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ABSTRACT: Quantifying charge delocalization associated with short-lived photo-
excited states of molecular complexes in solution remains experimentally challenging,
requiring local element specific femtosecond experimental probes of time-evolving
electron transfer. In this study, we quantify the evolving valence hole charge
distribution in the photoexcited charge transfer state of a prototypical mixed valence
bimetallic iron—ruthenium complex, [(CN)Fe"CNRu"(NH;);]”, in water by
combining femtosecond X-ray spectroscopy measurements with time-dependent
density functional theory calculations of the excited-state dynamics. We estimate the
valence hole charge that accumulated at the Fe atom to be 0.6 + 0.2, resulting from
excited-state metal-to-metal charge transfer, on an ~60 fs time scale. Our combined
experimental and computational approach provides a spectroscopic ruler for
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quantifying excited-state valency in solvated complexes.

he field of inorganic mixed valency has contributed
significantly to our fundamental understanding of intra-
molecular electron transfer since the synthesis of the Creutz-
Taube ion reported in 1969." One of the questions in the field
of mixed valency that continues to garner much experimental
and theoretical interest is the precise determination of the
extent of electron delocalization.”” Electron delocalization has
largely been studied under the Robin—Day classification
system, which attributes the extent of delocalization to
electronic coupling between two metal centers: class I
(uncoupled, localized charges), class II (moderately coupled),
and class III (strongly coupled, delocalized charges).” The
Robin—Day classification is based on infrared (IR) and near IR
spectroscopy, which are indirect probes of the valence charge
distribution, making quantitative determinations of electron
delocalization between the transition metal centers a
challenging problem. The challenge is compounded when
trying to determine mixed valency associated with short-lived
excited electronic states. The lack of direct experimental
measurements of ultrafast time-evolving electronic character
makes quantitative connection to theory difficult, resulting in a
significant knowledge gap for developing predictive design
principles to harness molecular mixed valency for molecular
energy capture or electron transfer in chromophore—catalyst
assemblies.
Time-resolved optical, IR, and two-dimensional (2D)
spectroscopies have made important measurements of ultrafast
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charge transfer in transition metal mixed valence systems by
measuring relevant solvent-dependent kinetic parameters of
electron transfer and identifying the role of the coupled high-
frequency cyanide vibrations in the photoinduced forward and
back electron transfer processes.”” ' However, ultrafast optical
and IR studies are inherently limited in their ability to map
electronic dynamics at high spatial resolution, making it
challenging to determine the extent of ultrafast excited-state
mixed valency in molecular systems. In contrast to ultrafast
optical and IR studies, time-resolved X-ray absorption and X-
ray emission spectroscopies (XAS and XES, respectively)
probe transitions involving core level atomic orbitals, making
them selective and sensitive to local atomic and electronic
changes."* ™" Recent advances in X-ray free electron lasers
(XFELs), such as the Linac Coherent Light Source (LCLS),
enable the production of high-intensity, tunable, <45 fs X-ray
pulses for ultrafast XES and XAS measurements of atomic and
electronic structural dynamics of dilute solution samples.”"**
These time-resolved X-ray studies have successfully monitored
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Figure 1. (a) Experimental configuration at the XPP endstation at LCLS for performing transient HERFD-XANES. The sample, 30 mM FeRu
(shown in the inset) dissolved in water, is delivered via a SO ym circular liquid jet in a He-filled chamber. The MMCT transition is excited using an
~40 fs full width at half-maximum (fwhm), 800 nm, pulse and probed with an ~40 fs fwhm long X-ray pulse whose incident energy is scanned from
7110 to 7120 eV using an upstream monochromator (not shown). (b) Relevant atomic and molecular orbitals in FeRu. The MMCT excitation and
resulting BET are shown as the red dashed line, and the core level transitions probed by the X-ray probe are shown as blue arrows. The HERFD-
XANES probe is scanned over the 1Is to tyy €y and 7* transitions, and the peaks are labeled as A, B, and C, respectively. The time-resolved
HERFD-XANES fluorescence signal is measured at the peak of the Ko, (2p5/, — 1s) transition by the Rowland spectrometer, shown by the green
line. The ground-state XANES [in partial fluorescence yield (PFY) mode] and HERFD-XANES spectra of FeRu (30 mM) and two model
complexes, K,Fe"(CN)¢ (100 mM) and K;Fe™(CN)4 (100 mM), in aqueous solutions, at the Fe K-edge are shown in panels c and d, respectively.
For all three complexes, the B (1s — 3de,) and C (Is — #*) peaks are visible, while the A (1s — 3dt,,) peak appears only in the spectra of
K;Fe'(CN)4 because of a tyg vacancy. Comparing the XANES measurement taken in the PFY mode and the HERFD-XANES spectra shows how
HERFD-XANES spectroscopy significantly reduces the background. The PFY-XANES spectra are obtained by summing over the emission
frequencies of the resonant inelastic X-ray scattering (RIXS) spectral maps. See Figure SS for further details.

