL diffraction techniques were shown
to provide valuable information regarding geometrical changes occurring in molecules
in crystals under light excitation. Nonetheless, in some cases the form or quantity of a
sample do not allow application of these methods. Furthermore, independent confirmation,
other than theory, of the transient species’ nature is usually desired. Therefore, below
two methods complementary to the TR X-ray diffraction techniques will be described, i.e.,
electron diffraction and X-ray absorption spectroscopy. Additionally, the most important
results in this area will be presented.

4.1. Electron Diffraction

Electron diffraction is a technique in which an electron beam is diffracted on a sample.
It was originally designed to study molecular structures in the gas phase [141], however,
nowadays this method is extensively applied to study crystals [142], microcrystals [143],
nanoparticles [144] or even liquid crystals [145]. Electron beam causes less radiation dam-
age (per single scattering event) when compared to X-rays and it can be easily manipulated
using magnetic lenses. In the case of ultrafast electron diffraction (UED) technique the
pump-probe mode is utilized, i.e., a femtosecond laser pulse triggers the process under
consideration, whereas ultrashort femtosecond pulses of electrons are used to trace the
time-evolution of the system.

A fundamental example of a UED study of a molecular crystal is that presented by
Jean-Ruel et al. [146]. The authors investigated the light-induced ring-closing reaction
occurring in the 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene molecule in
a crystal, a model complex representing the well-known switchable diaryethylene systems.
The examined molecule undergoes cyclization reaction under the UV-light irradiation
(Figure 17). The process is thermally irreversible, so the second laser pulse, in the visible-
light regime, is required to induce the back-reaction. The UED experiment was conducted
using the 95 kV DC photoelectron gun (details on the experimental setup are described
in the literature [147]). Cyclization was triggered using 270 nm laser pulses stretched to
approximately 300 fs. The efficiency of the reaction was small in each cycle. In order to
achieve full conversion to the open-ring state, the sample was irradiated for 10 s with the
633 nm HeNe laser light. The following diffraction patterns were collected in every cycle:
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before (pump-off), during (pump-on) and after (pump-off, before ring-opening) irradiation.
In the UED measurements intensity evolution of various Bragg peaks was traced so as to
investigate the formation of the ring fragment. For the time points beyond 20 ps change in
diffraction intensity indicated the cyclization reaction to occur. After 200 fs the open-ring
intermediate is formed which leads directly to the ring-closing. Later, after the 5.3 ps the
full cycloreversion occurs. Furthermore, the results agree well with the transient absorption
studies reported previously [148].

Figure 17. Reversible switching of the model diaryethylene system studied with UED technique by
Jean-Ruel et al. [146].

A very interesting piece of work showing the recent development of the UED tech-
nique was reported by Ofori-Okai et al. [149] (and, also, previously by Zimmerman
et al. [150] and Weathersby et al. [151]). The new experimental setup, located at the
SLAC facility, couples the UED line with terahertz pulses. The latter provides some unique
possibilities to study materials since such pulses can trigger low-frequency ionic displace-
ments and change the material properties through the non-resonant interactions, yet with
no significant change of the electronic density of states [152-155]. In the case of the used
experimental setup the output of the Ti:sapphire regenerative amplifier is split into two
paths (Figure 18). About 95% of the laser beam is directed towards the mechanical delay
line and later used to produce the THz pulses, as well as, to gain the possibility to excite
samples in the electro-optical way (e.g., 400 or 800 nm pump pulses). The rest of the
primary beam (5%) is compressed and tripled with the BBO (barium borate) crystal which
results in the 266 nm UV light. These deep-UV pulses hit the photocatode material yielding
ultrashort electron bunches. These interact with the samples and the diffracted electrons
are collected on a phosphor screen. Overall, the setup has multiple capabilities regarding
sample excitation in UV-Vis and THz regimes, as well as probing of the induced processes
with fs time resolution using the electron beam.

