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Abstract

The atomic specificity of X-ray spectroscopies provides a distinct per-
spective on molecular electronic structure. For 34 metal coordination and
organometallic complexes, the combination of metal- and ligand-specific
X-ray spectroscopies directly interrogates metal-ligand covalency—the hy-
bridization of metal and ligand electronic states. Resonant inelastic X-
ray scattering (RIXS), the X-ray analog of resonance Raman scattering,
provides access to all classes of valence excited states in transition-metal
complexes, making it a particularly powerful means of characterizing the
valence electronic structure of 3d metal complexes. Recent advances in X-
ray free-electron laser sources have enabled RIXS to be extended to the
ultrafast ime domain. We review RIXS studies of two archetypical pho-
tochemical processes: charge-transfer excitation in ferricyanide and lig-
and photodissociation in iron pentacarbonyl. These studies demonstrate
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femtosecond-resolution RIXS can directly characterize the time-evolving electronic structure, in-
cluding the evolution of the metal-ligand covalency.

1. INTRODUCTION

Selectively and efficiently driving chemical transformations remains a persistent and compelling
challenge for chemists. From a fundamental perspective, addressing this challenge requires ma-
nipulating either the shape of the free energy surface of the reactant to select and accelerate the
desired product or how the reactant samples the free energy surface. The first approach can
be achieved with a catalyst, the method of choice for the chemical industry and biology. The
second approach can be achieved by driving systems far from equilibrium, where nonequilib-
rium electronic states and geometric structures can be accessed—such as the photoexcitation of a
photocatalyst—that also select and accelerate the transformation of reactants to the desired prod-
ucts. For both cases, transition-metal complexes dominate, because they provide extremely flexible
and tunable ground- and excited-state electronic structures.

The design and synthesis of molecular catalysts targeting specific reactions have an established
history, including five Nobel Prizes in Chemistry awarded to 12 chemists in the twenty-first cen-
tury for developing molecular catalysts and enzymes (1-11). This research clearly establishes that
the appropriate choice of the metal center, the ligands, and their arrangement around the metal
center provides a pathway to selective, efficient, and diverse reactions including hydrogenation,
epoxidation, cross-coupling, and directed evolution of enzymes. Critical properties of the molecu-
lar catalyst include the ligand field strength and symmetry, the oxidation and reduction potentials,
the geometric and steric constraints on the inner coordination sphere structure, and the metal—
ligand covalency, all of which need to be matched to the metal. Understanding of catalysis by
nonequilibrium electronic states and geometric structures remains comparatively rudimentary.
The development of photoredox catalysis has been the most significant advance in photon-driven
catalysis in the past decade (12-15). Despite this expansion in photocatalysis, a limited number
of photocatalysts dominate the research (16, 17), and the design of reaction-specific catalysts, an
approach that is characteristic of molecular catalysis, has not yet been matched for photocatalysis.

An analytical characterization gap exists between the number and robustness of the meth-
ods used for thermally driven molecular catalysts and those used for characterizing light-driven
molecular catalysts. Our review focuses on the electronic structure and reactivity of transition-
metal complexes driven far from equilibrium by short light pulses. These pulses have durations
in the femtosecond domain. The ultrashort duration of these pulses enables the electronic and
geometric structures of light-driven molecules to be changed faster than the reactions initiated by
these excited molecules. The ensuing nonequilibrium, photon-driven reaction dynamics is hence
triggered and can be followed with a second ultrashort pulse of light synchronized with the trigger
pulse. This second pulse interrogates the chemical evolution initiated by the first pulse with an
experimentally controlled delay between the pulses. By repeating this measurement and scanning
the delay between the first and second pulses, the full-time evolution of the system can be tracked.
This method, often termed ultrafast pump-probe spectroscopy, has been used to capture the time-
evolution of photochemical reactions from initial femtosecond excited-state dynamics via internal
conversion and vibrational cooling on picosecond timescales all the way to diffusion-limited pro-
cesses on longer timescales. By varying the probe photon energy range from terahertz to hard
X-rays and measuring the signal detected from photon absorption, photon elastic and inelastic
scattering, and photo-ion or photoelectron production, the information content of the measure-
ment can be modified significantly. Despite the multitude of ultrafast probe methods developed
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and used to study light-driven reactivity, it has remained a challenge to disentangle nuclear and
electronic dynamics with established ultrafast probes and to achieve the necessary sensitivity to dis-
tinguish the many possible chemical intermediates and reaction pathways. Ultrafast X-ray sources
producing short X-ray pulses now provide exciting opportunities for probing the electronic and
geometric structures of transition-metal complexes.

X-ray free-electron lasers, in particular, provide tunable and highly brilliant X-ray radiation
with femtosecond pulse durations enabling measurements of reaction dynamics of very dilute
species, as is typical in the chemistry of coordination and organometallic complexes. The progress
to date has depended significantly on the wavelength range of the X-rays, in which progress with
<2-A-wavelength hard X-rays has progressed more quickly than with nanometer-wavelength
soft X-ray measurements. This work has clearly shown that hard X-ray absorption spectroscopy
(18-23), valence-to-core X-ray emission spectroscopy (23, 24), and X-ray solution scattering (25,
26-28) access the geometric structural dynamics surrounding the metal centers in transition-
metal complexes. X-ray absorption and emission spectroscopies (23, 25, 29) also access the charge
and spin state of the metal center, but they lack the ability to characterize the excited-state elec-
tronic structure with state specificity. The development of chemical applications of ultrafast soft
X-ray spectroscopy in solution has been slower than the development of hard X-ray spectroscopy
due to technical challenges associated with the poorer contrast between solute and solvent ab-
sorption, lower fluorescence yields, and the need to work in vacuum (30-44). The purpose of this
review is to address the opportunities presented by soft X-ray resonant inelastic X-ray scattering
(RIXS) to characterize the electronic structure and dynamics of light-driven transition-metal
complexes.

