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ABSTRACT: A new setup for pump-flow-probe X-ray

absorption spectroscopy has been implemented at the
SuperXAS beamline of the Swiss Light Source. It allows
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and X-ray beams and velocity of liquid flow determining the -

time delay, while the focusing of both beams and the flow \ )

speed profile define the time resolution. This method is

compared with the alternative measurement technique that utilizes a 1 kHz repetition rate laser and multiple X-ray probe pulses.
Such an experiment was performed at beamline 11ID-D of the Advanced Photon Source. Advantages, limitations, and potential
for improvement of the pump-flow-probe setup are discussed by analyzing the photon statistics. Both methods with Co K-edge
probing were applied to the investigation of a cobaloxime-based photocatalytic reaction. The interplay between optimizing for
efficient photoexcitation and time resolution as well and the effect of sample degradation for these two setups are discussed.
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catalytic processes™ and production of solar fuels. Investigating

B INTRODUCTION

X-ray absorption spectroscopy (XAS) has a significant potential
to allow clarification of the mechanisms of reactions catalyzed
by metal complexes. Thanks to its element selectivity and
sensitivity to electronic structure, XAS is well suited for probing
the local atomic structure around the absorbing atom and the
chemical state (oxidation and often spin states) of the catalytic
center and can thus allow direct determination of the solution-
state structure of reaction intermediates along a given catalytic
cycle. For 3d elements the pre-edge region of K-edge XAS
spectra and L-edge XAS are sensitive to the electronic
configuration of the absorbing atom;' ™ the position of the
K-edge is mainly sensitive to the oxidation state (but also
depends on the coordination environment), while the X-ray
absorption near-edge (XANES) region of the K-edge spectra
contains structural information arising from multiple scattering
of photoelectrons.

Light-driven catalytic reactions such as water splitting,‘*_9
CO, activation,'® and selective oxidations'"'> are of special
interest for the development of environmentally benign
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the mechanisms of homogeneous multicomponent photo-
catalytic systems, time-resolved spectroscopic techniques with
time-resolution in the microsecond range are often required. A
typical photocatalytic multicomponent system has been
described by Gray and co-workers'* (see Figure 1). The
photosensitizer [Ru(bpy);]** (bpy = 2,2'-bipyridine) is excited
with light, and its excited state is quenched by an electron relay
compound methyl viologen (MV?>*).">'® The reduced viologen
species (MV*") then delivers an electron to a catalytic center,
here cobaloxime. In order to evolve molecular hydrogen (H,),
sources of protons and electrons (sacrificial electron donor) are
required. The Ru sensitizer has to be rereduced by a sacrificial
electron donor facilitating absorption of one more photon and
delivery of the second electron to the catalyst. In the absence of
protons and an electrons source, hydrogen evolution is not
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Figure 1. Scheme of hydrogen evolution by multicomponent
photocatalytic system. The structure of cobaloxime [Co(dpgBF,),L,]
is also shown, with L representing the solvent molecule.

possible, and there will be a slow recovery to the initial state by
back electron transfer. Since all main components are in
solution and do not have specific interactions with each other,
charge transfer and all subsequent reaction steps occur on
diffusion-limited time scales. Therefore, the relevant inter-
mediate states of the catalytic compound(s) often have
lifetimes in the microsecond to millisecond range, depending
on reactivity and concentrations.