Using the above-described setup Wolf et al. [156] examined photochemical ring-
opening reaction of the 1,3-cyclohexadiene molecule in the gas phase. The photoreaction
is triggered with 267 nm light pulse resulting in the formation of a 1,3,5-heksatriene. The
detailed investigations were focused on distances between carbon atoms and carbon and
hydrogen atoms during the ring-opening process. Molecular geometry changes were
traced by means of the pair distribution function (PDF) analysis. The three main and
most significant peaks of PDF are associated with various distances in the molecule and
are depicted in Figure 19a. Consequently, the time-resolved studies were focused on the
evolution of these three selected peaks, «, 3 and y (Figure 19b). The onset of the « peak
shows the beginning of the photoreaction and denotes first molecular motions that occur
after about 40 fs. In turn, the 3 peak, corresponding to the distances between carbon atoms
located across the ring, shows their rise after about 110 fs. Finally, the vy peak, related
to the fully open molecule, becomes visible after 180 fs. Clearly, the study constitutes
the first direct observation of the photo-induced ring-opening reaction of the isolated
1,3-cyclohexadiene molecule with the femtosecond time resolution.
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Figure 18. Schematic illustration of optical setup used in the ultrafast TR electron diffraction used at SLAC. The setup is
powered with the Ti:sapphire regenerative amplifier, which beam is split to produce both UV pulses by third harmonic
generation (later used to generate fs electron bunches), as well as laser-light pump beam and auxiliary optical lines for THz
generation. Figure reproduced with permission from Ofori-Okai et al. [149]. Copyright (2018) IOP.
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Figure 19. Left panels: (top; a) comparison between simulated (light blue) and experimental (red)
PDFs. Distances from o and (3 peaks are marked as yellow and purple lines. (bottom; ¢) Simulated
differential PDFs for three isomers occurring along the course of the reaction path. Right panel (b):
comparison between experimental (dotted lines) and simulated (solid lines) delay in rise time between
«, B and y peaks. Figures reproduced with permission from Wolf et al. [156]. Copyright (2019)
Springer Nature; access provided by the arXiv public repository under the entry No. 1810.02900v1.
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4.2. X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is known as an effective method of determining
chemical speciation of the sample, such as its elemental composition, elements’ oxida-
tion levels, and the general electronic character of the examined states. Moreover, XAS
methods are extremely versatile, meaning it is possible to measure gases, liquids and
solids composed of molecules of all sizes, ranging from small inorganic systems [157] to
macromolecules [158]. With the ongoing development of synchrotron technologies, it has
become natural for researchers to attempt time-resolved measurements, giving rise to the
TR X-ray absorption techniques (TR XAS), such as ultrafast X-ray absorption spectroscopy
or transient X-ray absorption spectroscopy (TXAS).

The main sections of spectra examined using XAS methods are X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) regions
(Figure 20). While both of them can be registered during a single experiment, they offer
significantly different insight into the properties of the examined systems” state. The
XANES spectral section represents electron transition processes occurring inside atoms,
specific to the incident photon energy. For example, for a 1 s electron, a K-edge will be
registered around the energy required to ionize the 1 s electron, along with additional
pre-edge region containing signal from other possible transitions, such as transitions to
states with higher quantum numbers (e.g., 1 s — 2p), or even weak signal from forbidden
transitions (e.g., 1 s — 3d). On the basis of such spectra, it is then possible to extract
the quantitative characteristics of electronic configuration for a given atom, providing
information about oxidation state, bond angles and site symmetry. On the other hand,
the EXAFS section of the spectrum contains structure-dependent oscillations coming from
interference between the scattered and backscattered radiation, caused by photoelectrons
ejected from the inner core levels interacting which the neighboring atoms. From the
characteristics of these oscillations, it is possible to gain insight about interatomic distances,
bond lengths and coordination numbers. Combined XANES and EXAFS studies in order to
explore the local structure of a system is often jointly called X-ray absorption fine structure,
or XAFS.

Absorption
1
edge

pre-peak

M

Energy

Figure 20. Composition of a XAS spectrum collected for a single edge. The near-edge region arising
from inner electron ionization and the pre-peak region created by contributions from the forbidden
transitions both constitute the XANES section, while the photoelectron interference-related region
constitute the EXAFS region. Figure reproduced with permission from Kowalska and DeBeer [159].
Copyright (2015) Elsevier.
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Since the position of an absorption edge on the spectrum is atom-specific (or even
atom-state-specific), ultra-fast and transient XAS became a convenient tool to selectively
observe electron dynamics of systems. Valence-state information provided by XANES
is used to track dynamics of a wide range of charge-transfer processes (e.g., catalysis
and metal-ligand charge transfer), while EXAFS can provide details about structural
displacements occurring in the molecule due to bond-length changes in metastable states.
The two main factors limiting the applicability of TR XAS methods are, as with most
time-resolved methods, the sheer speed at which data collection can be completed, and
the availability of energy-tunable intense X-ray radiation. Originally, the method was not
able to go below the threshold of dozens of minutes for a single measurement, making
XAS only capable of measuring very long-lived or switchable metastable states. However,
along with the introduction of CCD detectors and modern radiation sources, such as
XFELs or laser-produced plasma (LPP; not described in this contribution) sources, it has
in some cases become possible to collect XAS data in the regime of seconds for ultrafast
XAS, and milliseconds [160], or even picoseconds [157] and femtoseconds [161] by using
pump-probe transient XAS methods. It is worth noting here, that while time-resolved
XAS data is collected for solution samples (also containing nanoparticles), the obtained
information about local structure is complementary to the data collected for crystal samples
using other methods.

