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Quantifying charge delocalization associated with short-lived photoexcited 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 hole charge distribution in the photoexcited charge transfer state of a prototypical mixed 

valence bimetallic iron-ruthenium complex, [(CN)5FeIICNRuIII(NH3)5]–, in water by combining 

femtosecond X-ray spectroscopy measurements with time-dependent density functional theory 

calculations of the excited-state dynamics. We estimate the hole charge accumulated at the Fe 

atom to be 0.6 ± 0.2, resulting from excited-state metal-to-metal charge transfer, on a ~60 fs 

timescale. Our combined experimental and computational approach provides a spectroscopic ruler 

to quantify excited state valency in solvated complexes. 

 

KEYWORDS Ultrafast X-ray, excited state X-ray calculations, electron transfer, mixed-valence 

photochemistry 

  



 4 

The field of inorganic mixed valency has contributed significantly to our fundamental 

understanding of intramolecular electron transfer since the synthesis of the Creutz-Tuabe ion 

reported in 1969.1 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.2-3 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), Class III 

(strongly coupled, delocalized charges).4 The Robin-Day classification is based on 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, infrared (IR), and 2D spectroscopies have made important 

measurements of ultrafast 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.5-13 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) probe 
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transitions involving core level atomic orbitals, making them selective and sensitive to local atomic 

and electronic changes.14-20 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.21-22 These time resolved X-ray studies have successfully monitored 

excited state dynamics such as spin crossovers, nuclear oscillations, and electron transfer in 

solvated transition metal complexes.23-33  

Obtaining quantitative microscopic information from ultrafast X-ray experiments requires 

accompanying simulations of the transient signals on electronic excited states. In the case of the 

mixed valence complexes, it is crucial to include explicit solute-solvent interactions to correctly 

model the electronic excited state dynamics.34 Currently the state-of-the-art theoretical techniques 

to tackle transition metal complexes are based on wavefunction approaches.35 However, these 

methods become computationally prohibitive for large solvated systems lacking high symmetry. 

In previous work, we have shown that ground-state quantum mechanics/molecular mechanics 

(QM/MM) dynamics at the density functional theory (DFT) level and excited-state computations 

with linear-response time-dependent density functional theory (LR-TDDFT) are sufficiently 

accurate to capture the ground-state and excited-state characteristics of these large, solvated 

transition metal complexes.34, 36-37 This has allowed us to analyze how the local solvation 

environment and explicit solute-solvent interactions influence the intensity and line shape of 

specific spectroscopic features from the infrared to X-ray wavelengths.36 

In this Letter, we present a combined experimental and computational study to quantify the 

extent of ultrafast electron delocalization on the short-lived metal-to-metal charge transfer 

(MMCT) state of the mixed valence complex, [(CN)5FeIICNRuIII(NH3)5]–, FeRu for brevity, using 
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femtosecond XAS at the Fe K-edge.3,32–34 We use a high resolution XAS technique, high energy-

resolution fluorescence X-ray absorption near edge spectroscopy (HERFD-XANES). This method 

can be used to monitor small spectral changes in absorption by detecting fluorescence X-ray 

photons emitted through a longer lived intermediate state (with respect to the core-hole state) 

resulting in an almost background-free measurement with reduced spectral broadening that yields 

a high resolution absorption spectrum.38-44 FeRu has a MMCT transition in the near IR region of 

the UV-Vis spectrum (λMMCT = 961 nm). Excitation into this broad band initiates an intramolecular 

charge transfer from the Fe to the Ru atom. Transient optical experiments have reported an ultrafast 

back electron transfer (BET) time of 89 ± 10 fs, and time-resolved Kβ emission reported a BET of 

