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CONSPECTUS: The properties of transition metal complexes are interesting not only for
their potential applications in solar energy conversion, OLEDs, molecular electronics,
biology, photochemistry, etc. but also for their fascinating photophysical properties that call
for a rethinking of fundamental concepts. With the advent of ultrafast spectroscopy over 25
years ago and, more particularly, with improvements in the past 10—15 years, a new area of
study was opened that has led to insightful observations of the intramolecular relaxation
processes such as internal conversion (IC), intersystem crossing (ISC), and intramolecular
vibrational redistribution (IVR). Indeed, ultrafast optical spectroscopic tools, such as
fluorescence up-conversion, show that in many cases, intramolecular relaxation processes
can be extremely fast and even shorter than time scales of vibrations. In addition, more and
more examples are appearing showing that ultrafast ISC rates do not scale with the
magnitude of the metal spin—orbit coupling constant, that is, that there is no heavy-atom
effect on ultrafast time scales. It appears that the structural dynamics of the system and the
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density of states play a crucial role therein.

While optical spectroscopy delivers an insightful picture of electronic relaxation processes involving valence orbitals, the
photophysics of metal complexes involves excitations that may be centered on the metal (called metal-centered or MC) or the
ligand (called ligand-centered or LC) or involve a transition from one to the other or vice versa (called MLCT or LMCT). These
excitations call for an element-specific probe of the photophysics, which is achieved by X-ray absorption spectroscopy. In this
case, transitions from core orbitals to valence orbitals or higher allow probing the electronic structure changes induced by the
optical excitation of the valence orbitals, while also delivering information about the geometrical rearrangement of the neighbor
atoms around the atom of interest. With the emergence of new instruments such as X-ray free electron lasers (XFELs), it is now
possible to perform ultrafast laser pump/X-ray emission probe experiments. In this case, one probes the density of occupied
states. These core-level spectroscopies and other emerging ones, such as photoelectron spectroscopy of solutions, are delivering a
hitherto unseen degree of detail into the photophysics of metal-based molecular complexes. In this Account, we will give
examples of applications of the various methods listed above to address specific photophysical processes.

1. INTRODUCTION

The advent of ultrafast spectroscopy some 25 years ago
triggered a real revolution in molecular photochemistry and
photophysics due to its ability to probe phenomena on the time
scale of molecular vibrations." In the study of condensed phase
systems (molecules in solution, proteins, materials), an
impressive variety of experimental methodologies has been
used and developed, such as pump—probe transient absorption
spectroscopy in the visible to the infrared spectral ranges,"
fluorescence up-conversion,”* nonlinear optical techniques
(photon echo, transient grating),”® and more recently multi-
dimensional spectroscopies.” > Many of these have been
extended to other spectral ranges, such as the UV for
nonlinear'*'® and multidimensional spectroscopies,m’17 the
extreme UV (EUV) for photoelectron spectroscopy (UPS) of
liquid samples,"®" or the soft and hard X-ray regions for
transient X-ray absorption spectroscopy (XAS)**™>* or X-ray
emission spectroscopy (XES).**"*° In combination with
advanced computational methods,'>**"*° these tools have
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delivered an unsurpassed insight into the ultrafast photo-
induced dynamics of molecular systems.

The first event upon absorption of a photon by a large
molecule is redistribution of energy among different electronic
and vibrational degrees of freedom, which may in some cases
lead to unimolecular reactions such as dissociation, predis-
sociation, and isomerization. Otherwise, intramolecular energy
redistribution proceeds via different nonradiative processes,
such as internal conversion (IC), which is the transition
between electronic states of similar spin, intersystem crossing
(ISC), which involves states of different spin multiplicities, and
intramolecular vibration redistribution (IVR), that is, vibra-
tional energy flow from a given vibrational mode (or modes) to
others. All these processes are triggered by modifications of the
electronic structure (occupancy of orbitals, oxidation state,
valency, etc.) and are accompanied by changes of the geometric
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structure of the complexes. While energy redistribution
processes are well monitored by ultrafast optical methods, the
elemental selectivity for both the electronic structure and the
geometric structure can only be reached by core-level
spectroscopies (XAS, XES, or UPS).