There are currently numerous synchrotron facilities with beamlines adapted for TR
XAS experiments. Most notable examples are the SuperXAS beamline at the Swiss Light
Source, Alvra beamline at SwissFEL, TEXAS facility and Femtosecond X-ray Experiments
facility at the ESRF, Bon-SUT beamline at the Synchrotron Light Research Institute, PETRA
III facility at the Deutsches Elektronen-Synchrotron, DESY, and the 7-ID beamline at
APS. Large synchrotron facilities and more recently XFEL sources are without doubt the
preferred way to obtain X-ray radiation of sufficient intensity and energy to conduct
time-resolved XAS experiments. Furthermore, Huang et al. have recently reported their
success in conducting energy dispersive XAS measurements on a low-scale laboratory
setup, when utilizing the so-called Inverse Compton Source (ICC) as their novel source of
X-ray radiation [162]. They proved the concept by successfully measuring both XANES and
EXAFS for homogenous and inhomogeneous samples using silver foil and AgNOj3 solution
for the former, whereas AgO, pellets for the latter. The obtained results closely matched
the respective data collected at a large-scale synchrotron facility beamline, namely at the
BL14B2 beamline at the Japan Synchrotron Radiation Research Institute (Figure 21). This is
especially important for future time-resolved XAS studies, since due to the versatility of the
method, the main bottle-neck of conducting such experiments is still the scarce availability
of intense X-ray sources.
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Figure 21. XAS spectra collected for the homogenous Ag foil and AgNO3 and inhomogeneous Ag,O powder samples (a) on
the low-scale laboratory experimental setup with ICC as the X-ray source, and (b) on a JSRRI synchrotron beamline. Figure
reproduced with permission from Huang et al. [162]. Copyright (2020) Springer Nature.
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A recent study has shown that the TXAS pump-probe method can provide experi-
mental insights into bond elongations in asymmetric transition metal complexes, which
is otherwise difficult to observe [163]. A spin-switching octahedral complex [Fe!'(tpen)]?*
(tpen = N,N,N’,N’-tetrakis(2-pyridylmethyl)-1,2-ethyl-enediamine) was investigated for
structural changes caused by photoexcitation of the metallic center by a 400 nm laser pulse.
XAS K-edge spectra were collected for the ground state, i.e., before the pumping pulse, as
well as 150 ps after the excitation (Figure 22). By careful fitting, it was possible to unambigu-
ously separate the two TXAS signals coming from the elongation of non-identical (differing
with regard to the second coordination sphere) Fe—N metal-ligand-type bonds. These find-
ings were in agreement with the DFT computational results. It should be stressed here that
thanks to TXAS it is possible to distinguish between very similar ligands (at least with re-
gard to the first coordination sphere) on the basis of the obtained metal-ligand bond-length
information for. Such knowledge may, in turn, be valuable when tracing photoactivated
structural changes in crystals by means of TR photocrystallographic methods.
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Figure 22. (a) X-ray absorption spectra for the ground state of the Fell complex (black line), and
150 ps after photoexcitation (A = 400 nm) (blue line), (b) transient XAS spectrum and (c) close-up of
the pre-edge region. Figure reproduced with permission from Zhang et al. [163]. Copyright (2019)
American Chemical Society.