62 ± 10 fs.9, 34 Two-dimensional vibrational-electronic spectroscopy has shown that the MMCT is 

strongly coupled to the cyanide bridge stretching mode in FeRu,12 and a recent ultrafast X-ray 

scattering experiment of aqueous FeRu discovered that coherent motions of the first solvation shell 

play an important role in the ultrafast BET dynamics.34 While these experiments measure vibronic 

coupling and solute-solvent interactions, they are limited in their ability to measure the time-

resolved, non-equilibrium electron delocalization, which is a key property governing electron 

transfer dynamics.2-3, 45-46 In this study, we use ultrafast HERFD-XANES measurements and 

perform a computational study of the excited state transient XANES spectroscopy based on LR-

TDDFT to study electron delocalization between the two metal centers in FeRu by directly probing 

the valency of the Fe atom immediately following a MMCT excitation. 

To measure the time-resolved valency of FeRu in aqueous solution, we performed an 

optical pump, HERFD-XANES probe experiment at the X-ray Pump Probe (XPP) endstation at 

LCLS as shown in Fig. 1a.47 The MMCT transition in FeRu is excited at 800 nm and the HERFD-

XANES measurement is performed by recording the X-ray emission intensity at the peak of the 
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ground state Kα1 (2p3/2→1s) emission line using a Rowland spectrometer. Further experimental 

 

Figure 1. (a) Experimental configuration at the XPP endstation at LCLS to perform transient 
HERFD-XANES. The sample, 30 mM of FeRu (shown in the inset) dissolved in water is delivered 
via a 50 µm circular liquid jet in a He filled chamber. The MMCT transition is excited using a ~40 
fs FWHM, 800 nm, pulse and probed with a ~40 fs FWHM long X-ray pulse whose incident 
energy is scanned from 7110 – 7120 eV using an upstream monochromator (not shown). (b) The 
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 1s to t2g, eg, and π∗ 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 Kα1 (2p3/2→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, 
K4FeII(CN)6 (100 mM) and K3FeIII(CN)6 (100 mM), in aqueous solutions, at the Fe K-edge are 
shown in (c) and (d) respectively. For all three complexes, the B (1s→3deg) and C (1s→ π*) peaks 
are visible, while the A (1s→3dt2g) peak only appears in the spectra of K3FeIII(CN)6 because of a 
t2g vacancy. Comparing the XANES measurement taken in the PFY mode and the HERFD-
XANES spectra shows how HERFD-XANES spectroscopy method 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 Fig S5 in the Supporting 
Information for further details. 
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details are provided in the Experimental Section and Sections 2 and 3 of the Supporting 

Information. To understand how signatures of oxidation state and metal-ligand interactions are 

encoded in the HERFD-XANES spectra, we plot the ground state XANES (Fig. 1c) and HERFD-

XANES (Fig. 1 d) spectra of FeRu as well as two model complexes, K4FeII(CN)6 and K3FeIII(CN)6 

in aqueous solution measured at a synchrotron. A comparison of the 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 Kα1 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.44 The characteristics of the 

X-ray near edge spectra for Fe(II) and Fe(III) model complexes dissolved in water have been 

discussed extensively in the literature,36, 48 and are summarized in Figure 1 as peaks A, B, and C. 

Briefly, both Fe(II) and Fe(III) cyanide complexes exhibit peaks B and C that correspond to 

excitations of electrons from the 1s Fe core orbital to the metal eg and ligand π∗ molecular orbitals, 

respectively. The A peak is present only in the Fe(III) complex and indicates the presence of a hole 

in the t2g molecular orbital. Peak A serves as an important spectral marker for monitoring the 

oxidation state of the Fe atom. We also observe a blue shift 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(II) complex, at 7114 eV and 7117 

eV, respectively. Figure S4 in the Supporting Information compares the experimental and 
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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 Fig. 2 (b) we present the transient HERFD-XANES measurement of FeRu to 

characterize the short-lived mixed valence excited state formed upon MMCT excitation. The 

 

Figure 2. Transient HERFD-XANES signal. (a) The ground state HERFD-XANES spectra of 
FeRu taken at LCLS (black solid), [FeII(CN)6]4– (yellow dotted) taken at APS, and [FeIII(CN)6]3– 