excited-state dynamics such as spin crossovers, nuclear second XAS at the Fe K-edge.””*~** We use a high-resolution
oscillations, and electron transfer in solvated transition metal XAS technique, high-energy resolution fluorescence X-ray
complexes.”* ™ absorption near edge spectroscopy (HERFD-XANES). This
Obtaining quantitative microscopic information from ultra- method can be used to monitor small spectral changes in
fast X-ray experiments requires accompanying simulations of absorption by detecting fluorescence X-ray photons emitted
the transient signals on electronic excited states. In the case of through a longer-lived intermediate state (with respect to the
the mixed valence complexes, it is crucial to include explicit core hole state), resulting in an almost background-free
solute—solvent interactions to correctly model the electronic measurement with reduced spectral broadening that yields a
excited-state dynamics.’”* Currently, the state-of-the-art the- high-resolution absorption spectrum.”*~** FeRu has a MMCT
oretical techniques for tackling transition metal complexes are transition in the near IR region of the ultraviolet—visible (UV—
based on wave function approaches.”® However, these methods vis) spectrum (Ayper = 961 nm). Excitation into this broad
become computationally prohibitive for large solvated systems band initiates an intramolecular charge transfer from the Fe to
lacking high symmetry. In previous work, we have shown that the Ru atom. Transient optical experiments have reported an
ground-state quantum mechanics/molecular mechanics (QM/ ultrafast back electron transfer (BET) time of 89 + 10 fs, and
MM) dynamics at the density functional theory (DFT) level time-resolved K3 emission reported a BET of 62 + 10 fs.”**
and excited-state computations with linear-response time- Two-dimensional vibrational electronic spectroscopy has
dependent density functional theory (LR-TDDFT) are shown that the MMCT is strongly coupled to the cyanide
sufficiently accurate to capture the ground-state and excited- bridge stretching mode in FeRu,'” and a recent ultrafast X-ray
state characteristics of these large, solvated transition metal scattering experiment of aqueous FeRu discovered that
complexes.”™***” This has allowed us to analyze how the local coherent motions of the first solvation shell play an important
solvation environment and explicit solute—solvent interactions role in the ultrafast BET dynamics.”* While these experiments
influence the intensity and line shape of specific sépectroscopic measure vibronic coupling and solute—solvent interactions,
features from the infrared to X-ray wavelengths.’ they are limited in their ability to measure the time-resolved,
In this Letter, we present a combined experimental and non-equilibrium electron delocalization, which is a key
computational study to quantify the extent of ultrafast electron property governing electron transfer dynamics.”>**® In this
delocalization on the short-lived metal-to-metal charge transfer study, we use ultrafast HERFD-XANES measurements and
(MMCT) state of the mixed valence complex, perform a computational study of the excited-state transient
[(CN)sFe"CNRu"™(NH;)]~, FeRu for brevity, using femto- XANES spectroscopy based on LR-TDDFT to study electron
379 https://doi.org/10.1021/acs jpclett.1c03613
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delocalization between the two metal centers in FeRu by g5 @ c
directly probing the valency of the Fe atom immediately 552000' ___/Bf/—
following a MMCT excitation. B5 o A
To measure the time-resolved valency of FeRu in an * | ' ' ' ' '
aqueous solution, we performed an optical pump, HERFD- _ () ‘ —4—FeRu
XANES probe experiment at the X-ray Pump Probe (XPP) 2 100 her [FeM(CN)g]3 _ [Fel(CN)el*-
endstation at LCLS as shown in Figure la.*” The MMCT § !
transition in FeRu is excited at 800 nm, and the HERFD- ERRY ‘
XANES measurement is performed by recording the X-ray = !
emission intensity at the peak of the ground-state Ka; (2P3/2 .% -100- !
— 1s) emission line using a Rowland spectrometer. Further o :
experimental details are provided in the Experimental Methods Z -2001 ;
and sections 2 and 3 of the Supporting Information. To X !
understand how signatures of the oxidation state and metal— & -300+ !
ligand interactions are encoded in the HERFD-XANES u w
spectra, we plot the ground-state XANES (Figure lc) and g 004 3
HERFD-XANES (Figure 1d) spectra of FeRu and two model g |
complexes, K,Fe(CN)s and K;Fe™(CN)s in aqueous £ -500- 1
solution measured at a synchrotron. A comparison of the 600 :

XANES and HERFD-XANES reveals a large decrease in
background and a decrease in peak widths of the spectral
features in the latter measurement. The XANES-HERFD
measurement better isolates the fluorescence line of interest
from the background, allowing for the detection of small
changes in the XANES spectral features.

While the HERFD-XANES spectrum is dependent on the
cross sections for both absorption and Ko, emission, the
primary factor determining the energy dependence of the
HERFD-XANES intensity is the variation of the absorption
cross section for each incident energy. Therefore, we can
associate each peak with an absorption transition.* The
characteristics of the X-ray near edge spectra for Fe(II) and
Fe(IlI) model complexes dissolved in water have been
discussed extensively in the literature®®*® and are summarized
in Figure 1 as peaks A, B, and C. Briefly, both Fe(II) and
Fe(Ill) cyanide complexes exhibit peaks B and C that
correspond to excitations of electrons from the 1s Fe core
orbital to the metal e, and ligand #* molecular orbitals,
respectively. The A peak is present only in the Fe(III) complex
and indicates the presence of a hole in the t,; molecular orbital.
Peak A serves as an important spectral marker for monitoring
the oxidation state of the Fe atom. We also observe blue shifts
of the B and C features by ~0.5 and ~2 eV, respectively, upon
oxidation of the Fe(II) complex. The ground-state HERFD-
XANES spectrum of FeRu shows peaks B and C, characteristic
of an Fe(Il) complex, at 7114 and 7117 eV, respectively.
Figure S4 compares the experimental and calculated XANES
spectra of FeRu in its electronic ground state. The ground-state
XANES calculations, performed at the LR-TDDFT level,
account for explicit solute—solvent interactions, which are
necessary to capture the features of the experimental spectrum.