Time-resolved X-ray absorption spectroscopy with pico-
second time resolution is currently well developed. Pump—
probe setups with kilohertz (kHz) repetition rate exist.'’~ >
They use synchrotron sources (that have X-ray pulses with
megahertz (MHz) repetition rates) for probing and kHz lasers
for sample excitation. Powerful optical laser pulses allow
efficient excitation of the studied molecules (reported values are
between 7 and 50% for kHz pump—probe XAS). Achieving a
large fraction of excited molecules in the probed volume has
been one main requirement for the feasibility of such
experiments, since only a small fraction (~107%) of the X-ray
flux is used for probing due to the mismatch in laser vs X-ray
pulse repetition rates. Only one X-ray pulse out of a thousand
in the MHz pulse train delivered by the synchrotron ring might
detect laser-induced changes in the sample that occur with kHz
frequency. Another factor that affects the feasibility of such an
experiment is the difference in optical and X-ray absorption
cross sections. In order to improve the detection efliciency,
setups with high laser pulse repetition rate (~1 MHz) have
been developed recently.”*** At such high frequencies the
filling pattern of the storage ring becomes important, and the
much larger bunch separation at large storage rings allows to
obtain higher efficiency for the given laser repetition rate. Since
it is extremely difficult to refresh the sample with such high
repetition rate, the application of this pump—probe scheme is
currently limited to compounds with short-lived intermediates
(<1 ps) to avoid complications arising from the buildup of
long-lived transients. On the other hand, long-lived transients
with a lifetime in the microsecond range can be very efficiently
measured with kHz laser excitation and using X-ray probe
pulses that follow with MHz frequency as described in the
Experimental Method section. For similar applications the use
of a laser with a repetition rate of 10—200 kHz allows to get
maximal efficiency and such setups are under development at
the SuperXAS beamline of the Swiss Light Source (SLS) and at
a few beamlines of the Advanced Photon Source (APS).

There are several challenges related to the application of
time-resolved XAS to study the structure of intermediate states
of multicomponent photocatalysts. First, the (relative) amounts
of intermediates formed are usually low, and even if the
chromophore is efficiently excited by the laser, the diffusion-
limited character of the electron transfer reduces the percentage
of intermediates in a given time window. Second, under realistic

operating conditions, the concentration of the photocatalyst is
usually low (~0.1 mM). A significant increase of this
concentration can lead to undesired effects, such as aggregation
of complexes and formation of bimetallic species.

Examples of X-ray absorption experiments with microsecond
time resolution are rare in the scientific literature. After a few
pioneering works,?” 7% this field appears to have been almost
abandoned. In ref 27 the combination of rapid-flow and
excitation with a CW laser was used, and a time resolution of
~1 us was achieved.

In this article we present the first application of time-resolved
X-ray absorption spectroscopy with microsecond time reso-
lution to a multicomponent photocatalytic system. A pump-
flow-probe setup with CW laser excitation having high
detection efficiency and thus the ability to measure time-
resolved spectra at sub-millimolar concentrations has been
developed and applied to the cobaloxime-based photocatalytic
system. The results obtained with this pump-flow-probe XAS
setup are compared with those obtained using a time-resolved
measurement technique that utilizes a pump-sequential-probes
scheme with kHz pulsed picosecond sample excitation.

B EXPERIMENTAL METHOD

Samples. The catalyst [Co(dpgBF,),(OH,),] (dp§H2 =
diphenylglyoxime) was prepared as previously described®' and
is shown in Figure 1. [Ru(bpy);]Cl,, methyl viologen
dichloride (MVCl,), NH,PF,, and NBu,PF; were purchased
from Sigma-Aldrich and used without further purification. As
photosensitizer and electron relay, [Ru(bpy);](PFs), and
MV(PFy), were prepared from NH,PF¢ and [Ru(bpy);]Cl,
or MVClI, respectively, following a standard anion-exchange
procedure. The solid-state metal complexes were handled in air.
Anhydrous acetonitrile was purchased from Fisher Scientific.

For the pump-flow-probe experiments the sample consisted
of an acetonitrile solution of [Ru(bpy);](PFs), (0.4 mM),
MV(PFy), (8 mM), tetrabutylammonium hexafluorophosphate
NBu,PF, (0.1 M), and [Co(dpgBF,),(OH,),] (0.3—0.7 mM).
The same sample composition was used for the pump-
sequential-probes experiment but with significantly higher
concentrations: [Ru(bpy);](PFs), 3 mM, MV(PF,), 8 mM,
NBu,PF, 0.1 M, and [Co(dpgBF,),(OH,),] 1—2 mM.