We address this case by discussing time-resolved soft X-ray spectroscopy studies of two
archetypical photochemical processes in 34 metal coordination and organometallic complexes. We
show how probing the valence electronic structure with core-hole spectroscopy provides a com-
pelling and novel approach to interrogating both (#) the transient valence electronic structure of
charge-transfer excited states in transition-metal coordination complexes and (b) the photodisso-
ciation dynamics of organometallic metal-carbonyl complexes and the resultant coordination.

The development of ultrafast soft X-ray spectroscopy enables the convergence of three critical
capabilities needed to understand how the interplay between electronic and nuclear structures
determines the ultrafast dynamics of transition-metal complexes:

1. Ultrafast pump-probe methods enable the controlled generation of electronic excitations
and geometric structural evolution. By generating an electronic excitation on the femtosec-
ond timescale, we also generate vibrational wave-packet motion. This motion enables the
influence of the nuclear structure on the electronic structure to be followed with precision.

2. Soft X-ray spectroscopy enables electronic states to be interrogated in an atom-by-atom
manner that provides unique access to the symmetry and spatial distribution of valence
electronic wave functions.

3. Molecular electronic structure theory enables the accuracy of a molecular orbital view of
the valence electronic structure to be assessed for ground and electronic excited states.

The combination of these experimental and theoretical capabilities enables the direct determina-
tion of how the valence electronic structure evolves during a chemical reaction.

In this review, we describe how core-hole spectroscopies with soft X-rays interrogate the fron-
tier orbitals from both the 34 metal and the ligand perspectives, providing a unique ability to
experimentally identify the relative importance of the metal and ligand characters of the valence
electronic structure. The 2p absorption resonances of 34 metals (L, 3-edges) and the 1s absorp-
tion resonances of ligand C, N, and O atoms (K-edges) provide complementary element-specific
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Figure 1

Schematic representation of the spontaneous resonant inelastic X-ray scattering (RIXS) process. Absorption
of an incoming X-ray photon, hiwi,, creates a core-excited state intermediate, followed by the emission of a
secondary X-ray photon, fiwey, creating a valence excited final state. The valence electronic excited-state
Raman resonances in RIXS spectroscopy;, Erans = fwin — fiwoue, manifest as energy transfer resonances in the
eV scale where the resonant energy does not change with the incident X-ray photon energy. RIXS strongly
resembles optical resonance Raman scattering, with two critical distinctions. First, the incident X-ray
photons (hwiy) access either the ligand 1s — 2p or the metal 2p — 3d core-excited intermediate states rather
than a valence excited intermediate state in the visible or ultraviolet light spectrum. Second, RIXS is used to
access valence electronic excited final states rather than the vibrationally excited final states accessed with
optical resonance Raman scattering.

views of the metal-ligand bonding. Metal L, ;-edge spectroscopy takes the metal perspective and
ligand K-edge spectroscopy adopts the ligand perspective, thereby providing an atom-specific
measure of the frontier molecular orbitals. This can be achieved for the unoccupied orbitals with
X-ray absorption spectroscopy (XAS) (45-47) and for valence excited states with RIXS (48-51), the
X-ray analog of resonance Raman scattering (see Figure 1). Like spontaneous resonance Raman
spectroscopy in the visible and ultraviolet (UV) spectral range, RIXS involves using a light source
tuned to an electronic resonance in the system. Unlike optical resonance Raman scattering, the
Raman resonances discussed in our review focus on valence electronic excitations rather than
the vibrational excitations that dominate optical resonance Raman spectroscopy.

RIXS relies on strong electric dipole transitions with metal 2p — 34 and ligand 15 — 2p ex-
citations, making the methods sensitive to small changes in the electronic structure. Chemical
shifts of the respective core-electron resonances make the methods sensitive to changes at specific
chemical sites, including atoms of the same element in different chemical environments (52). This
enables XAS and RIXS to characterize frontier molecular orbitals with element and site specificity
(23). Compared to UV and visible absorption spectroscopy and other more established probes of
molecular electronic structure, we highlight how the large energy scale probed with X-ray spec-
troscopy and the selection rules of the measurement ensure sensitivity to all classes of electronic
excited states irrespective of metal or ligand nature and the spin state.

This sets the stage for discussing the incipient results acquired with ultrafast soft X-
ray spectroscopy studies of the photophysical and photochemical dynamics of prototypical
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transition-metal compounds in solution. We close by providing an outlook on the quickly
evolving capabilities of X-ray free-electron laser sources, instrumentation, and how this should
transform chemical dynamics applications.

2. ELECTRONIC STRUCTURE AND DYNAMICS
OF TRANSITION-METAL COMPLEXES

2.1. Introduction to Soft X-Ray Resonant Inelastic X-Ray Scattering

Metal-ligand bonding is rationalized by a hybridization of the partially occupied metal 4 orbitals
with occupied and unoccupied ligand orbitals, thereby creating new bonding and antibonding
combinations of molecular orbitals (see Figure 24). The ligand field reduces the symmetry of
the free metal atom and lifts the degeneracy of the metal 4 orbitals in a manner dictated by the
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(@) Schematic representation of the hybridization between metal and ligand orbitals underlying the metal-ligand bonding in transition-
metal complexes. Distinct from the most general, state-specific depiction of RIXS shown in Figure 1, the right side of this panel shows
how RIXS uses atom-specific absorption resonances to access specific orbitals and yield specific valence excited final states.