In Figure 2b, we present the transient HERFD-XANES
measurement of FeRu to characterize the short-lived mixed
valence excited state formed upon MMCT excitation. The
transient signal is plotted as the difference between the excited-
and ground-state HERFD-XANES spectra summed over the
optical pump/X-ray jitter delays between —35 and 35 fs. This
delay range was chosen to cover the initial MMCT excitation
and accounting for the ~62 fs lifetime of the excited state.”*
The data show that the B and C features shift to the blue to
~7115 and ~7119 eV, respectively. In addition, a new peak
appears in the difference spectrum at ~7113 eV. To relate the
observed changes in the transient HERFD-XANES spectrum

380
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Figure 2. Transient HERFD-XANES signal. (a) Ground-state
HERFD-XANES spectra of FeRu taken at LCLS (black solid),
[Fe"(CN)4]*™ taken at APS (yellow dotted), and [Fe™(CN)¢]*~
taken at APS (yellow dashed). Because the excited-state FeRu
HERFD-XANES spectra are measured at the peak of the ground-state
Ka, line, we also show the [Fe™(CN),]*~ HERFD-XANES spectra at
the peak of the [Fe(CN)s]*” Ka; line. (b) Difference spectra
between the excited- and ground-state FeRu spectra shown as black
circles in the bottom panels. To compare, the difference between the
two model complexes is shown vertically offset as the gray dashed line.
The difference of the model complex spectra is scaled by the
excitation fraction of 0.25 and the difference in the concentration of
the model complexes and FeRu.

to the mixed valency in the excited state of FeRu, we compare
it to the difference between the ground-state HERFD-XANES
spectra (Figure 2a) of the Fe(Ill) from the Fe(Il) model
complexes (gray dashed in Figure 2b). The model complex
difference has been scaled to account for an excitation factor of
25% in the experiment as determined from a concurrent K3
XES measurement.”* The similarity in the dispersive line
shapes for peaks B and C in the FeRu transient spectrum and
the difference spectrum of the model complexes confirms that
the MMCT from the Fe to the Ru results in an increase in the
oxidation state of the Fe atom. Interestingly, the new feature at
~7113 eV in the FeRu spectrum is significantly blue-shifted
compared to the A feature of the Fe(III) complex at ~7111 eV,
suggesting that the transient Fe atom oxidation state is a
fractional value between +2 and +3.

Developing a quantitative understanding of the experimental
femtosecond XANES-HERFD data in Figure 2b required
computations of the transient Fe K-edge XANES spectra at
several points along the MMCT excited state (see section 4 of
the Supporting Information for details). Briefly, excited-state
geometries were computed by optimizing two clusters of the
solvated FeRu complex (extracted from an equilibrated
ground-state QM/MM calculation) on the MMCT surface.
Transient Fe K-edge XANES computations were performed on
these excited-state geometries by first converging the
appropriate reference MMCT valence state in combination
with the maximum overlap method implemented in
NWChem.*”*® The MMCT excited-state optimizations were

https://doi.org/10.1021/acs.jpclett.1c03613
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Figure 3. Computed and measured valence hole charge on the excited state of FeRu. (a) Computed Fe valence hole charge as a function of the A—
B peak splitting in calculated transient Fe K-edge XANES spectra for two separate MMCT excited-state optimization paths (1 and 2). For
comparison, the splitting between the A and B peaks for the ground-state experimental and computed [Fe™(CN)]*~ XANES spectrum is given by
the yellow star (ref 36). (b) Computed excited-state XANES spectrum for a calculated Fe hole of 0.6. The arrows indicate the positions of the
calculated A and B peaks used to construct the linear relationship in panel a. (c) Ground-state HERFD-XANES spectra of FeRu taken at LCLS. (d)
Experimental difference spectrum between the excited- and ground-state FeRu XANES-HERFD spectra shown as black circles in the bottom
panels. To measure the A and B peak positions, we reconstruct the difference spectrum using the ground-state FeRu spectrum, resulting in a
measured A—B peak splitting of 1.9 + 0.4 eV. The corresponding experimental measurement of the valence hole charge on FeRu using the spectral
ruler in Figure 3a is shown as the green oval with the uncertainty given by its size.