The optical density of the samples was 0.5 for pump-flow-
probe conditions (at the 447 nm excitation wavelength with 1
mm sample thickness) and 0.2 for pump-sequential-probes
conditions (525 nm excitation and 0.6 mm sample thickness).
The Co compound used for the measurements reported in this
study was not very soluble in CH;CN, and the solution had to
be filtered before use, leading to an uncertainty in final sample
concentrations stated above. After the time-resolved XAS
measurements, the identity of the unused sample was checked
with cyclic voltammetry and electron spray ionization mass
spectroscopy, and the presence of [Co(dpg);(BF),]* was
detected.*” This contamination does not significantly influence
the main aim of this work, which is to compare and evaluate the
two different excitation and detection schemes for microsecond
time-resolved XAS. However, the presence of this species in the
reaction mixture may contribute to the measured XAS spectra
and kinetics, and we will therefore refrain from a detailed
analysis of the transient XAS spectra. Such an analysis aiming at
more detailed mechanistic information has to await further
optimization of the conditions of the pump-flow-probe
experiment. For both setups the freshly prepared sample
solution was degassed with N, at least 30 min before the
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experiment and continuously purged and kept under N, during
the experiment.

Pump-Flow-Probe Experiment. The conceptual idea of
this experimental setup is to perform time-resolved measure-
ments by focusing on a fast flowing jet a continuous wave
(CW) laser beam for sample excitation, spatially separated at a
variable distance from an X-ray probe beam. Figure 2 shows in

Figure 2. Scheme of the setup for the pump-flow-probe experiment:
(1) CW laser, (2) cylindrical lenses for focusing, (3) mirror, (4)
capillary with continuously flowing sample, (S) X-ray beam, (6)
reservoir with the sample, (7) gear pump. The vertical size of the laser
beam is SI and of the X-ray beam is S2. The distance between laser
and X-ray beams is d, and average flow speed of the sample in the

capillary is v.

schematic form the experimental setup, with the sample
circulating in the flow system through a capillary where the
interaction with the pump and probe beams take place. The
CW laser is focused on the capillary (1 mm diameter, 10 gm
wall thickness) and excites the sample, and downstream the X-
ray beam probes it. The distance between the two beams d and
the flow speed v of the liquid together determine the time
delay, while the focusing of the laser and the X-ray beams and
the velocity profile of the sample solution define the effective
time resolution. Therefore, we refer to this experiment as
pump-flow-probe.

In order to achieve efficient excitation of [Ru(bpy);]**, we
selected a laser with a 447 nm wavelength and 1 W power
(CNI lasers MDL-II1-447). The laser beam was focused with
cylindrical lenses to a spot size of 0.1 X 1 mm?* (vertical X
horizontal) at the sample position and the X-ray beam was
focused to a 0.1 X 0.1 mm?” spot. The use of a capillary and
closed flow system allowed the sample to be kept under
oxygen-free conditions. For the experiments presented here, the
average flow speed in the probed region in the capillary was 3
m/s corresponding to a 333 us delay between pump and probe
per millimeter of spatial separation between laser and X-ray
beams. XAS measurements were performed in differential mode
where the X-ray energy is first changed, and then the XAS
signal is measured with laser on for 1—30 s, following which the
XAS signal without laser is measured for the same time. The X-
ray energy is then stepped to the next energy point, and the
same measurement sequence is repeated.

In order to control the spatial separation between laser and
X-ray beams, one has to first determine the position where they
overlap. A tungsten pinhole with 100 ym diameter and 50 ym
thickness was used to find the X-ray beam position and then to

achieve spatial overlap of the beams the transmitted laser
intensity through the pinhole was maximized by adjusting the
alignment mirror (3). As an alternative, optical fluorescence
induced by both the pump and probe beams was found to be
sufficiently intense to allow accurate control of beam positions
by webcam-imaging of the sample. A neutral density filter with
an optical density of ~7 was used during the alignment in order
to reduce the fluorescence induced by the laser and registered
by the camera.