(b)) Exemplary (7) X-ray absorption spectroscopy spectra and (i) RIXS maps and (i) spectra as typically acquired at metal L3- and
ligand K-edges. The respective amplitudes of the core-excited intermediate and valence excited final states can be directly related to the
atomic character of the involved orbitals. (¢) Schematic representation of the typical experimental scheme of time-resolved RIXS
experiments. The solution sample is optically excited by a laser pulse and probed by a soft X-ray pulse at a specific time delay. The
resulting inelastically scattered light is detected with an emission spectrometer as a function of incident X-ray energy and pump-probe
time delay (A7). Abbreviations: HOMO, highest-occupied molecular orbital; L, ligand; LC, ligand centric; LMCT, ligand-to-metal
charge transfer; LUMO, lowest-unoccupied molecular orbital; M, metal; MC, metal centric; MLCT, metal-to-ligand charge transfer;
RIXS, resonant inelastic X-ray scattering.
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coordination shell structure. For the majority of transition-metal complexes, the highest-occupied
molecular orbital (HOMO) and the lowest-unoccupied molecular orbital (LUMO) have predom-
inantly metal character, as indicated in Figure 24. The frontier 4 orbital energies of the free metal
atom split according to the symmetry of the ligand field. Depending on the exact ligand and co-
ordination structures, the hybridized metal 4 orbitals can acquire partial ligand character. While
this interaction gives the metal d orbitals some amplitude on the ligand, in an LCAO (linear com-
bination of atomic orbitals) approach, they are referred to as metal-derived orbitals. In turn, the
bonding and antibonding hybridized ligand orbitals also acquire metal character. This creates new
occupied and unoccupied molecular orbitals of the complex; see the HOMO—1 and LUMO+1
in Figure 24, which have a degree of metal character but can still be classified as ligand character—
derived orbitals.

The ability to project the complex electronic structures of molecules onto their atomic
constituents presents one of the most compelling conceptual strengths of X-ray spectroscopies.
Connecting experimental spectroscopic observables to this conceptual framework relies on mul-
tiple approximations. Within the constraints of these approximations, a qualitative and intuitive
description of the covalent electronic structure of transition-metal complexes can be achieved.
Here we discuss how an atomic decomposition of the molecular orbitals can be extracted from
RIXS measurements.

RIXS measures the inelastically scattered X-rays spontaneously emitted from a sample when
excited with X-rays tuned to an absorption resonance (Figure 1). The cross section for RIXS can
be calculated with the Kramers-Heisenberg formula (53, 54),

" g 2
Irixs o |(f|u|l> <1|M|g>| T
(Eg - Ei + ha)in + 171)

) (E1 - Ef + hwin - hwout)a

where hw;, and hwe, are the energies of the incident and inelastically scattered X-ray pho-
tons; |g) is the ground, |i) the intermediate, and |f) the final electronic states involved in the
RIXS process; E,, Ei, and Ef are the energies of the ground, intermediate, and final electronic
states; I'; is the lifetime broadening of the intermediate state; and p is the transition dipole moment
operator that couples X-rays to the electrons in the sample. For RIXS, the incident photon energy
Tiwi, equals the energy gap between the ground and intermediate electronic states, Ey = F; — E,,
corresponding to an absorption resonance. Additionally, the energy difference between the inci-
dent and scattering photon, Eyys = fiwin — R, equals the energy difference between the in-
termediate and final state energies, Eyans = Ei — Ef, corresponding to a Raman energy transfer
resonance.

A minimalist and simplified view of the electronic structure of transition-metal complexes il-
lustrates how the RIXS spectrum accesses the covalent hybridization of metal and ligand orbitals.
Consider a metal complex composed of a transition metal and an atomic ligand. The complex has
a HOMO, Yriomo, and a LUMO, ¥.umo, with mixed metal-ligand character due to the covalent
hybridization of the metal and ligand valence orbitals. Within an LCAO description of the valence
molecular orbitals, we have

YHomo = am 3dw + ar2pr,
YLumo = Bu 3dm + Br2pr.
The RIXS process accesses the covalency via the magnitude of the matrix elements in the

numerator in the Kramers-Heisenberg formula above. For the sake of conceptual clarity, we ap-
proximate the ground |g), intermediate |i), and final |f) states included in these matrix elements by
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including only active orbitals involved in the inelastic scattering, and we consider ligand K-edge
or 1s RIXS as an example. Specifically,

|g) = |15 ¥iiomo ¥rumo),
li) = ’UILWﬁIOMOKZ’ﬂUMo),

|f) = | h"f WIIJOM()!”LIUMQ)’

where the superscript presents the number of electrons in the orbital. The RIXS matrix elements
for a ligand core-hole resonance can be simplified as

2.1 1 1.2 1 1.2 1 2.2 2
|<15L‘/’H0M0¢LUM() el 15L1//HOMO‘/’LUM0>(lle”HOMOI//LUM0|M|15LWH0MOV/LUMO>| .

The strong localization of the |1s;,) orbital in space at the location of the ligand nuclei en-
sures that the transition dipole moment operator only couples the |1s,) orbital to valence orbitals
with spatial density at the ligand nuclei with appropriate symmetry. Consequently, the strength of
this RIXS signal reflects the covalent mixing of the occupied and unoccupied orbitals involved
in the RIXS transition. Highlighting only the ligand atomic components of the orbitals involved
gives a RIXS spectrum proportional to

IR o o B2 |(Lswlml2pr) (2pe il Lo )|

Analogously, at a metal resonance, the RIXS signal strength is proportional to
L ocanyiBl (2puli3d) (3dul 12 pw) I

Our review now focuses on how this conceptual framework manifests in an experimental RIXS
spectrum for ground and optically generated valence electronic excited states.

Figure 2a provides a schematic description of the electronic structure of a transition-metal
complex, and Figure 25 shows how this electronic structure manifests itself in the RIXS spectrum
by focusing on four selected RIXS transitions that typically dominate the RIXS intensities at ligand
K-edges and 34 metal L-edges. In a RIXS experiment, the incident X-ray photon energy is scanned
through the element-specific ligand K-edge or metal L-edge resonances, and the energy of the
inelastically scattered photons is measured to determine the energy transferred to the system as a
function of incident photon energy. The energy transfer can correspond to vibrational (55, 56) or
electronic excitations in the sample, and here we focus on electronic excitations.