performed with LR-TDDFT gradients,”’ while the XANES
calculations were performed with the restricted excitation
window LR-TDDFT approach,” including higher-order
contributions to the oscillator strengths to capture the
quadrupolar nature of the pre-edge transitions at the Fe K-
edge. The computed XANES spectra at various points along
the MMCT excited state from one representative optimization
path are plotted in Figure S10. These points correspond to
different excited-state valence hole charges on the Fe atom
(given by the Mulliken and Lowdin populations). The
calculated excited-state XANES spectra corresponding to
different valence hole charges on the Fe atom reveal differences
in the energy separation of peaks A and B. For each valence
hole charge, the computed A peak energy is given by the
lowest-energy transition, and the computed B peak energy is
given by the broadened B peak transitions [Ez—E, (Figure
3b)]. As shown in Figure 3a, we find a nearly linear relation
between the energy difference of the A and B peaks with the Fe
valence hole charge. Additionally, we note that the
experimentally measured and calculated peak separation of
model complex [Fe™(CN)¢]*~,>° shown with a yellow star,
also lies on the calculated linear line in Figure 3a. The physical
interpretation of the calculated linear relationship between the
Fe valence hole charge and the peak separation in the XANES
spectra can be explained by noting that the crystal field
splitting is approximately proportional to the magnitude of the
dipole on the MMCT. Furthermore, the energy separation is
proportional to the charge difference between the two metal
centers as the system evolves on the MMCT state, given that
the very short lifetime of the MMCT state (~62 fs) precludes
any significant structural rearrangement.’* This allows us to
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use this linear relation as a spectral ruler for determining the Fe
valence hole charge. In Figure 3b, we show the computed
excited-state XANES spectrum corresponding to the excited-
state structure with a computed Fe valence hole charge of 0.6.
We note that the structure corresponding to the experimentally
determined value of the valence hole charge on Fe is an
intermediate structure along the optimization path. This can be
attributed to the slight underestimation of the energy of the
charge transfer state at the level of theory used in these
calculations (see Figure S2).

We use the computed linear relationship between the
valence hole charge on the Fe atom and the A—B splitting to
estimate the experimental valence hole charge on the Fe atom
after the MMCT excitation. To extract the experimentally
measured A—B splitting, we fit the difference spectrum using a
function constructed from the difference of Gaussians at each
A, B, and C peak for the excited-state spectrum and another
sum of Gaussians for the ground-state spectrum, scaled to the
excitation fraction of 0.25 determined in ref 34. To reduce the
number of fit parameters, we use the peak positions,
amplitudes, and widths of the ground-state B and C peaks
determined by fitting two Gaussians and an error function to
approximate the absorption edge to the FeRu ground-state
XANES-HERFD spectrum. We also include a linear back-
ground to approximate the difference between the excited-state
and ground-state absorption edges. At energies near the A and
B peaks, this approximation is valid because the peak
amplitudes are greater than or similar to the magnitude of
the absorption edge. However, at higher photon energies, the
amplitude of the absorption edge is larger than the C peak,
invalidating the approximation. For this reason, the linear
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background approximation breaks down and the position and
amplitude of the excited C peak are likely inaccurate. It would
be possible to add higher-order terms to the background
function. However, because we are interested in fitting only the
A and B peaks, doing so unnecessarily adds additional terms to
the fit, which could lead to an overfitting of the data. This is a
particular risk in this case given the low resolution of the signal.
We also note a feature near 7111 eV with an amplitude similar
to that of the fitted A peak. An A peak in this region would
result in a >3 eV splitting between the A and B peaks, which
corresponds to a valence hole charge of >1. This is unphysical,
and we therefore eliminate this possibility. Section 3.5 of the
Supporting Information details the fit values, and the final
reconstruction is shown as the thick green line in Figure 3. The
final excited-state A and B peak positions are 7113.8 and
7115.7 eV, respectively.

Applying the linear relationship found between the
calculated valence hole charges and A—B peak splitting, we
estimate that the valence hole charge on the Fe atom over the
time duration of our transient measurement is 0.6 + 0.2. This
valence hole charge value indicates that the charge is relatively
delocalized across the Fe and Ru atoms. To show pictorially
how the charge delocalization in the MMCT excited state is
encoded in the Fe K-edge XANES spectra, we plot the
transition densities associated with peak A in the calculated Fe
K-edge XANES spectra of FeRu. For the case of the 0.1 Fe
valence hole charge corresponding to the FeRu ground state,
the transition density for peak A is localized on the Fe atom
(Figure 4a). In contrast, the transition density for peak A is

Figure 4. Transition density plots for peak A in the calculated FeRu
XANES spectra at the Fe K-edge. The negative density is colored
gray, while the positive density is colored yellow. (a) Peak A transition
for the density for an optimized cluster corresponding to a 0.1 Fe
valence hole charge on the ground state. (b) Peak A transition density
for an optimized solvated cluster on the MMCT excited state
corresponding to a 0.60 Fe valence hole charge.

shared between the bridging cyanide ligand and the Ru atom
when the valence hole charge is 0.6 on the Fe atom (Figure
4b), providing a view of the local electronic structure of the
experimentally measured MMCT excited state of FeRu with a
lifetime of ~65 fs.

The experimentally determined value of 0.6 valence hole
charge on Fe using the spectroscopic ruler (Figure 3a)
indicates that the short-lived MMCT excited state is more
delocalized than the ground state in FeRu. Previous transient
optical and IR experiments have determined time scales of the
back electron transfer and the subsequent excitation of the
high-frequency cyanide stretching modes in the non-equili-
brium ground state. However, those experiments have been
unable to measure the electronic character of the short-lived
MMCT state in FeRu. This experiment and the plotted
transition densities in Figure 4 showing electron delocalization
across the cyanide bridging ligand connect with previously
measured 2D VE spectra of FeRu in formamide where the
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vibronic coupling between the MMCT excitation and the
cyanide stretching frequencies was strongest for the bridging
mode.*™"?