Finally, an important example of the usefulness of the TR XAS method in terms of deter-
mining structural dynamics in spin cross-over systems was reported by Gawelda et al. [164].
The discussed experiments were performed at the MicroXAS beamline of the Swiss Light
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Source. During such an experiment the solution of iron(Il)-tris-bipyridine, [Fe'l(bpy)s]**

(bpy = bipyridine) was excited with a 400 nm pulse (100 fs pulse duration) at room tem-
perature, and probed by a 100 ps monochromatic X-ray pulse with varying time delay. By
examining the collected time-resolved XANES and EXAFS spectra, the authors were able to
experimentally show the Fe—N bond length elongation of approximately 0.2 A, emerging
from the light-induced low-spin to high-spin crossover processes in the molecule, which
was then confirmed by theoretical DFT calculations. This process was later studied at the
Swiss Light Source using a novel X-ray pulse slicing technique [165,166]. The method was
first proposed by Zholents and Zolotorev [167], and later applied at the APS synchrotron by
Schoenlein et al. [168]. In the case of the Swiss Light Source the instrumentation (called the
FEMTO slicing source) uses a portion of the same laser oscillator output as the excitation
laser. Such proceeding ensures the proper synchronization between the laser pump and
the X-ray probe. The laser pulse is then amplified and compressed to about 55 fs duration
(fwhm) and later directed towards the electron bunch. As a result of the interaction of both,
an increased energy spread in the electrons is obtained. Then the electrons pass through a
dipole chicane which horizontally separates out the energy-modulated fs electrons from the
“core” 100 ps bunch, and, finally, through the MicroXAS undulator generating X-rays. A
diaphragm installed at the beginning of the beamline allows majorly the fs “sliced” X-rays
to proceed through the beamline optics. The method was used by Milne et al. [169] in order
to obtain sub-picosecond time solution in the TR XAS spectra, allowing for determination of
the exact energy relaxation pathway of the photoexcited [Fe' (bpy)3]** complex (previously
only achievable in the laser-based transient-absorption spectroscopic experiments).

5. Summary and Prospects

In this short review the recent developments in time-resolved studies of molecular
materials are presented with the emphasis put on the TR Laue photocrystallography and
XFEL capabilities. In each case concepts, instrumentation, data processing and data analysis
issues are discussed together with the respective illustrative successful studies.

Since the TR Laue method had been first applied to light-induced macromolecular
systems, the current efforts regarding data collection and processing handling are focused
on a more troublesome small-molecule case. Several studies of this kind performed at
intensive synchrotron sources have already been reported. Importantly, quite recently
successful attempts to in-house TR diffraction experiments have been introduced. Such
methods include either installation of HPAD detectors or an X-ray beam chopper, and a
laser-light-delivery assembly on a typical X-ray diffractometer, so as to expose a single-
crystal sample to synchronized laser and X-ray pulses. These setups currently facilitate
studies of processes taking place in the ps (X-ray-beam chopper) or ms (HPAD detector)
regime at best. The methods and technological solutions are constantly being developed,
and, in the view of the advances concerning strong laboratory X-ray sources, become more
and more promising. In turn, biologically important macromolecular cases are nowadays
intensively examined using TR XFEL crystallography. A number of successful and very
relevant studies of protein dynamics and biochemical transformations examined via serial
crystallography approach have been published to date. The most important thing about
XFEL sources is their intensity and very short X-ray pulses generated, which gives access
to sub picosecond processes, especially the ones occurring at room temperature. Thus,
XFEL radiation well-synchronized with short laser pulses opens up possibilities to record
molecular movies showing molecular dynamics and various phenomena taking place at
different time scales.

Finally, two selected complementary methods used to study light-induced structural
changes in molecules, namely ultrafast electron diffraction (UED) and X-ray absorption
spectroscopy (XAS), are briefly presented. UED seems to be an extremely attractive alterna-
tive to the TR X-ray diffraction techniques, since it does not require the use of large-scale
facilities. Furthermore, its applications range from single-crystal materials to gas-phase
systems, out of which the most striking examples were shorty described. In addition, the
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XAS method, primarily developed for solution samples, provides geometrical data on the
changes occurring when molecules are excited with light. It was shown the technique is
very sensitive to structural changes occurring in the fine time-scale. This allows for more
comprehensive studies on the molecular excitation dynamics and the environment effect,
when compared to the pure solid-state X-ray diffraction techniques.

Nonetheless, despite recent advances and promising perspectives, a lot still needs
to be conducted and resolved in order to fully monitor fast processes in various sys-
tems of interest (including small-molecule crystals of photoswitchable coordination com-
plexes [31,32,45,46,170,171] or purely organic compounds [41,172,173]), and literally “watch
chemistry happen”.
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