As described above, the resonant interaction of the incident X-rays creates an intermediate
state in which the ligand (L, Figure 2) 1s or metal (M, Figure 2) 2p core electron is promoted to
an unoccupied molecular orbital (LUMO or LUMO+1 in Figure 2). Overall, the final states of
the RIXS process as described here are valence excited states involving metal-centric (MC) and
ligand-centric (LC) excitations or excitations that involve electron transfer between the metal and
ligand [metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT)].
The character of these final states is determined by the orbitals involved in the RIXS transitions.
In the exemplary case described in Figure 2, the core excitations at the ligand K-edge involve the
metal-derived LUMO or the ligand-derived LUMO+1 and the HOMO-1 orbital. RIXS at the
ligand K-edge therefore probes LMCT or LC excited states. RIXS at the metal L-edge, besides
addressing the same LUMO and LUMO+1 orbitals, also involves the metal-derived HOMO
orbital and hence results in MC and MLCT excited states (Figure 2b). In combination, ligand
K-edge and metal L-edge RIXS therefore give access to the full range of valence excited final states
of transition-metal complexes, which can be disentangled by tuning the incident energy. Note that
the coherence between the incident and emitted photons does not affect the interpretation of the
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RIXS spectra presented in this review. The role of coherence in RIXS has been reviewed previously
(53,59).

Figure 2¢ depicts a schematic representation of the optical pump soft X-ray probe RIXS
experiment, which we discuss briefly. A short-duration optical pulse excites the sample, and a
short-duration monochromatic soft X-ray probe pulse interrogates the pump-induced dynamics
by collecting a RIXS spectrum of scattered probe photons. An energy resolution of 0.3 to 1.0 eV
is required to record RIXS spectra with chemical sensitivity. Although conceptually simple,
experimental realization of such measurements has a number of challenges worthy of empha-
sis. Most importantly, RIXS requires tunable monochromatic pulses of sub-100-femtosecond
duration with high flux. The need for high flux is dictated by two factors: (#) the intrinsically
low cross section of the RIXS process in the soft X-ray range and (§) the technical difficulties
associated with collecting soft X-rays with a spectrometer. The low cross section results from
the dominance of Auger decay in the soft X-ray range with which the core-excited intermediate
states decay. Consequently, the yield of fluorescent decay, in which the core hole is filled via
the emission of a secondary photon, is typically <1%. For example, the yield of N 2p — 1Is
radiative decay is 0.53% and the Fe 3d — 2p fluorescence yield is 0.63% (57). The main difficulty
in collecting and dispersing soft X-ray radiation is associated with the low efficiency of soft X-ray
spectrometers. This is primarily due to the small geometric acceptance of the grazing-angle
(~1°) optics, which are needed to have appreciable reflectivity of soft X-rays. Typical efficiencies
of soft X-ray spectrometers are on the order of 1 x 1076, assuming isotropic emission of fluo-
rescence/RIXS photons from the sample. In addition, soft X-ray spectrometers require a small
source size (~20-pm area from which the inelastically scattered light can be accepted) in order to
have sufficient resolution given the limited grating dispersion in the soft X-ray wavelength range
and detector pixel size. Currently, only large-scale X-ray free-electron laser facilities can deliver
photons suitable for pump-probe RIXS experiments. For high peak intensity X-ray sources, the
liquid must be injected into vacuum in the form of a jet (58-60).

2.2. Electronic Structure of Charge-Transfer Excited States in Ferricyanide

Ferric and ferrous hexacyanide have been critical to the development of ligand field theory (61,
62) as well as molecular spectroscopy (63-66), and therefore provide natural complexes for the
development of ultrafast RIXS to characterize the electronic structure of transition-metal com-
plexes in electronic excited states. Figure 34 shows the molecular structure and orbital diagram of
ferric hexacyanide, [Fe™(CN)4]*~. [Fe™(CN)4]*~ is a doublet 34° low-spin complex with the 34
levels split by the octahedral ligand field into the occupied #,, and unoccupied e, levels. As strong
o-donating ligands, the e, symmetry-adapted combination of CN~ ¢ and Fe 34 orbitals forms
bonding orbitals dominated by Lo molecular orbitals as well as an antibonding combination of
CN~ and Fe 34 molecular orbitals dominated by Fe 3d(e,) molecular orbitals. At the same time,
the 3d(t,,) orbitals possess Lr* character via a m—back donation interaction, and the unoccupied
Lz* orbitals also possess 3d(t,) character. These orbital interactions make up the metal-ligand
bond. How these interactions can be uniquely assessed using XAS and RIXS in the soft X-ray
regime was studied in detail before (50, 67, 68) and is summarized below.

Figure 3d,e shows the RIXS maps of [Fe™(CN)s]*~ measured at the N K- and Fe L;-edges
(50). Plotting the integrated intensity of the scattered photons as a function of incident photon
energy generates the partial fluorescence yield (PFY) XAS spectra shown in Figure 3b,c. At the
N K-edge (Figure 3b), the PFY XAS and RIXS spectra are dominated by a strong absorption
at 399.6 eV. This peak can be assigned to the N 1s — Lz* transition associated with the strong
N 2p character of the CN~ n* system. At the lower incidence energy of 398.5 eV, a shoulder
corresponding to an N 1s — 3d(e,) transition can be observed. The nonzero amplitude of this
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(@) Molecular structure and orbital diagram of [Fe™(CN)4]3~. (b,c) PFY X-ray absorption spectrum and (d,¢) RIXS map of
[Fe'(CN)s]*~ measured at the N K-edge and Fe L3-edge, respectively. The dominant core-excited intermediate states in the PFY
spectrum are labeled consistent with the molecular orbitals in panel 4. The valence excited final states in the RIXS maps are labeled
according to their final state character. The e; symmetry-adapted combination of CN~ ¢ and Fe 34 orbitals forms bonding orbitals
dominated by Lo molecular orbitals as well as an antibonding combination of CN~ and Fe 3d molecular orbitals dominated by Fe
3d(ey) molecular orbitals. At the same time, the 3d(2¢) orbitals possess Lz * character via a 7—back donation interaction, and the
unoccupied Lz * orbitals also possess 3d(f2¢) character. (f) RIXS spectra for selected incident photon energies. The line colors and
styles of the spectra in f match the concomitant vertical lines in the RIXS maps in panels 4 and e. Abbreviations: L, ligand; LC, ligand
centric; LMCT, ligand-to-metal charge transfer; MC, metal centric; MLCT, metal-to-ligand charge transfer; PFY, partial fluorescence
yield; RIXS, resonant inelastic X-ray scattering. Adapted with permission from Reference 50; copyright 2016 the American Chemical
Society.
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transition reflects the N 2p contributions to the 3d(e,) orbital resulting from the metal-ligand &
bonding. Lastly, the transition peak at 396.1 eV results from an N 15 — 3d(t,,) transition. The
minor amplitude of this peak reflects the comparably smaller N 2p character present in the 3d(t,,)
orbitals resulting from 7 back donation.