The pump-flow-probe measurements were performed at the
SuperXAS beamline of the SLS. The storage ring was operated
in the top-up mode (400 mA). XAS spectra were detected in
the fluorescence mode (Co Ka line) using an energy-resolving
13-element germanium detector (Canberra) with an additional
Z-1 (Fe) filter. A double-crystal Si[111] monochromator was
used to define and scan the X-ray energy, while a Rh-coated
toroidal mirror provided 0.1 X 0.1 mm? focusing of the X-ray
beam on the sample position.

Pump-Sequential-Probes Experiment. Pump-sequential-
probes measurements were performed at the 11ID-D beamline
of the APS using a highly optimized setup for time-resolved
XAS which has been described in detail elsewhere.'® In contrast
to experiments aiming at picosecond time resolution and thus
using only one X-ray bunch from the storage ring to probe the
exited state after each laser pulse, the present experiment
utilized a train of X-ray pulses with a separation of 153 ns from
the APS storage ring operating in 24-bunch mode to record a
series of spectra. Thus, the time evolution of the transient XAS
signal was probed at successive time delays of n X 153 ns after
the excitation event. Therefore, we refer to this type of
experiment as pump-sequential-probes. The pump pulses were
provided by the Nd:YLF regenerative amplifier laser installed at
the beamline, and the second harmonic at 527 nm (pulse
energy of 0.6 mJ at 1 kHz repetition rate, ~S ps (fwhm) pulse
duration, and 0.8—1 mm spot size) was used in the present
experiments. The shortest time delay between laser and X-ray
pulses investigated here was 100 ps. The X-ray beam had ~10°
photons/pulse, focused to a spot smaller than the sample jet
diameter, and XAS data sets were acquired in fluorescence
mode using the dedicated pulse-to-pulse digitization setup of
the beamline. The sample jet diameter was 0.6 mm.

B RESULTS AND DISCUSSION

Excitation Conditions and Time Resolution: Simula-
tions. On the basis of the reaction scheme and the rate
equations given in the Supporting Information, we performed
simulations of the time evolution of intermediate concen-
trations to guide the choice of experimental conditions toward
maximizing the expected transient signal. In the pump-flow-
probe experiment the sample (or, more precisely, each
elementary volume flowing through the capillary) is excited
by the CW laser during the time window that is defined by the
flow speed and laser spot size. The typical excitation time is on
the order of 20 us, which is quite different from the conditions
of pump—probe experiments with pulsed lasers that usually
have pulse durations <100 ps. The excitation time of 20 us
corresponds to 100 ym focusing of the laser beam and flow
speed of 5 m/s; it can be used as lower limit for the excitation
time that gives also lower estimate for the concentration of
reaction intermediates. The irradiated volume (1 mm X 0.1 mm
spot size and 1 mm thickness) receives 4.4 X 10" photons from
the 1 W laser at 447 nm for 20 us. The number of
chromophores (0.4 mM concentration) in this volume is 1.9
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X 10", In the case of pulsed 1 kHz excitation from the 527 nm
laser with 0.6 W average power, there are 1.5 X 10" photons
per pulse, which is comparable with the 0.8 x 10'°
chromophores (3 mM concentration) in the irradiated volume
(1 mm X 1 mm spot size and 0.6 mm thickness).

In the Supporting Information we compare CW and pulsed
excitation schemes in detail by simulating the concentration
dynamics following photoexcitation of the multicomponent
photocatalytic system consisting of [Ru(bpy);]>" as the
photosensitizer/chromophore, the cobaloxime
[Co"(dpgBF,),(OH,),] as the final electron acceptor, and
MV* as the electron relay. The main results of these
simulations are the following:

e CW laser excitation allows the accumulation of more
than 10% of [Ru(bpy);]**, formed mainly as a result of
quenching of [Ru(bpy);]*** by MV?**. There is a
saturation level of the [Ru(bpy);]** concentration that
mainly depends on the laser power (increase of
illumination time will not lead to the increase of
[Ru(bpy);]** concentration beyond this level).

e Using the 1 W CW laser, it is possible to obtain a few
percent of the Co catalyst in its intermediate state(s).
This fraction is comparable with what can be achieved
with efficient pulsed laser excitation.

e With relatively low concentrations of the Ru chromo-
phore (~0.4 mM, which corresponds to the optimal
optical density for a 1 mm sample excited with a 447 nm
laser) and Co catalyst (~0.3 mM), the intermediate
states of Co appear in the tens of microseconds time
range.