Our measurement of the Fe valence hole charge
demonstrates how time-resolved HERFD-XANES spectrosco-
py combined with novel excited-state calculations can provide
detailed information about the electron density in excited-state
mixed valence metal complexes. With further XFEL enhance-
ments, we expect that time-resolved HERFD-XANES demon-
strated here will become an important tool for studying
electron delocalization under non-equilibrium conditions. In
particular, the ability to measure time-evolving HERFD-
XANES spectra in the first 100 fs following optical excitation
will provide key insights into electron transfer mechanisms and
accompanying dynamics in complex molecular systems in
realistic environments

B EXPERIMENTAL METHODS

As shown in Figure la, 30 mM aqueous FeRu is introduced
into the experiment via a 50 pm round jet. A 4 uJ, 40 fs full
width at half-maximum (fwhm), 800 nm laser pulse with a
100—120 um focus excites FeRu to the MMCT state. This
pulse intensity is within the linear excitation regime, as
determined by Kf emission in ref 34, which was measured in
concert with this experiment. The excited state is probed with
time-overlapped 45 fs fwhm X-ray pulses at 120 Hz. The
incident X-ray energy is scanned below the Fe K-edge using a 1
eV bandwidth Si(111) channel-cut monochromator, reducing
the X-ray flux to 10'" photons per pulse with a 20—25 um
focus. For each pump probe event, the time delay between the
laser47a;d X-ray pulses is measured using the XPP timing
tool.” ">

The HERFD-XANES measurement is performed by record-
ing the X-ray emission intensity at the peak of the ground-state
Ka, emission line using a Rowland monochromatic analyzer
crystal and image area detector with a 0.4 eV resolution while
scanning the incoming X-ray photon energy. The alignment of
the spectrometer to the Ka, line is verified in Figure S6. The
spectrometer intensity is then normalized to the pulse intensity
as described in Section 3.2 of the Supporting Information.
Similar measurements of FeRu and two model complexes,
K,Fe"'(CN), and K;Fe™(CN),, were taken at beamline 7-ID-
D at the Advanced Photon Source (APS) at Argonne National
Laboratory using the same conditions described previously.*®

B COMPUTATIONAL METHODS

All ground- and excited-state calculations for this study were
performed with the NWChem computational chemistry
program.*”*® We first performed ground-state QM/MM
calculations on FeRu. Next, solvated clusters (~238 atoms)
were extracted (well-separated in time) from the equilibrated
ground-state QM/MM trajectories by centering the FeRu
complex as well as a 4 A thick shell of explicit water molecules
surrounding the complex. These representative clusters are
sufficiently large to capture the spectral features compared with
experiment (see Figures S1, S2, and S4). Two independent
clusters were considered, and LR-TDDFT-based optimiza-
tions’' on the MMCT excited state were performed starting
from the Franck—Condon point. Due to the cost of the LR-
TDDFT excited-state optimizations on these large solvated
clusters, only two optimization paths (1 and 2) using the two
clusters were performed. To track the excited-state valence
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hole charges as the system evolved along the MMCT surface,
Mulliken and Lowdin population analyses were performed on
the excited-state density, and transient Fe K-edge XANES
spectra were calculated. For the excited-state XANES
calculations, the appropriate reference MMCT valence state
was first converged in combination with the maximum overlap
method for the excited-state structures. The reference orbitals
were then used for the subsequent Fe K-edge XANES
calculations on these structures. The XANES calculations
were performed with the restricted excitation window LR-
TDDFT approach,52 including higher-order contributions to
the oscillator strengths, to capture the quadrupolar nature of
the pre-edge transitions at the Fe K-edge. Further details of the
calculations, including ground-state QM/MM, basis sets, and
exchange correlation, are given in section 4 of the Supporting
Information.
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1  Materials and Ground State Spectroscopy

1.1  Materials

Potassium ferrocyanide (K4Fe''(CN)g) and ferricyanide (KzFe(CN)¢) compounds were
purchased from Sigma Aldrich and used without further purification. The [(CN)sFe'-CN-
Ru™(NH3)s]Na, (FeRu) sample used in this experiment was synthesized using literature
methods with modifications previously described.!'™



1.2 Calculated and experimental ground state IR spectra in the CN stretching
region of FeRu

The steady-state FTIR spectra of 12.5 mM FeRu solution was collected with a JASCO FT/IR 4100
instrument with a 50-micron pathlength. The spectral resolution was 2 cm™!. The water background
is subtracted from the spectrum. The comparison between the calculated and experimental IR

spectra is shown in Fig. S1. The IR spectrum was computed using 20 clusters from the QM/MM

calculations (see Section 4).
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Figure S1: IR spectra. Shown in the left panel is the experimental FTIR spectra of FeRu. The right panel
shows the unshifted broadened calculated IR spectra. The calculated spectrum is broadened by 10 cm™.

1.3 Calculated and experimental ground state UV-Vis spectra of FeRu
The steady-state ground state UV-Vis spectra of 12.5 mM FeRu solution was collected with a
JASCO V630 spectrometer with a 50-micron pathlength. The spectral resolution was 0.5 nm. The

broadened calculated UV-Vis spectrum is compared to the experimental UV-Vis spectrum in Fig.

S2 with the transition density shown in Fig. S3.
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Figure S2: UV-Vis spectra. Shown in the left panel is the experimental UV-Vis spectra with the excitation

region shown in the green rectangle. The right panel shows the unshifted, broadened calculated UV-Vis
spectrum broadened by 0.25 eV. —

Figure S3: MMCT transition density. The electronic transition density associated with the strongest
transition line in Fig. S2 is shown; the Fe atom being on the left and the Ru atom being on the right. An
accumulation of charge is shown in yellow while a depletion in shown in gray.