The use of the above ultrafast techniques to study metal
complexes has, in the past 10—20 years, led to an increased
understanding of their photophysical and photochemical
processes. The combination of optical and core-level (X-ray
or EUV) spectroscopies has been a game changer in our
understanding of the mechanisms underlying the photo-
chemistry and photophysics of metal complexes.’® Here we
focus on a few selected examples from our studies of the past
ten years to illustrate the power of the above novel methods in
delivering new insight into the photophysics of transition metal
(TM) complexes.

2. EXPERIMENTAL STRATEGIES

2.1. Transient Absorption (TA) Spectroscopy

The most commonly used technique in ultrafast optical-domain
spectroscopy is the pump—probe scheme, which is basically an
extension to ultrashort times of the traditional flash photolysis
technique.*"** In this scheme, a first (pump) pulse excites the
system, triggering a photophysical or photochemical process,
and a second (probe) pulse interrogates the evolution of the
excited state (or states) by absorption to higher states or by
stimulated emission (SE). Both of these signals may overlap
each other and also overlap with the transparency of the sample
induced by the pump pulse (called ground state bleach, GSB),
if the ground state absorption spectrum is in the same spectral
range. With the development of nonlinear optics, it has become
possible not only to reach very short pulse durations of the
order of a few femtoseconds but also and most important to
generate ultrashort continua that could be used to probe the
dynamics of molecular systems over an extended wavelength
range.

2.2. Ultrafast Fluorescence Up-Conversion

Following the ultrafast evolution of excited states by emission is
preferable because it removes the problem of overlapping
signals that occur in TA spectroscopy and it allows a better
visualization of the cascading processes among excited states. In
order to reach femtosecond temporal resolution, optical
sampling methods such as fluorescence up- or down-conversion
are ideal.*>™>° Indeed, even for very short-lived excited singlet
states, there is a nonzero probability of emitting photons, which
can be detected if the time window of the detection is
adequately narrow. An important improvement to the
technique came with the introduction of CCD camera
detectors coupled to a monochromator, allowing a poly-
chromatic detection and therefore bringing a significant
increase in signal-to-noise and speed of data acquisition.>*™*’
In our setup,” the fluorescence is collected by wide-angle
optics and focused onto a nonlinear crystal in which it is mixed
with a so-called gate pulse, whose time delay with respect to the
pump pulse is controlled by an optical delay stage. The
intensity of the signal resulting from the sum- (or difference-)
frequency of the gate pulse, and the fluorescence is then
recorded as a function of the delay time between pump and
gate pulses. Figure 1 illustrates the capability of our setup for
the case of [Ru(bpy),;]** in solution, showing how the entire
emission spectral profile can be recorded at each time delay.
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Figure 1. Emission of [Ru(bpy);]** in water as a function of time
upon excitation at 400 nm (25000 cm™"). The signal around t = 0
between 16500 and 20000 cm™ is due to the fluorescence of the
singlet metal-to-ligand charge transfer ('MLCT) state, while the
yellow stripe centered around 16400 cm™' is due to the *MLCT
phosphorescence. The spot at 21600 cm™" is the Raman band of the
solvent. Reproduced with permission from ref 37. Copyright 2006
Wiley.

2.3. Ultrafast X-ray Absorption Spectroscopy

We have already described this approach in several reviews.*>*

Briefly, edges appear in an X-ray absorption spectrum, which
correspond to transitions from a core orbital electron (K shell
for 1s electrons, L; shell for 2s, L, for 2p, ,,, L, for 2ps,, etc.),
to the ionization threshold. Just below the edge, one accesses
the valence orbitals of the atom, which in the case of
coordination chemistry complexes are d orbitals. Thus, XAS
probes the density of unoccupied valence states and in a time-
resolved experiment, it interrogates the changes therein. For
energies above the edge, a photoelectron is produced that
scatters off the neighbor atoms, yielding modulations of the
spectrum that are due to interferences between different
scattering paths (forward, back, and multiple) of the photo-
electron wave with the neighbor atoms. These modulations are
classified in two regions: the low energy ones (up to ~50 eV
above the edge) are called the X-ray absorption near edge
structure (XANES), while at higher energies above the edge
they are called the extended X-ray absorption fine structure
(EXAFS). These modulations are due to the local structure
around the absorbing atom, and any changes in the molecular
structure will show up in changes of the XANES and EXAFS.