(yellow dashed) taken at APS. Since the excited state FeRu HERFD-XANES spectra is measured 
at the peak of the ground state Kα1 line, we also show the [FeIII(CN)6]3– HERFD-XANES spectra 
at the peak of the [FeII(CN)6]4– Kα1 line. (b) The difference spectra between the excited and ground 
state FeRu spectra is shown as black circles in the lower panels. To compare, the difference 
between the two model complexes is shown vertically offset in the grey dashed line. The difference 
of the model complex spectra is scaled by the excitation fraction of 0.25 and the difference in 
concentration of the model complexes and FeRu.  
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transient signal is plotted as the difference between the excited and the ground state HERFD-

XANES spectra summed over the optical pump/X-ray jitter delays between -35 fs 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.34 The data shows that the B and C features shift to the blue to ~7115 eV 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 to the mixed valency in 

the excited state of FeRu, we compare it to the difference between the ground state HERFD-

XANES spectra (Fig. 2(a)) of the Fe(III) from the Fe(II) model complexes (grey dashed in Fig. 

2(b)). The model complex difference has been scaled to account for an excitation factor of 25% in 

the experiment as determined from a concurrent Kβ XES measurement.34 The similarity in the 

dispersive lineshapes 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 fs XANES-HERFD data in 

Figure 2b required computations of the transient Fe K-edge XANES at several points along the 

MMCT excited state (see Section 4 in the Supporting Information for details). Briefly, excited 

state geometries were computed by optimizing 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.49-50 The MMCT excited state optimizations were performed with LR-
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TDDFT gradients,18 while the XANES calculations were performed with the restricted excitation 

window LR-TDDFT approach,19 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 

 

Figure 3. Computed and measured hole charge on the excited state of FeRu. (a) The computed 
Fe 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 trajectories (traj. 1 and 2). For 
comparison, the splitting between the A and B peak for the ground state experimental and 
computed [FeIII(CN)6]3–  XANES spectrum is given by the yellow star (Ref. 36). (b) The computed 
excited state XANES spectrum for 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 Fig. 3a. (c) The ground 
state HERFD-XANES spectra of FeRu taken at LCLS. (d) The experimental difference spectrum 
between the excited and ground state FeRu XANES-HERFD spectra is shown as black circles in 
the lower 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 hole charge on FeRu using the spectral ruler 
in Figure 3a is shown as the green oval with the uncertainty given by its size. 
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spectra at various points along the MMCT excited state from a representative optimization 

trajectory are plotted in Figure S10 of the Supporting Information. These points correspond to 

different excited state hole charges on the Fe atom (given by the Mulliken and Löwdin 

populations). The calculated excited state XANES spectra for different hole charges on the Fe 

atom reveal differences in the energy separation of the peaks A and B. For each 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 (EB-EA, Fig. 3b). As shown in Fig. 3 a, we find a 

nearly linear relation between the energy difference of the  and B peaks with the Fe hole charge. 

Additionally, we note that the experimentally measured and calculated peak separation of model 

complex, [FeIII(CN)6]3–,36 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 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.34 This allows us to use this linear relation as a 

spectral ruler for determining the Fe hole charge.  

We use the computed linear relationship between the hole charge on the Fe atom and the 

A-B splitting to estimate the experimental 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 by Reference 34. To reduce the number of fit parameters, we use the 
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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 background 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 absorption edge is larger 

in amplitude than the C peak, invalidating the approximation. For this reason, the linear 

background approximation breaks down and the position and amplitude of the excited C peak is 

likely inaccurate. It would be possible to add higher order terms to the background function. 

However, since we are only interested in fitting 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 signal. We also note a feature near 7111 eV of similarly sized 

amplitude to the fitted A peak. An A peak in this region would result in a greater than 3 eV splitting 

between the A and B peak, which corresponds to a hole charge greater than 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 Fig. 3. The final excited 

state A and B peak positions are 7113.8 eV and 7115.7 eV. 