1.4 Calculated and experimental ground state Fe K-edge XANES
The ground state XANES spectrum of 40 mM FeRu was measured at Beamline 10.3.2 of the

Advanced Light Source at Lawrence Berkeley National Laboratory. Details of the sample cell have

been given previously.®> Details of the calculations are shown in Section 3.
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Figure S4: Fe K-edge XANES. Shown in the upper panel is the experimental Fe K-edge XANES of FeRu.
The lower panel shows the broadened calculated Fe K-edge XANES. The calculated spectrum has been
broadened by 1.5 eV and shifted by 144.7 eV.

2 Ground State HERFD-XANES

To explain in more detail the relation between the HERFD-XANES, XANES and RIXS
spectra, we examine the full resonant inelastic X-ray scattering, RIXS, spectrum of the
([Fe"™(CN)s]*) molecule here, which was taken at beamline 7-ID-D at the Advanced Photon
Source (APS). The full RIXS spectrum of ([Fe(CN)s]*") is shown in the upper left corner of Fig.
S5. The processes involved in this measurement are shown in the lower right panel of Fig. S5,
where the incoming X-ray photon core excites the molecule resulting in emission from the 2p
orbitals, which is then spectrally resolved. Standard XANES measurements in partial fluorescence
yield (PFY) mode are the projection of the RIXS plane onto the incident X-ray energy axis, as
shown in the lower left panel. The width of the peaks in the XANES -PFY spectra are largely
determined by the lifetime of the 1s hole.

The HERFD-XANES measurement is instead a slice along the RIXS plane along the peak of

the emission spectra, as shown by the horizontal arrow in the upper left panel of Fig. S5. The



resulting spectra, shown in the upper right panel of Fig. S5, has narrower peaks, as their linewidth

is largely determined by the 2p lifetime.
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Figure S5: XANES vs HERFD-XANES comparison. In the upper left panel is the total RIXS plane of
the ([Fe"(CN)s]*") molecule. A projection along the incident X-ray energy axis provides the standard
XANES measurement, shown in the lower left panel. A cut along the emission peak is the HERFD-
XANES spectra, shown in the upper right panel. Finally, the processes involved in measuring the RIXS
spectra are shown in the lower right panel.

The ground state RIXS measurements of FeRu (30 mM) and the model complexes (100
mM) were taken at beamline 7-ID-D at the Advanced Photon Source (APS) at Argonne National
Laboratory using the conditions described previously.

The ground state HERFD-XANES spectra extracted from the RIXS measurements of FeRu,
[Fe''(CN)s]*, and [Fe(CN)¢]*~ are shown in Fig. S6 along with the calculated ground state
XANES spectra of FeRu. There are two versions of the HERFD-XANES spectra of [Fe'(CN)¢]*-
. The first version, labeled ‘v1’ in dotted blue, is given by the emission intensity at the peak of the
[Fe''(CN)s]* Kau spectra. The second version, labeled ‘v2’ in solid blue, is given by the emission
intensity at the peak of the [Fe"(CN)s]*~ Ka spectra, which is the standard method for finding the
HERFD-XANES spectra. We compare these two versions because the excited state time resolved

HERFD-XANES spectra uses the emission at the ground state Ka; maximum. We see that the



position of the peaks is not shifted significantly relative to the shifts caused by the change in

oxidation state.
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Figure S6: Ground state HERFD and XANES spectra. Ground state HERFD-XANES spectra of FeRu,
Fell, Felll taken at APS are show along with the ground state calculated XANES spectra of FeRu. The
measurements are normalized by the integral of the full RIXS plane, and the calculation is scaled to match

the B peak amplitude.

3 Femtosecond HERD-XANES of FeRu at LCLS

3.1 HERFD-XANES filter parameters

X-ray pulses from self-amplified spontaneous emission FEL sources lack temporal coherence
between x-ray pulses. In addition, the liquid jet that contains our sample can fluctuate in its position
and thickness. Therefore, we filter out dissimilar X-ray and jet shots with 8 different shot-to-shot
measurements. Each of these values either report on the X-ray pulse characteristic, or the jet
character. For each of these measurements, we filter out shots that are a certain number of standard

deviations away from the median value, as shown in Table S1.



Table S1: Shot to shot filters for HERFD-XANES data. The filter parameters applied to the HERFD-
XANES data are shown here. X-ray shots that are outside the specified number of standard deviations are
removed from the analysis.

Value number of STDs
X-ray intensity 2
Electron bunch energy 1
Integrated CSPAD signal 2
Integrated Rowland signal 2
TFY diode 2
Time Tool shift value 5
Time Tool signal amplitude 2
Time Tool signal width 2

In addition, we filter for a linear response between the x-ray intensity and the TFY signal. This
filter is applied separately for each photon energy as well as for the un-pumped shots. The filter on

this condition is relatively tight at 0.5 standard deviations from the linear regime.

3.2 HERFD-XANES spectra definition

The HERFD-XANES spectra reported in the main text, Sxanes(hv), at each incident photon energy,
hv, is computed as the sum the of emission intensities measured by the Rowland spectrometer at
the peak of the Kai emission line, R;, normalized by the sum of all x-ray intensities for each x-ray
shot, /;:

i Ri(hv)
2il;(hv)

SxANES (hv) =

3.3 HERFD-XANES spectra spectrometer alignment

To ensure that the Rowland spectrometer has been properly tuned to the peak of the emission
spectra so that we can straightforwardly interpret the HERFD-XANES spectra, we compare the
ground state XANES spectra from the TFY diode to the ground state HERFD-XANES spectra. If
the Rowland spectrometer is properly aligned, they will each have peaks in the same position.