The implementation of time-resolved XAS was limited to the
50—100 ps temporal widths of X-ray synchrotron pulses.*"**
Nevertheless, this time resolution has turned out to be very
useful because there are a host of systems whose structural
(electronic and geometric) changes were (and still are)
unknown upon photoexcitation. To reach the ~100 fs time
resolution, the slicing scheme was implemented at synchrotrons
in the soft™** and hard X-ray* regimes, but the real game
changer came with the advent of X-ray free electron lasers,*
which deliver ultrashort X-ray pulses with ~10 orders of
magnitude more photons per pulse than in the slicing scheme.
These machines also open the possibility to carry out photon-
greedy techniques such as ultrafast X-ray emission spectroscopy
(XES), as recently demonstrated on an Fe(Il) spin crossover
system.
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In this Account, we will mainly focus on our results from a
combination of ultrafast and steady-state emission studies and
the way they deliver new insight into molecular photophysics.

3. ULTRAFAST IC AND IVR

Over the past few years, we documented a number of TM
complexes, where emission from higher lying electronic states
was observed.*’”* The cases of halogenated rhenium—
carbonyl complexes*’ and more so of the osmium complex
Os(dmbp);(dmbp = 4,4'-dimethyl-2,2"-biypridine) in ethanol*’
are clear-cut because we could detect intermediate-lived 10—50
ps emissions. In the latter case, it was due to a higher triplet
state lying at an energy ~2000 cm ™' above the lowest triplet
state whose phosphorescence decays in 25 ns, due to a
quantum yield of <50 X 107°. The occurrence of such
intermediate emissions imply that a weak proportion of
population decays radiatively to the ground state, that is,
bypassing the lowest electronic excited state.

At the other extreme is the observation of a fluorescence that
mirrors the absorption band of the lowest singlet state at the
shortest measurable time delays, that is, within the pulse width
of the pump laser, and regardless of the excitation energy. This
is the case of Figure 1, and it is better depicted in Figure 2,
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Figure 2. Steady-state absorption spectra showing the 'MLCT
absorption band (dashed traces) and time-zero fluorescence spectra
of [Fe(bpy);]** and [Ru(bpy);]** in water, excited at 25000 cm™
(black arrow). The horizontal arrows indicate the respective
absorption—emission Stokes shift.*”***> Adapted with permission
from ref 50. Copyright 2012 Elsevier.

which shows the absorption bands and the time-zero emission
bands of [Ru(bpy);]** and [Fe(bpy);]** in solution. Similar
observations were made on other Ru complexes® and were
found to be independent of the solvent, symmetry of the
complex, and initially excited S, state. The mirror profile of the
emission implies that it occurs from a thermalized state, which
would seem paradoxical. The lowest singlet fluorescence in Ru-
and Fe-polypyridine complexes is found to be very short-lived
(<40 £s).>° In order to reach the lowest emitting level of the S,
state, the system has to relax the excess energy via electronic
(IC) and vibrational levels (IVR). Taking the lifetime of the
'MLCT fluorescence as an internal clock, we estimated that the
IVR/IC processes occur in <10 £5,° that is, on subvibrational
time scales! It should however be stressed that thermalization
occurs only with respect to the high frequency Franck—
Condon modes that make up the modulations of the
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absorption band (Figure 2). These FC modes dump their
energy on a subvibrational time scale, in a fashion akin to a
critically damped oscillator, into the bath of low frequency,
often non-Franck—Condon active modes. When in addition
higher S, states are excited, these very fast relaxation processes
must occur in a strongly non-Born—Oppenheimer fashion for
the IC to occur, probably involving conical intersections
between excited state potential surfaces.”’ These results imply
that IC/IVR within singlet states precedes ISC in these systems.