In the pump-sequential-probe approach, the flow speed
defines how long the probe volume overlaps with the excited
volume and therefore determines the longest time delays
accessible by this method. A typically used liquid jet flow speed
for such experiments with picosecond—nanosecond time
resolution is ~2 m/s, which implies that after ~25 us half of
the excited volume has left the probe region in the jet
(assuming 0.1 mm focusing for both laser and X-ray beams).
This effect will therefore give the main contribution to the
decay of the transient signal in the >10 us time range. In the
case of large laser spot (~1 mm) and a small X-ray spot (~0.1
mm) the accessible time range can be several times longer. In
the pump-flow-probe method the flow speed and flow profile as
well as the laser spot size define not only the time resolution
but also the number of absorbed photons and therefore the
fraction of excited chromophores. This is discussed in detail in
the Supporting Information.

When a capillary is used to maintain anaerobic conditions
one has to take into account that the flow speed in the capillary
is not constant across its diameter. Under laminar flow
conditions it changes from O near the walls to twice the
average velocity (Vyyerge) in the center. This implies that at a
beam separation distance, d, corresponding to a particular delay
time between laser excitation and X-ray probing, also events
corresponding to longer delay times contribute to the measured
XAS signal. This effect is described quantitatively in the
Supporting Information, and one can notice the tail of the
probability distribution function at longer times (see Figure
S1). The time resolution of the pump-flow-probe experiment
can be characterized by the full width at half-maximum, I', of
the distribution function shown in Figure S1 and its standard
deviation, 6. Under conditions corresponding to the transient

XAS spectra shown below the expected time resolution is I' =
32 ps and o = 40 ps. The corresponding values of these
parameters for the model with constant flow speed, but with
the same average velocity are I' = 47 us and o = 20 ps. It is
relevant to note that for capillary flow the time resolution thus
depends not only on the size of the beams and flow speed but
also on the spatial separation between beams. Therefore,
achieving very good time resolution in measurements with very
long delay times is difficult with a capillary for the sample flow;
a free-flowing jet should eliminate this problem.

Requirements for Detectors. Measurements of XAS of
dilute samples in fluorescence mode, as in the experiments
discussed here, requires efficient separation of elastically
scattered and fluorescent X-ray photons. This can be achieved
using energy—resolving solid state detectors or with dispersive
optics (crystals).”**® The use of dispersive optics usually
allows to reach superior energy resolution, but at the expense of
solid angle and thus signal intensity. Time-resolved experiments
with dispersive optics recently attracted some interest, and it
has been shown that even time-resolved RIXS spectroscopy (a
combination of XAS and X-ray emission) is possible.”” For the
pump-flow-probe experiment reported here we used an energy-
resolving multielement germanium detector, which has a
sufficient energy resolution to resolve the elastic and
fluorescent peaks and which could be placed relatively close
to the sample to achieve a reasonably high count rate.

The requirements on detectors in the pump-sequential-
probes scheme are completely different. They have to be fast
enough to separate X-ray bunches that arrive with a frequency
of a few MHz. Alternatively, X-ray choppers can be used in
combination with a slow detector, but such technology is more
popular for scattering experiments®® *" (even if electronic
gating of modern 2D detectors is also possible**’). To the
best of our knowledge, there are no currently available
detectors that are simultaneously fast and have good energy
resolution. At an early stage of development, multielement Ge
detectors were used for pump—probe experiments at the APS
11-ID-D end-station,** but after the beamline upgrade, and
with the extensive use of the 24-bunch mode at the APS, this
detector was found to be too slow and easily overloaded.
Avalanche photodiodes (APD) or photomultiplier tubes
(PMT) allow to separate X-ray pulses that follow with a
period of 100 ns or more but do not provide energy resolution.
The current setup at this instrument uses a combination of Z-1
filters (Fe in our case) and Soller slits** with conical
geometry to reduce the background from elastically scattered
X-ray photons.