Figure S7 confirms that while there is a difference in shape for both spectra, their peak positions



still overlap. Of particular importance is the position of the B peak, which we use directly in our

measurement, and is clearly well overlapped between the two measurements.
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Figure S7: XANES and HERFD-XANES comparison. To confirm that we have appropriately set the
Rowland spectrometer to the peak of the emission spectra so that we can straightforwardly use the HERFD-
XANES measurement, we compare the XANES spectra from the TFY diode to the HERFD-XANES
spectra. In the upper panel we see the raw spectra of both signals as well as the background fit, we subtract
to get the lower panel. The background is spline interpolation of the spectra excluding the peaks. The peak
position for both spectra can be compared in the lower panel, where we see that in fact the B and C peaks
are in alignment.

3.4 Bootstrapping

Bootstrapping allows us to estimate the uncertainty of each data point.* A comprehensive guide to
bootstrapping can be found in Ref. 4. In brief, bootstrapping is the technique of determining the
desired measurement and its uncertainty by finding the mean and standard deviation of a collection

of recalculated signals from a resampled data set. In more detail, each bootstrapped data set is
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generated by resampling the raw data with replacement. In our case we have done this 1000 times
to generate 1000 different bootstrapped data sets. We have used the same procedure for the XES
and HERFD-XANES data, and we use the HERFD-XANES data as an example in this section.
The bootstrapped data sets are then used to calculate 1000 different HERFD-XANES spectra,
S'xanes(hv). The final reported value Sxanes(hv) is the mean of the bootstrapped data sets, and the
uncertainty, A(hv) is the standard deviation. A figure showing the first 100 bootstrapped datasets

can be seen in Fig. S8.
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Figure S8: Bootstrapped dataset subset. To determine the uncertainty of our measurement, we use the
bootstrapping technique to estimate the error. We create 1000 “bootstrapped” datasets by resampling our
raw data with replacement 1000 times. We then perform our analysis to each of the datasets and use the
mean and standard deviation of each point to report the final value and uncertainty of each data point
respectively. Here, the first 100 bootstrap datasets are plotted on top of each other here. We identify the
point at 7118.4 eV as having an unusually large amount of error and eliminate it from our dataset. This is
because this energy bin contains only ~ 4% the number of x-ray shots of other energy bins. Each of the
other shots have = 1500 shots in them.
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3.5 HERFD-XANES fit parameters
The HERFD-XANES fit parameters used to determine the peak positions used in Fig. 3 of the

main text are shown in Table S2 along with the corresponding fit equation. For completeness, Eq.
4 is the equation for a HERFD-XANES spectra with three peaks. For spectra with only two peaks,
the amplitude of the A peak is set to zero.

_(x_xo,A)z _(x—xo,B)2 _(x_xO'C_)Z
F(X)zAA*e g4 +AB*e 9B +Ac*e gc +F0
X — X
+Aeqge * erf (———2229%
lpedge

Table 2: HERFD-XANES fit parameters. Fit parameters of FeRu are shown here.

Parameter Value

FeRu excited state measured at LCLS

G’A 0.5+0.7eV?
A’a 60 = 30

X’0,A 7113.8+0.3 eV
o'B 1.5+£13eV?
A’p 120 £ 30

x’0,B 7115.7+£0.3 eV
o'c 4+4eV?

A’c 130 £ 60

X 0.C 7119+ 0.4 eV

Difference linear background
Yo 100,000 £ 50,000
A -14+7eV!

FeRu ground state measured at LCLS

OB 0.5+£0.3¢eV?

Ap 400 += 100

Xo0,B 7114.28 + 0.09 eV
oc 24+ 1eV?

12



Ac 1000 + 500

X0,C 7117.04 £ 0.08 eV
Fo 1600 + 400

Acdge 1000 + 400

WYedge 3+t4eV

X0,edge 7119.0£ 0.7 eV

3.6 HERFD-XANES fits

The ground state FeRu HERFD-XANES measured at both LCLS and APS are shown here and fit
to Eq. 4 with two peaks in Fig. 11. The ground state peak positions, widths, and amplitudes are
used to fit the HERFD-XANES difference spectrum and extract the excited state. The extracted
excited state is also compared to the calculated spectrum with a 0.6 valence hole charge on the Fe

atom and on the ground state.
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Figure S9: FeRu HERFD-XANES fits. The ground state FeRu data is shown as dashed lines. The fits for
the ground state and the extracted excited states are shown as solid lines. The calculated ground and excited

states are given by the dashed dotted lines.
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4 Computations

All ground and excited state calculations were performed with the NWChem computational
chemistry program.>® These simulations were performed at the density functional theory (DFT)
and time-dependent density functional theory (TDDFT) levels of theory. Our choice of DFT and
TDDFT, which offer a good balance between accuracy and computational performance cost, was
motivated by the sizes of the large explicitly solvated transition metal clusters considered in this
study. We have successfully used the same approach in other studies, where we have shown the
importance of explicit solvation, leading up to this work.> ”® Comparisons between experimental
and calculated ground state IR, UV-Vis, and Fe K-edge XANES of FeRu are shown in Figs. S1,
S2, and S4, respectively.