Applying the linear relationship found between the calculated hole charges and A-B peak 

splitting, we estimate that the hole charge on the Fe atom over the time duration of our transient 

measurement is ≈ 0.6 ± 0.2. This hole charge value indicates that the charge is relatively 

delocalized across the Fe and Ru atoms. This is pictorially depicted by plotting the transition 

densities associated with peak A in the calculated excited state XANES spectra for two different 

excited state configurations of FeRu on the MMCT surface. When the hole is primarily on the Ru 
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atom, we see electron density localized on the Fe atom in FeRu (Fig. 4 a). In contrast, the electron 

density is shared between the bridging cyanide ligand and the Ru atom when the hole charge is 0.6 

on the Fe atom (Fig. 4 b) 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 hole charge on Fe using the spectroscopic ruler 

(Fig. 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 timescales of the 

back electron transfer and the subsequent excitation of the high frequency cyanide stretching 

modes in the non-equilibrium 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 Fig 4 showing electron delocalization across the cyanide bridging 

ligand connect with previously measured 2D VE spectra of FeRu in formamide where the vibronic 

coupling between the MMCT excitation and the cyanide stretching frequencies, was strongest for 

the bridging mode.12-13  

Our measurement of the Fe hole charge demonstrates how time-resolved HERFD-XANES 

spectroscopy combined with novel excited-state calculations can provide detailed information 

about the electron density in excited state mixed-valence metal complexes. With further XFEL 

 

Figure 4: Calculated A transition density plots. The negative density is grey while the positive 
density is yellow. (a) A peak transition for a 0.1 Fe hole charge. (b) A peak transition for a 0.60 
Fe hole charge.  
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enhancements, we expect that the time-resolved HERFD-XANES demonstrated here will become 

an important tool for studying electron delocalization in nonequilibrium 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 

Experimental Methods 

As shown in part (a) of Fig. 1, 30 mM of aqueous FeRu is introduced into the experiment 

via a 50 µm round jet. A 4 µJ, 40 fs full width half max (FWHM), 800 nm laser pulse with a 100 

by 120 µm focus excites FeRu to the MMCT state. This pulse intensity is within the linear 

excitation regime, as determined by Kβ emission in Reference 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 1010 photons per pulse with a 20-

25 µm focus. For each pump probe event, the time-delay between the laser and X-ray pulses is 

measured using the XPP timing tool.47, 51 

The HERFD-XANES measurement is performed by recording the X-ray emission intensity 

at the peak of the ground state Kα1 emission line using a Rowland monochromatic analyser crystal 

and image area detector with 0.4 eV resolution while scanning the incoming X-ray photon energy. 

The alignment of the spectrometer to the Kα1 line is verified in Fig. S6 of the Supporting 

Information. The spectrometer intensity is then normalized to the pulse intensity according to Eq. 

1 of the Supporting Information. Similar measurements of FeRu and two model complexes, 
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K4FeII(CN)6 and K3FeIII(CN)6, were taken at beamline 7-ID-D at the Advanced Photon Source 

(APS) at Argonne National Laboratory using the same conditions described previously.36 

Computational Methods 

All ground and excited state calculations for this study were performed with the NWChem 

computational chemistry program.49-50 We performed 1) ground state quantum 

mechanics/molecular mechanics (QM/MM) calculations (minimization and molecular dynamics), 

2) LR-TDDFT based excited state calculations were performed on sufficiently large solvated 

clusters (≈ 238 atoms), including the FeRu complex and explicit waters that were extracted from 

the QM/MM simulations, 3) LR-TDDFT based excited state optimizations on the MMCT excited 

state on the clusters, and 4) transient Fe K-edge XANES calculations using the restricted energy 

window LR-TDDFT approach on structures along the MMCT excited state surface. Details of all 

the calculations including the calculation settings are given in Section 4 of the Supporting 

Information.  
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