Transitions of analogous character also appear at the Fe L;-edge (Figure 35). The two features
at 705.6 eV and 710.0 eV correspond to Fe 2p — 3d(t,,) and Fe 2p — 3d(e,) transitions. Due to
the metal-centered character of the 3d(t,5) and 3d(eg) orbitals, these transitions gain significantly
in amplitude compared to transitions to ligand-centered orbitals. In contrast to the analogous
transition at the N K-edge involving the same 3d(t,,) and 3d(e,) orbitals, they dominate the Fe
L-edge spectrum. The additional absorption feature on the high-energy side of the spectrum at
712.5 eV corresponds to Fe 2p — Ln* transitions. This transition to a ligand-dominated orbital
with 7 symmetry becomes possible due to the orbital mixing resulting from 7 back donation from
the Fe atom, which adds Fe 3d contributions to the Lz* orbital. Note that the amplitude of this
feature provides a measure of the 7 back bonding, information that is hard to access with other
methods (67, 69, 70). The strong intensity of this feature in the Fe L-edge PFY XAS spectrum,
however, cannot be solely understood within the qualitative electronic structure description used
here (67). Quantitative interpretations of the spectrum, in terms of accurate descriptions of both
intensities and energies, require more sophisticated theoretical descriptions of the electronic
structure (48, 50, 68,71, 72).

Measuring the intensities of inelastically scattered photons as a function of incident X-ray
energy generates the RIXS maps shown in Figure 34 and e, in which the energy transfer is the
difference between incident and scattered X-ray photon energy. This energy transfer directly
corresponds to the energy of the valence excited final states generated by RIXS. Plotting RIXS
intensities at selected incident energies enables specific final states and their energies to be
associated with specific intermediate excited states. This proves critical to the interpretation
of the spectra shown in Figure 3f. Importantly, RIXS enables the same final states to be ac-
cessed from both ligand and metal core resonances, as shown in Figure 3d—f. Specifically, the
N K-edge and the Fe L;-edge RIXS spectra access the same LMCT final state with the same
energy transfers, albeit with mutually exchanged intensities. The peak at an energy transfer of
4 eV corresponds to an LMCT (Lo — t,,) final state configuration (with the orbital energy
diagram in Figure 34, the overall inelastic scattering process can be regarded as N 1s — 3d(z,,)
and Fe 2p — 3d(t,,) transitions followed by Lo —N 1sand Lo — Fe 2p transitions). The mutually
exchanged peak intensities for the LMCT final state in Figure 3f directly reflect the different
degrees of overlap of the Lo orbital with the N 1s or Fe 2p core holes. The Lo orbital, having
stronger ligand than metal character, has a larger overlap with the N 1s core hole, which in turn
makes Lo — N s transitions stronger than Lo — Fe 34 transitions; this is expressed in the
higher intensity of the 4 eV RIXS peak as extracted at the N K-edge.

The most intense peak in the N K-edge RIXS map has an incident energy of 399.6 ¢V and
an energy transfer of 8 eV. The strong intensity reflects the significant overlap between the N 1s
core hole and the Lz and Ln* orbitals involved in the corresponding RIXS scattering. The
correspondingly strong peak in the RIXS spectrum (Figure 3f) can therefore be attributed to
LC valence excited states resulting from Lw — Lx* transitions. Analogously, the most intense
peak in the Fe L;-edge RIXS map at an incident energy of 710.0 ¢V and an energy transfer
of 4 eV (Figure 3f) is intense due to the strong Fe character of the 3d(t;) and 3d(eg) orbitals.
It can be assigned to an MC final state involving 3d(t,;) — 3d(e,) transitions [Fe 2p — 3d(e,)
followed by 3d(t,;) — Fe 2p] and constitutes a direct measure of the ligand field splitting. This
is one example of how the RIXS process preferentially accesses valence excited states that cannot
be accessed with absorption spectroscopy in the UV and visible spectrum, because the strong,

Fay et al.



Energy transfer (eV)
S
T
!l
|
1
T
ok

L7085 <at<1108s~ lo 1t Ferro-ferri
I 1 n I I 1 L I n 1 L I L I
704 706 708 710 712704 706 708 710
Incident energy (eV) Incident energy (eV) Intensity (a.u.)
d e
Ferri Ferro LMCT-GS Ferro-GS LMCT-ferro
GS LMCT
3d(e,)
A A [ 4
3d(tyg) i i T
[ 4 [ 4 [ 4
L(e,)
7oy v v
o +H- 1+ H
Figure 4

Difference RIXS maps between (2) the LMCT and GS of [Fe™(CN)s]*~ and (5) the GSs of [Fell(CN)g]*~ and [Fe™(CN)4]*~.

(¢) RIXS spectra extracted by integrating along the marked incident energy regions in panels # and b, revealing a shift in energy transfer
for the MC [3d(t24) — 3d(eg)] valence excited final state as determined by a Gaussian fit (ved lines). (d) Orbital occupation in the LMCT
and GS of [Fel(CN)4]3~ as well as [Fe'(CN)s]*~ (blue arrow represents the ligand-to-metal charge-transfer excitation by the pump
pulse). (¢) Calculated charge-density differences between the LMCT and GSs of [Fel(CN)s]*~, the GSs of [Fel(CN)4]*~ and
[Fe(CN)s]>~ as well as the LMCT state of [Fe'(CN)s]>~, and the GS of [Fe!l(CN)s]*~, where red indicates a charge-density
increase and green a decrease. Abbreviations: Ferri, ferric hexacyanide; Ferro, ferrous hexacyanide; GS, ground state; L, ligand; LMCT,
ligand-to-metal charge transfer; MC, metal centric; RIXS, resonant inelastic X-ray scattering. Figure adapted with permission from

Reference 35; copyright 2018 the American Chemical Society.

optically allowed charge-transfer and ligand-centered excitations obscure the Laporte forbidden
(AL # + 1) metal-centered valence excitations.