Comparison of Experimental Results. The kinetic data
that are obtained from pump-sequential-probes measurements
are additional information to that obtained from the pump-
flow-probe experiment. A series of time points are measured in
a single pump-sequential-probes experiment, while using the
pump-flow-probe method only one time point is collected at
each setting of the laser and X-ray beam separation distance.

In Figure 3, transient XAS spectra corresponding to a
sequence of different probe pulses following the laser pulse are
shown for the pump-sequential-probes method. No discernible
difference signal is evident for the bunch that corresponds to
the 100 ps delay, while at 306 ns delay a difference signal is
clearly evident. The absence of a signal at 100 ps is expected
from the kinetic simulations, and it further indicates that there
is no direct laser excitation of the Co center at 527 nm and that
there is no specific interaction between the components
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Figure 3. Co K-edge X-ray transient absorption spectra of the
multicomponent Ru/MV/Co photocatalytic system corresponding to
a series of different time delays between laser and X-ray pulses and
acquired using the pump-sequential-probes method. Dots correspond
to the measured data points while lines are the smoothed spectra
(adjacent averaging with window of five points). Error bars have been
omitted for clarity, but the measurement uncertainty is well-
represented by the scatter around the averaged curve.

(formation of aggregates or supramolecular complexes) that
can lead to fast electron transfer. Each individual transient
spectrum is quite noisy, but there is high temporal over-
sampling over the lifetime of the species. As a first
approximation one can average a series of spectra correspond-
ing to a rather wide time window, but shorter than the lifetime
of the transient species. There are data analysis methods that
allows to extract the structure of intermediates from time-
resolved XAFS data sets without binning of the spectra and
therefore without losing the time resolution.”” In many cases
structural parameters correlate with the percentage of
intermediate, and both these parameters cannot be determined
simultaneously. Therefore, it is important to have good
estimate of the percentage of the intermediate from
independent experiments in order to obtain the high accuracy
of structure determination.

The pump-flow-probe experiment allows information about
the reaction kinetics to be obtained by varying the spatial
separation between the laser and the X-ray beams, while
keeping the X-ray energy fixed at the spectral feature of
particular interest, e.g, at the position where the difference
signal exhibits the largest magnitude. Figure 4 shows the data
from such a measurement series, and from the discussion above
and in the Supporting Information (section: time resolution),
we conclude that there is significant contribution of the
temporal response function to the rise time of the signal shown
in Figure 4. Note that if the reaction kinetics in the considered
time range are simple, for example, if there is only one
intermediate state present, then the extraction of the structure
of the intermediate is possible by using either a single spectrum
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Figure 4. Transient X-ray absorption signal as a function of delay time
between laser and X-ray beams in the pump-flow-probe experiment,
measured at the energy of the first maximum of the transient XAS
spectrum (7720 eV) associated with Co reduction. The delay between
pump and probe is defined by the relative position of the beams in the
pump-flow-probe configuration.

or a longer series of spectra. In this case the two time-resolved
XAS methods can be considered equivalent.