The idea of dumping the energy into low frequency, optically
silent modes is difficult to verify in the above examples because
the singlet lifetime is too short, but we verified it in the case of
organic dyes, such as 2,S-diphenyloxazole (PPO) and para-
terphenyl (pTP), pumped with a large excess of vibrational
energy.*”>” It was observed that at zero time delay, the mirror
image of the fluorescence with respect to the lowest absorption
band is already present but it is structure-less. Thereafter,
vibrational cooling of the low frequency modes or solvation
dynamics occur on the time scale of several picoseconds, which
leads to a structured fluorescence spectrum, identical to the
steady-state spectrum.

In conclusion, the observation of a fluorescence that mirror
images the absorption of the lowest singlet state at the shortest
time delay does not imply ultrafast cooling, except for the high
frequency Franck—Condon active modes, because the excess
energy is impulsively redistributed into low frequency ones.

4. ULTRAFAST ISC

Figure 1 nicely illustrates the ability of the broad band
fluorescence detection at femtosecond resolution to clearly
detect the change from fluorescence to phosphorescence for
the case of the model complex [Ru(bpy);]**. In the latter,” as
in a whole series of Ru- and Fe-polypyridine complexes we
studied,*>** the decay of the '"MLCT (<40 fs) fluorescence is
reflected in the rise of the *MLCT state. Such ISC times are the
shortest ever reported. Further investigations with various
transition metal complexes showed that they are uncorrelated
to the strength of the spin orbit coupling (SOC) constant,
contrary to the expectations based on the so-called “heavy atom
effect” known in organic photochemistry.

This is clear from Table 1, which shows the ISC times we
measured for various Fe, Ru, Ni, Pt, Pd, Re, and Os
complexes.””*¥73%335% Eor example, (a) the ISC rate between
the lowest singlet and triplet states of a diplatinum complex
(Pt,POP) was found to lie in the 10—30 ps range and to be
solvent-dependent!*® (b) In complexes such as [Re(L)-
(CO)5(bpy)]™ (for L = Cl, Br, or I, n = 0; for L = etpy
(ethylpyridine), n = 1), the ISC times (100—150 fs) are
significantly longer than in the Fe or Ru complexes, but
remarkably, they decreased in the sequence I, Br, Cl, in what
appears as an inverse heavy atom effect.*’” They also exhibit a
linear correlation between the ISC times and the Re—halogen
stretch frequency (Figure 3), suggesting that the structural
dynamics of the complex mediate the ISC. (c) The comparison
between the Fe, Ru, Pt, Re, and Os complexes also underlines
the importance of the density of states. For example,
Os(dmbp); showed slower ISC times (Figure 4) than
Os(bpy),(dpp), which has a higher density of states.*’

The importance of the dynamical aspect of ISC in this
temporal regime needs to be stressed. That is, the system
explores regions of its configuration space and reaches the
points in space where ISC is most favorable due to an energy
degeneracy and a favorable coupling of potential surfaces. The
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Table 1. Intersystem Crossing Times for the Complexes Investigated by Fluorescence Up-Conversion and Transient Absorption
Spectroscopy along with the Spin—Orbit Constant of the Metal Atom

complex ISC transition time spin—orbit constant (eV) ref
[Fe(bpy),]** MLCT—MLCT <30 fs 0.05 S3
[Fe(bpy);]** SMLCT—°T <130 fs 68,69
dithione—dithiolato—Ni '"MMLLCT—*MMLLCT 6 ps 0.095 70
[Ru(bpy);]** 'MLCT—MLCT <30 fs 0.1 37
RuN719 'MLCT—MLCT <30 fs 50
RuN3 'MLCT-MLCT <45 fs 50
dithione—dithiolato—Ni 'MMLLCT—*MMLLCT 6 ps 0.19 70
[ReX(CO);bpy]* 'MLLCT—MLLCT 0.335 47
X =Cl 85 fs
X = Br 130 fs
X =1 150 fs
X = etpy 130 fs
Os(dmbp), 'MLCT—MLCT 100 fs 0.37 49
Os(bpy),(dpp) 'MLCT—MLCT <50 fs 49
Pt,POP 1A —%As, 10-30 ps (solvent dependent) 0.583 48
dithione—dithiolato—Pd 'MMLLCT—*MMLLCT 6 ps 70
180 . : : ; ; .
PNl Oslin EtOH
15
@
120 + . S
— e 1.0
& £
~ 3 , [
ey 0.5
60 1 0.0
pil- Os2 in EtOH
0 : Pt —
1.5
0 50 100 150 200 250
/vy, (fs)