Extending the demonstrated capability of RIXS to probe the metal-ligand covalency of the
electronic ground state to electronic excited states motivated our investigation of the LMCT
excitation in [Fe™(CN)¢]*~ (73-75) with femtosecond time-resolved RIXS (35). A 400-nm
laser excitation elevates an electron from a ligand orbital of #, symmetry and predominant =
character into the #,, hole of predominantly metal 3d-orbital character (Figure 4) (61). To first
order, this electronic excited state adopts a d° configuration comparable to ferrous hexacyanide
[Fe™(CN)s]*~. The RIXS spectral response to the LMCT excitation is shown as a RIXS difference
map in Figure 4a4.

Figure 4b shows the difference RIXS spectra for the electronic ground states of [Fe'(CN)g]*~
and [Fe™(CN)s]*~ (50). When comparing the difference map generated from these ground-state
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spectra to that generated by the LMCT excitation of [Fe™(CN)4]*~, the similarities are striking.
In particular, RIXS final states at the 2p — 3d(t;,) resonance at 705.6 eV incident energy exhibit
significant bleach in both cases. This directly reflects how the LMCT excitation fills the single
hole in the #,, orbital, generating an electronic configuration analogous to that of [Fe'(CN)q]*~
(compare Figure 44). This similarity is also supported by the charge density extracted from quan-
tum chemical calculations (76, 77) shown in Figure 4e. Locally, at the metal, the charge-density
differences between the LMCT and the ground state of [Fe'(CN)]*~ exhibit a qualitative be-
havior similar to the difference between the ground states of [Fe'(CN)s]*~ and [Fe™(CN)4]*~.
This can be seen by the uniform increase in charge density at the metal in the shape of a 3d(z,,)
orbital in both charge-density differences (Figure 4e). In both cases, however, an additional de-
crease in o-like charge density locally at the metal can be observed. This is due to an increase in
Coulomb repulsion between the metal and ligand electrons caused by the higher occupation of
metal-derived orbitals in [Fe'(CN)4]*~ as well as the LMCT state, which subsequently lowers the
amount of charge density being delocalized onto the metal via o donation.

While this behavior is qualitatively the same for the LMCT excitation and [Fe'(CN)s]*~, the
two cases differ quantitatively in terms of the decrease in o donation. Whereas the electronic
structure calculations suggest o donation decreases by 25% for the LMCT excitation, it decreases
by 39% for the ferrous complex. This demonstrates the effect the ligand hole has on the valence
electronic structure, which is also reflected in the experiment. In both RIXS difference maps, the
intensities at an incident energy of 709 eV and energy transfer from 3 to 3.5 eV can be assigned to
MC final states involving 3d(t2,) — 3d(eg) transitions (50, 71). The energy transfer of these features
therefore directly reflects the ligand field splitting in the two different electronic configurations.
The corresponding RIXS spectra displayed in Figure 4¢ show that the ligand field splitting
is larger in the LMCT state by 0.3 eV than in [Fe’(CN)4]*~. This is a consequence of the afore-
mentioned higher o donation in the case of the LMCT state, as an increase in o donation desta-
bilizes the metal-ligand antibonding 3(e,) orbitals and thus increases the ligand field splitting.

The reason for the higher o donation in the LMCT state is the character of the ligand
hole. As can be seen in the charge-density difference between the LMCT and ground state of
[Fe'(CN)4]*~ (Figure 4e), the decrease in charge density on the ligand representing the hole has
significant o character. This effectively creates a charge vacancy with o character, which favors an
increase in o donation. This in turn also corresponds to a higher delocalization of ligand electronic
charge onto the metal caused by the hole on the ligand in the LMCT state. When directly com-
paring the charge-density difference between the LMCT state of [Fe™(CN)s]*~ and that of the
ground state of [Fe''(CN)s]*~ (see Figure 4e), this manifests as an increase in charge at the metal
in the LMCT state. Experimentally, this can also be seen from the incident energy of the Fe 2p —
3d(ey) absorption transition, which has a lower incident energy for the case of the LMCT state than
does [Fe"(CN)4]*~. The position of this absorption onset and therefore the incident energy neces-
sary for a core excitation can be related to the composition of the local charge distribution around
the metal and how efficiently it can screen the core hole in the core-excited intermediate state
(a higher local charge reduces the energy of the core excitation) (70, 78). The shift of the absorp-
tion onset between the LMCT state and [Fe''(CN)s]*~ provides an experimental signature of the
predicted increase in electronic charge locally at the metal in the LMCT state as a result of the
higher o donation than in [Fe'(CN)4]*~.

2.3. Electronic Structure and Dynamics Induced by Photodissociation
of Iron Pentacarbonyl

Metal-carbonyl bond photodissociation has proven to be a powerful photochemical platform for
advancing our mechanistic understanding of bond activation and catalysis, as well as developing
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ultrafast experimental methods for interrogating chemical reaction dynamics. The dominant
method used to study the photochemistry of metal carbonyls has been ultrafast vibrational spec-
troscopy (79-87). Vibrational spectroscopy has been influential but does not directly interrogate
the electronic structure. Consequently, the dominant time-resolved method for investigating the
reaction dynamics does not characterize the electronic structure during CO ligand dissociation or
that of the catalytically active undercoordinated metal complex generated by photodissociation.

Ultrafast electronic spectroscopy in the visible and near-UV spectrum has provided limited
insight; specifically, the dominant absorption in this spectral range is associated with MLCT ex-
cited states, but the variations in this range have proven difficult to correlate with the variations in
photocatalytic reactivity (88). The catalytic properties of undercoordinated organometallic com-
plexes have been shown to vary with both the period and the row of the transition-metal block
of elements (89), but a clear explanation for these distinctions and how they relate to changes in
electronic structure remains elusive. This makes the photophysics and photochemistry of metal
carbonyls a clear case for developing and demonstrating the power of ultrafast 3d L-edge RIXS to
understand the nonequilibrium electronic structure of organometallic complexes after initial elec-
tronic excitation and in undercoordinated geometries after dissociation and how these properties
relate to catalysis.