4.1 Quantum-Mechanics/Molecular Mechanics (QM/MM) Simulations

A QM/MM simulation of FeRu was first performed in the ground state.® The complex was solvated
in a cubic water box of size 53 A consisting of 4992 water molecules with a density of ~1 g/cm?.
A single potassium cation (K") was placed in the water solvent to charge balance the 1- charged
FeRu complex. The FeRu complex was designated the quantum mechanics (QM) region, and the
water molecules with the K' cation was designated the molecular mechanics (MM) region in
subsequent QM/MM simulations. The classical force-field used for the water molecules was the
extended single point charge water model (SPC/E) of Berendsen and co-workers.” The single K*
cation was represented with the SPC/E-compatible K* force field of Joung and Cheatham.!? For
the QM region, van der Waals parameters for the C, N, and H atoms were obtained from the general
AMBER force-field (GAFF) set.!! The Fe and Ru atoms in the complex do not interact directly
with the water solvent and are therefore assigned the Fe?* (feo) van der Waals parameters of the
CLAYFF forcefield of Cygan and co-workers to approximate the relatively short Fe/Ruligand van
der Waals interactions.'” Lorentz-Berthelot mixing and AMBER 1-4 rules for nonbonding
interactions apply. Following the preparation of the solvated system and assignment of force-field
parameters, the entire system was optimized.

The QM region was treated with DFT with the global hybrid PBEO exchange-correlation
density functional.!*'* The 6-311G** basis set was used for the light atoms, H, C, and N,'* and the
Stuttgart scalar relativistic basis set and effective core potentials (ECP) were used for the Fe and

Ru atoms.!%!” The SHAKE algorithm'® was applied to the water molecules to constrain the bond
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lengths and bond angle, as prescribed by the SPC/E potential. The Coulombic interaction was set
to 1.2 nm. The QM/MM interaction zone surrounding the complex was set to 2.0 nm. Geometry
optimization was performed cyclically with a maximum of 10 QM region Broyden-Fletcher-
Goldfarb-Shanno (BFGS) iterations followed by a maximum of 3000 MM region steepest-descent
(SD) iterations. This cycle was repeated for a maximum of 5 times until convergence. Following
optimization, QM/MM molecular dynamics were performed. Initially, the complex was held fixed
and the water solvent was allowed to equilibrate over 10 ps with a time step of 2 fs and using the
Berendsen thermostat!® for NVT simulations at 298.15 K. After this initial equilibration, the
complex was allowed to equilibrate with the solvent for 1 ps and a time step of 0.25 fs. Following
1 ps, QM/MM dynamics of the entire system was run for another 20 ps. These ground state
calculations were performed with the NWChem QM/MM module.

4.2 LR-TDDFT Calculations

For the LR-TDDFT calculations of the FeRu complex, clusters were extracted from the
equilibrated QM/MM trajectory. Clusters (= 238 atoms) were constructed by centering the
transition metal complex center as well as a 4A thick shell of explicit water molecules surrounding
the complex. These clusters are sufficiently large to capture the ground state properties compared
with experiment as seen in Figs. S1, S2, and S4 of the Supplementary Information. Excited state
geometries were computed by optimizing these clusters on the MMCT surface and the transient
Fe K-edge XANES computations were performed on these excited-state geometries by first
converging the appropriate reference MMCT valence state in combination with the maximum
overlap method implemented in NWChem. The MMCT excited state optimizations were
performed with LR-TDDFT gradients,?’ while the XANES calculations were performed with the
restricted excitation window LR-TDDFT approach,?! including higher-order contributions to the
oscillator strengths to capture the quadrupolar nature of the pre-edge transitions at the Fe K-edge.
To follow the electron transfer, Mulliken and Léwdin populations were computed on the Fe and
Ru atoms to track the excited state valence hole charges as the system evolved along the MMCT
surface. For consistency, the PBEO exchange-correlation density functional was also used in all
the LR-TDDFT calculations,'*' along with the 6-311G** basis set for the light atoms, H, C, and

N,!° and the Stuttgart scalar relativistic basis set and effective core potentials (ECP) for Fe and
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Ru,'6'7 respectively. The Fe K-edge XANES calculations were performed with the Fe atom

represented with the all-electron Sapporo-TZP-2012 basis set.?

4.3

The computed spectrum for all of the valence hole charge values on the first optimization path,

Valence hole charge

labeled ‘path 1° in Fig. 3a is shown here. The splitting of the A and B peak is shown to increase

linearly with the valence hole charge.
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Figure S10: Computed spectrum with valence hole charge. The computed spectrum is shown for varying
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4.4 Molecular orbitals plots

Several different molecular orbitals contribute to the A, B, and C peaks, and we display these
molecular orbitals here. We see that the A peak involves an orbital that is local to both the Fe and
Ru atom, as well as the cyanide bridge. The B peak has contributions from orbitals that are much
more delocalized throughout the molecule compared to the A peak. These orbitals have
contributions into the solvent as well. The C peak involves molecular orbitals are delocalized from

the molecule and involve the solvent.

Figure S11: A peak molecular orbitals. Molecular orbital associated with the A peak, calculated at an Fe
valence hole charge of 0.68. This orbital has an 86% contribution.
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(c) This orbital has a 16% contribution (d) This orbital has a 15% contribution.

e) This orbital has a 9% contribution.
(e)

Figure S12: B peak molecular orbitals. Molecular orbitals associated with the B peak, calculated at an
Fe valence hole charge of 0.68.
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