In the pump-sequential-probes experiment no significant
temporal evolution of the difference spectrum was observed in
the range 150 ns—3.7 us, justifying the averaging of the time
series to improve S/N. Pump-flow-probe measurements were
performed for 100 ys delay between pump and probe. For both
the pump-sequential-probes and pump-flow-probe experiments
we have calculated the averaged spectrum and the error bars
analyzing the series of spectra using standard statistical
methods. Figure S shows that both methods produce similar
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Figure S. Top: Co K-edge XANES of the multicomponent Ru/MV/
Co photocatalytic system in the ground state. Bottom: transient X-ray
absorption spectra of the Ru/MV/Co measured at the Co K-edge
using the pump-flow-probe and pump-sequential-probes methods.
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difference spectra; a small difference of the width of the first
peak is however discernible and could be due to the mixing of
intermediates with different concentration ratios in these two
spectra. The shape of the spectra is typical for Co reduction
(see for example ref 48 and Figures S4 and SS5). The first peak
corresponds to the shift of the edge position to lower energy
due to the oxidation state change of Co and partially due to the
structural changes in the molecule. From a comparison of the
average amplitude of the signal of the pump-flow-probe
experiment with previously published data for a RuCo
supramolecular complex,*® one can note that the transient
signal is more than 10 times lower than in the case of the RuCo
supramolecular complex, and therefore high detection
efficiency is essential. The amplitude of the signal measured
using the pump-sequential-probes method is more than twice
that measured using the pump-flow-probe method (from the
estimates summarized in the Supporting Information we
expected a stronger signal from the pump-flow-probe method).
This indicates that possibly the assumption of 30% photo-
excitation of the photosensitizer was too conservative and in
reality it is much higher. Alternatively, it could be that at our
experimental conditions and for our sample the lifetime of
intermediate is much shorter than previously reported,'* and
therefore we detected a lower percentage of intermediate due
to a partial decay during ~100 us.

In Table 1, we summarize relevant experimental parameters
for both experiments, including both expected and observed

Table 1. Statistics of X-ray and Laser Photons
Corresponding to the Spectra Shown in Figures 3 and §

pump-sequential-probes  pump-flow-probe

incident flux (photons/s) 6.5 x 10" 4 x 10"

total number of fluorescent 7 X 10° 3 x 10°
photons/s

total counts/s of the detector 1.9 x 107 6 X 10°

total counts/s of the detector 2.9 x 10° 6 X 10°
for each time point

counts/s for selected energy 12 % 10°
ROI

detected fluorescent counts/s 2 x 10° 4.8 x 10*

N effective number of 14 x 10° 2 x 10*
counts/s

parameters of accumulation 4 s/point 30 s/point

40 spectra 20 spectra
60 points 30 points

total dose of laser radiation 1.3 X 10% 4 x 10*
(photons)

total X-ray dose (photons) 6.2 x 10'° 1.4 X 10'°

accumulated effective “laser on” 22 X 10° 12 x 107
X-ray counts/point

expected noise of the difference 33x 107 5.6 x 107
signal normalized to the
absorption edge jump

observed noise (average error 5% 1073 54 x 107

above the edge)

counting statistics for the X-ray photons. In the Supporting
Information we briefly discuss and compare these parameters of
the two different methods. The relatively high noise of
individual spectra measured with the pump-sequential-probes
method is due to a mismatch of the repetition rates of the laser
pump and X-ray probe pulses. However, since the full series of
time points are collected during the same energy scan, binning
of many spectra (as shown in Figure 5) allows the construction
of spectra with better signal-to-noise ratio. The use of a Soller

slit in combination with a Z-1 filter for the pump-sequential-
probes method allowed to suppress a significant fraction of the
elastic scattering, and even if the APD detectors do not have
energy resolution, this detection scheme is quite efficient for
samples with concentrations of the studied compound down to
1 mM. The main limitation of the pump-flow-probe experiment
in the current setup is the use of a multielement Ge-detector,
which accepts maximum ~5 X 10* counts/s per channel, a
significant fraction of which are elastically scattered photons. In
order to avoid saturation, the detector had to be placed far from
the sample decreasing the solid angle of detection. With energy
resolving detectors, there is significant potential for using the
pump-flow-probe method for measurements of weak signals
from dilute samples due to the possibility of discriminating the
elastic and fluorescent photons.