We have focused on Fe(CO)s as an archetypical metal-carbonyl complex. Fe(CO)s has a trig-
onal bipyramidal D3}, geometry and a closed-shell, singlet electronic ground state (Figure 54).
The optical absorption cross section starts in the near-UV spectrum and is dominated by transi-
tions of predominantly MLCT character (90, 91). These MLCT excited states have a dissociative
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character and excitation, with 4.66 €V photons in ethanol solution leading to dissociation of one
CO and the creation of an Fe(CO)4 photofragment with near-unity quantum yield. In solution,
the rapid vibrational energy transfer to the solvent suppresses further dissociation. In alcohol so-
lutions, the undercoordinated Fe(CO), photoproduct can form complexes with the solvent. This
reactivity arises from the fact that Fe(CO)4 nominally has an electron deficiency at the Fe center;
the 16 valence electrons of Fe in Fe(CO)4 do not fulfill the 18-electron rule. Furthermore, the
Fe center is sterically free to interact with the solvent, making it a strong electrophile. Interest-
ingly, the reactivity of the Fe center also depends on the spin state. When in the lowest-energy
closed-shell singlet electronic state, Fe(CO), can form complexes with a variety of saturated alka-
nes and alcohols, whereas the lowest-energy triplet state proves inert. Prior studies, largely using
ultrafast vibrational spectroscopy, investigated the interplay between the Fe(CO)4 spin state and
solute—solvent complexation and the initial branching between the singlet and triplet manifolds of
states (79-81). How these initial conditions dictate the resultant catalytic outcomes of the Fe-CO
photodissociation remained largely undetermined, and so set the stage for our studies (32-34).

Figure 5b shows the electronic ground-state Fe L-edge absorption spectrum of Fe(CO)s dis-
solved in ethanol. As presented schematically in Figure 2, the spectrum in Figure 55 clearly shows
both metal-centered Fe 2p — 3d,* and charge-transfer Fe 2p — Lr* transitions. The absorption
resonance at 709.5 eV corresponds to population of the unoccupied 3d,* (#1) orbital aligned
parallel to the axial CO ligands of predominantly 34 character. With the incident energy tuned
to this resonance, the RIXS spectrum in Figure 5d shows final states that correspond to MC-
excited states at energy transfers of 4 eV due to 3d, — 3d,* transitions (Fe 2p — 34,* followed by
3d, — 2p). The dominant absorption resonance at 711.5 eV corresponds to Fe 2p transitions to
CO ligand 7* orbitals of ¢’ and ¢” symmetry (Fe 2p — Lz*). The dominance of ligand-character
orbitals in a 3d metal L-edge absorption spectrum is highly unusual and a consequence of the large
metal-ligand orbital hybridization in Fe(CO)s. The inelastic scattering of X-rays off the 711.5 eV
resonance leads to predominantly MLCT excitations 34, — Lx*, as shown in Figure 5d. These
general characteristics of the Fe L-edge RIXS spectrum of Fe(CO)s inform our understanding of
the time-resolved RIXS spectra presented in Figure 6.

Figure 64 and b shows the excited-state RIXS maps collected for two distinct time-delay
ranges. The majority of important dynamics have been observed with the incident energy range
from 706 to 710 eV and corresponds to Fe 2p transitions into unoccupied 3d,* orbitals of pre-
dominantly Fe character, with energy transfers in the corresponding RIXS spectra ranging from
—2 to 4 eV. The ~300-fs time resolution of the measurement did not allow the CO photodis-
sociation to be followed directly, but the measurement does enable the Fe(CO); electronic state
populations formed directly by photodissociation to be characterized. The changes in the RIXS
spectrum associated with the formation of the Fe(CO)4 photofragment reflect multiple poten-
tial effects. The unoccupied 3d,* orbital for closed-shell electronic configurations transforms as
the totally symmetric irreducible representation for both Fe(CO)s in D3j, symmetry and Fe(CO)4
in the expected C,, symmetry. However, the reduction in ligand field strength resulting from
the loss of a CO ligand shifts this unoccupied orbital to lower energy (see Figure 6c). This and
the exchange interaction stabilize open-shell triplet configurations (see Figure 6g). Prior studies
have demonstrated that the lowest-energy state for gas phase Fe(CO), has a triplet configuration
3B,, whereas solvation of the Fe(CO)4 fragment makes the closed-shell 'A; solute-solvent com-
plex the lowest-energy electronic state in solution (79). Ultrafast vibrational spectroscopy studies
show clear evidence for both 3B, and 'A; complexes in solution after delays of roughly 10 ps (81).
How the photodissociation process influences the initial population of singlet and triplet states,
however, cannot be determined with vibrational spectroscopy because the variation in the car-
bonyl stretching spectrum induced by a change between singlet and triplet configurations is less
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than the spectral shifts and broadening caused by the excess internal vibrational energy after the
photodissociation reaction. This, as well as how photodissociation and ligand association modulate
frontier-orbital interactions, is made accessible with femtosecond time-resolution RIXS.

Determining the initial distribution of Fe(CO)4 electronic states and characterizing the
changes in metal-ligand covalency formed by CO photodissociation are the key findings of our Fe
L-edge RIXS studies of Fe(CO)s. Photodissociation generates a new Fe 2p — 3d,* X-ray absorp-
tion resonance at 706.5 eV, as shown in Figure 64 (region 1), that undergoes a partial depletion
with a 200-300-fs time constant. Inspection of the RIXS spectrum generated at this resonance
also shows ultrafast spectral changes. Specifically, the decay of a weak anti-Stokes Raman signal at
negative energy transfer provides a clear signature of the decay of an electronic excited-state time
correlated with a rise in the difference signal generated by excitation at 709.5 eV in the energy
transfer range from 2 to 4 eV (see Figure 6f,g). The assignment and interpretation of these spec-
tral features relies on ab initio—calculated RIXS maps for distinct electronic states and nuclear
geometries. Two such maps can be found in Figure 6d,e that prove critical to interpreting the
experimental spectra in Figure 6a.,b.