Figure 3. Correlation of the ISC times measured for the [Re(L)-
(CO)5(bpy)] (L= Cl, Br, L, from left to right) complexes47 with the
vibrational period of the Re—L stretch mode in similar [Re(L)-
(CO);(iPr-NdCHCHAN-iPr)] complexes, as derived from their
resonance Raman spectra.”’ Reproduced from ref 47. Copyright
2008 American Chemical Society.

probability of such events is, of course, enhanced if the density
of states is high. This is well described in ref 55 and shown in
Figure S. In this respect, the above example with the diplatinum
complex illustrates the fact that when the density of states is
very low and crossings are unfavorable between states of
different multiplicity, the system does not undergo ultrafast
ISC, even though it contains two heavy atoms.

Ultrafast ISC also occurs in molecules containing light atoms,
and there, the dynamical and energy degeneracy aspects of spin
transitions are key parameters, as was beautifully illustrated by
Stolow and co-workers in recent ultrafast photoelectron studies
of gas phase SO, and cyclic a,f-enones.”” In the first case,
they reported ISC from the mixed 'B,/'A, states to the °B,
state on time scales of 750—150 fs, depending on the excitation
energy. These were rationalized by Gonzalez and co-workers>®
using ab initio-based dynamics simulations. It was found that a
strong elongation of the SO bonds and a small bending are
prerequisites for the ultrafast ISC. In the second case, it was
found that upon singlet state excitation of 2-cyclopentenone an
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Figure 4. Time—wavelength plots of the emission of Os(dmbp),
(Os1) and Os(bpy),(dpp) (Os2) (dmbp = 4,4’-dimethyl-2,2’-
biypridine, bpy = 2,2’-biypridine, dpp = 2,3-dipyridyl pyrazine) in
ethanol excited at 400 nm. The plots are normalized to the maximum
of the fluorescence. The Raman peak at 455 nm is cut on the blue side
by the detection window in the top panel. Reproduced from ref 49.
Copyright 2013 American Chemical Society.

ISC occurs within 1.2 ps to the lowest triplet manifold, which
was explained by a high SOC over an extended region of high
singlet—triplet degeneracy explored by the system during its
dynamics.

The above considerations should however be mitigated by
the fact that in systems with a high spin—orbit coupling (SOC)
constant, the classification of states with a pure spin character
breaks down. One should rather classify the states as spin—orbit
states, as described in ref 28. Of course, the lowest excited
states will have a purer spin character because of less mixing, as
witnessed by the long phosphorescence lifetimes one measures
in luminescent metal complexes. In summary, if a high SOC is
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Figure S. Nonadiabatic molecular dynamics simulations of [Ru-
(bpy);)** in solution for the ISC from the 'MLCT state to the
SMLCT state. The two panels show the time series of the relevant
excited state energies for the two trajectories discussed in the text.
Singlet excited states (seven in total) are represented by gray dashed
lines and triplet states (seven in total) by red continuous lines.*> The
driving state is highlighted with blue circles. Analyzed crossings
between singlet and triplet states are represented by filled circles with
the following color coding: white = weak, gray = medium, and black =
optimal SOC strength. See ref 55 for details. Reproduced with
permission from ref 5S. Copyright 2011 Elsevier.

necessary for high ISC rates, it is not sufficient and parameters
such as density of states, crossings of potential surfaces, and
structural rearrangements play an important role. In a way, it is
similar to electron transfer reactions: a large coupling does not
necessarily mean a high rate of electron transfer if the potential
surfaces do not have the right crossings. This analogy is actually
more relevant than it seems: in [Fe(bpy);]*" the "MLCT—T
transition occurs in a barrierless region, ® while in Pt,POP, the
S and T surfaces are parallel* and are reminiscent of the
Marcus inverted region. Finally, [Re(L)(CO);(bpy)]™* com-
plexes would be in the normal region.