Sample Degradation. As a final point in this comparative
study, we consider sample degradation—a particular problem
that often appears during time-resolved X-ray absorption
measurements due to the oftentimes long exposures to both
X-ray and laser beams. Almost all setups that are currently
developed for picosecond experiments use relatively large
sample volumes (at least 30 mL) circulating in a flow system to
minimize the effect of sample damage on the spectra. The cause
of sample degradation varies significantly between compounds.
Sometimes it is related to the highly increased reactivity of the
optically excited species compared to the ground state;*’ in
other cases the X-ray beam directly reduces the sample. Figure
6 shows noticeable spectral changes due to reduction of the
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Figure 6. Effect of sample degradation during measurements using
pump-flow-probe (top) and pump-sequential-probes (bottom).
Ground state Co K-edge XANES spectra of the Ru/MV/Co sample
before (black dashed lines), after 8 h (blue lines), and 18 h (red line)

of time-resolved measurements.

sample after 8 h of measurements with the pump-sequential-
probes setup (lower graphs), while the spectra are essentially
unchanged in the case of pump-flow-probe measurements
(upper graphs). Data were accumulated for a longer time (up
to 18 h) using the pump-sequential-probes method where the
degradation effect was even more dramatic (Figure 6, red
trace), while for the pump-flow-probe experiment the statistics
was sufficient after 8 h, and accordingly we did not have data
sets for longer irradiation times. One of the reasons behind this
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difference in radiation damage is the much higher photon flux
on the sample at the undulator beamline of the APS in
comparison to the bending-magnet source used at SLS.
Another contribution may come from the excitation of the
sample with powerful laser pulses in the pump-sequential-
probes experiment, while the CW laser used in the pump-flow-
probe experiment provides a comparatively much gentler
excitation in terms of peak laser flux.

As summarized in Table 1, the total dose of X-ray photons
required to accumulate the spectra shown in Figure 5 is 4 times
higher for the pump-sequential-probes method, but the dose of
laser photons is 3 times lower. In order to avoid spectral
contribution from the radiation damaged sample, we used only
the first 40 scans for the pump-sequential-probes spectrum
shown in Figures 3 and S, which corresponds to approximately
the first 3 h of accumulation. As one can see from Figure 6,
radiation damage has the character of Co reduction (shift of the
absorption edge to lower energies). Laser-initiated reduction of
the sample that is reduced already due to the radiation damage
is not very probable. We therefore expect that the radiation
damaged part of the sample does not contribute to the
measured transient signal, although the kinetics may of course
be affected by the lower effective concentration of the catalytic
compound. This means that the radiation damage will lead only
to an overall decrease of the amplitude of the transient signal in
agreement with the experimentally observed trends (see Figure
7).

In order to identify the origin of the sample damage and
establish “safe” experimental conditions where the measured
transient spectra are not affected, we have compared in Figure
S6 how different experimental conditions influence the X-ray
absorption spectra. By comparing spectra that were measured
with either the same laser dose but very different X-ray dose or
the same X-ray dose but very different laser dose, it is seen that
the X-ray beam mainly contributes to the sample damage, while
the laser dose only contributes weakly in these experiments.
Less sample degradation observed during the pump-flow-probe
experiment with lower incident X-ray flux is an argument to
consider when analyzing the feasibility of different time-
resolved X-ray absorption experiments.

H CONCLUSION

The pump-flow-probe and pump-sequential-probes methods
for time-resolved X-ray spectroscopy are complementary in
terms of time resolution. In some cases for multicomponent
photocatalytic systems the same structural information about
the reaction intermediates can be obtained using both pump-
sequential-probes and pump-flow-probe methods by a rational
choice of sample concentrations with the aid of kinetic
simulations. Advantages of the pump-flow-probe setup are its
compactness and transferability, as the method does not rely on
an ultrafast pulsed laser synchronized to the storage ring.
Modern CW diode or diode-pumped solid state lasers are
portable and can be easily moved between different
synchrotron sources. Also, the method does not require any
special data acquisition electronics, and the experiment does
not depend on details of the filling mode of the storage ring.
For further development of the pump-flow-probe setup the use
of a solid state detector with higher achievable count rates
(possibly in combination with Soller slits) as well as the
development of a dedicated environmental chamber for open
jet experiments under anaerobic conditions are the most
important directions. The main requirement for beamlines for

the pump-flow-probe experiments is that they obtain at least a
moderate X-ray focusing (~100 ym) in the vertical direction.
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