The simulated spectra confirmed that the 706.5 eV resonance corresponds to open-shell elec-
tron configurations with partial occupations of the 3d, and 3d,* orbitals. For picosecond time
delays, prior experiments indicate that this corresponds to the *B, lowest-energy triplet state, an
intuitive interpretation strongly reinforced by the calculated spectrum shown in Figure 6d. The
weak anti-Stokes Raman signal (33), in the absence of a spin flip during the RIXS process, cannot
be assigned to excitation of Fe(CO); complexes in the *B, electronic configuration, as the *B;
state is the lowest-energy triplet state. This indicates that the electronic anti-Stokes Raman signal
corresponds to the excitation of a quickly decaying electronic excited state. The common energy
of the X-ray absorption at 706.5 eV suggests resonant scattering off the same 3d,* unoccupied
molecular orbital. This makes the !B, excited state involving the same orbital occupation, but
different spin orientation, a viable candidate, an assignment strongly supported by the calculated
RIXS spectra (32, 34). This ! B; excited state had not been previously observed experimentally, and
its detection highlights the power of metal L-edge RIXS spectroscopy to identify and differentiate
between distinct MC states. The time correlation between the decay of the !B, excited state and
the appearance of an increased intensity at incident energies of around 709.5 eV and energy trans-
ters of from 3 to 4 eV (region 2 in Figure 6b,¢) supports the assignment of this to the closed-shell
LA, lowest-energy singlet state of the Fe(CO); photofragment. Calculated spectra confirmed the
LA, electronic state and the close proximity of the solvent to the Fe open coordination site. Decay
of the !B, excited state does not result in complete decay of the 706.5 eV resonance. This is con-
sistent with the population of the *B; state, also confirmed by the calculated RIXS fingerprint in
Figure 6d. Orbital interactions of the undercoordinated Fe center with a solvent molecule par-
tially restores covalent interactions and shifts the 3d,* orbital to higher energies compared to the
free fragments. Accordingly, the Fe 2p — 3d,* absorption resonance and the 3d, — 3d,* RIXS
transitions shift to higher energies (Figure 6g).

3. OUTLOOK

Valence RIXS investigations provide a unique perspective on the electronic structure of 3d
transition-metal complexes. Given the technical challenges associated with soft X-ray RIXS mea-
surements on solution phase samples, a limited number of steady-state experiments have been
conducted to date, with even fewer time-resolved investigations of the electronic excited-state
structure of transition-metal complexes. The limited number of investigations clearly reflects the
technical difficulties associated with the measurements described in Section 2. The breadth of
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science that can be addressed with time-resolved RIXS and the potential impact of such investi-
gations, however, provide enthusiasm for the future, because of the recent development of super-
conducting accelerators for X-ray free-electron laser (XFEL) sources. The reduction in resistive
heating in superconducting accelerators enables significant increases in average current and rep-
etition rate. This increase in repetition rate will be transformative for ultrafast soft X-ray RIXS
measurements in solution because the related increase in average photon flux (keeping the en-
ergy per X-ray pulse constant) directly translates into an increase in the signal-to-noise ratio. The
high absorption cross section and femtosecond core-hole lifetime in the soft X-ray energy range
exclude using higher X-ray pulse energies because that leads to significantly distorted spectra.

The European XFEL Facility is based on a superconducting accelerator and the first X-ray
laser in the soft-to-hard X-ray range to provide repetition rates on the order of tens of kilohertz
(92). Utilization of the high repetition rate has been slowed by the burst-mode pulse structure, in
which up to 2,700 pulses occur in 0.6 ms followed by 99.4 ms with no pulses. While the densest fill
pattern, with a 220-ns gap between X-ray pulses, leaves insufficient time to replace the sample with
standard liquid jets and beam spot sizes, kilohertz repetition rates should be feasible and represent
an important improvement over normal conducting accelerators with repetition rates of 120 Hz
or less. XFELs based on superconducting accelerators, such as the Linac Coherent Light Source II
(LCLS-II) currently under construction, can also produce symmetric pulse structures with evenly
spaced pulses. LCLS-II will support variable repetition rates up to 1 MHz (93). For repetition
rates as high as 100 kHz, pulse energies comparable to those used in the experiments described
in this review will be achievable. This presents a clear path to a thousandfold increase in signal
compared to the 120 Hz used for the examples discussed above.

The combination of multiple-orders-of-magnitude increases in repetition rate and average
photon flux and improvements in the detection efficiency of the RIXS spectrometer will transform
the scope of solution phase ultrafast RIXS measurements. The resulting improvements in signal
strength will enable the nonequilibrium dynamics of photo-driven chemical transformations to be
systematically followed for diverse areas of 34 metal complexes chosen for their chemical interest
rather than their experimental feasibility.

These improved ultrafast RIXS and XAS measurements in the soft X-ray energy range present
an opportunity to investigate the dynamic interplay between the nuclear and electronic struc-
tures. The calculation of molecular potential energy surfaces assumes the electronic structure can
be calculated parametrically as a function of nuclear structure. Central to the calculation of the
potential energy surfaces that dictate the dynamics of electronic excited states is the presumption
that electrons adiabatically respond to changes in nuclear configuration, the Born-Oppenheimer
approximation. The foundation of this approximation is the separation of timescales for the mo-
tion of electrons and nuclei. This separation breaks down for nuclear configurations with multiple
degenerate or near-degenerate electronic states (94-96). The sensitivity of the soft X-ray RIXS
measurements to metal-ligand covalency should enable the adiabaticity of the nonequilibrium
electronic structure to be accessed experimentally. This capability extends beyond charge-transfer
excited states, with recent quantum chemical dynamics simulations of electronic excited-state re-
laxation in organic molecules also predicting that ultrafast XAS measurements should be able to
detect the nonadiabatic transitions between electronic states (97, 98).

More generally, improvements in experimental capabilities should make RIXS characteriza-
tion of the valence electronic structure of optically generated reactive states and intermediates
robust. This will enable systematic studies with sufficient detail to correlate reactivity with elec-
tronic structure and potentially identify design principles for controlling nonequilibrium chemical
reactivity.
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