5. ELECTRONIC AND MOLECULAR STRUCTURAL
CHANGES

In the past few years, we showed how the above processes and
their associated electronic and structural changes can be probed
with elemental selectivity using time-resolved XAS. We thus
successfully identified photoinduced electronic and structural
changes in the case of intramolecular electron transfer in Ru-
polypyridine,”® halogenated Re(I)-carbonyl,®’ and Cu(I)-
diimine®® complexes, spin crossover>’ or photoaquation63 in
Fe(II) complexes, photoexcitation of Pt, complexes,** and even
electron trapping in bare and dye-sensitized TiO, nano-
particles.%

The halogenated Re(I)-carbonyl complexes are interesting
because the ISC, discussed above, is due to a charge transfer
excitation, which was predicted to be from the metal—halogen
moiety to the bpy ligand. Density functional theory (DFT) had
shown that the Re—halogen moiety is strongly mixed:*’ the
dn(Re) contribution is between ~53% and ~47% for Cl and
Br, respectively, while the corresponding pz(halide) contribu-
tion is ~18% and ~26%. This lead to the classification of the
first excited state as MLLCT (metal—ligand-to-ligand charge
transfer). The first direct evidence for this character came from
picosecond XAS studies that probed the formation of a hole in
the Re(Sd) and Br(4p) orbitals. Figure 6 shows the Re L;-edge,
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Figure 6. Re L;-edge transient XAS signal (difference of the excited
sample absorption minus the unexcited one) of [ReBr(CO);(bpy)] in
solution (red markers) measured 630 ps after excitation at 35S nm.
The ground-state XAS (blue line) is shown for comparison with
features labeled A—F. Inset: zoom into the near-edge region showing
the details of the transient XAS. Reproduced from ref 61. Copyright
2013 American Chemical Society.

15x10° 1 | T , 4
— Expt. 70 ps Transient

—— Calc. [Fe(CN)sOH,]” Transient
— Calc. [Fe(CN)5]3' (C4,) Transient
1.0 |- — Calc. [Fe(CN)g]” (Da,) Transient .

(a)

AAbSyNom, (a.u.)

|
713
X-ray energy (keV)

7.15 7.16

Figure 7. Experimental transient of [Fe(CN)¢]*~ recorded 70 ps after
photoexcitation at 355 nm (red) compared with the calculated
transient spectra of [Fe(CN);]*~ C,, (green), [Fe(CN);]* Dy,
(cyan), and [Fe(CN);OH,]*~ (dark blue). Reproduced with
permission from ref 63. Copyright 2014 AIP Publishing.

which exhibits a new resonance (B) in the transient just below
the edge, because a hole was created in the Re Sd orbital upon
MLLCT excitation. The same measurement at the Br K-edge
shows formation of a hole in the 4p orbitals.”’ The structural
analysis of the XANES and EXAFS regions were in good
agreement with the predictions from DFT calculations.*"%
This system is ideal for an investigation at ultrashort time scales
using XFELs, because the electron transfer, the spin transition,
and the structural dynamics are intimately intertwined.
Ferro-hexacyanide is an ideal model system for studying the
photoinduced reactivity of a solute with solvent species. Indeed,
it has been predicted to undergo photoaquation upon
excitation at wavelengths >310 nm.”’ However, direct
identification of the aquated pentacyano-complex [Fe-
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(CN)s(OH,)]*~ was so far not possible. We carried out a
picosecond XAS study combined with quantum chemical
calculations that allowed us to identify this species for the first
time.% Figure 7 shows the transient (difference) spectrum at 70
ps time delay upon 355 nm excitation, along with the calculated
transient spectra of different possible photoproducts, demon-
strating a best agreement for the aquated pentacyano complex.
This system is a very good candidate for XFEL experiments
because the route leading to the formation of the latter species
is still not known and its elucidation calls for elemental
selectivity at high time resolution.
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