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Abstract

Understanding Valence and Core d-d Correlations on Ground and Excited States of
Solvated Ruthenium Complexes with Novel X-ray Spectroscopies

Benjamin Poulter

Chair of the Supervisory Committee:

Munira Khalil

Department of Chemistry

X-ray spectroscopy has become a widely used technique for investigating the electronic struc-

ture, oxidation state, and metal-ligand bonding of transition metal complexes with element

specificity. Second-row transition metals, such as ruthenium, have been the target of rel-

atively fewer X-ray studies than first-row transition metal studies even though second-row

transition metal complexes are being increasingly used in photocatalysis, solar energy con-

version, and medical applications. This thesis demonstrates that X-ray spectroscopy of

solvated ruthenium complexes can provide important insights into the properties that drive

their functionality.

X-ray absorption spectroscopy (XAS) is used to probe the unoccupied valence orbitals

of a series of Ru complexes ranging from the model complex [RuII(bpy)3]
2+, a prototypical

example of a Ru photosensitizer, to a Ru-Ru dimer that can be used as a chromophore-

catalyst assembly. From the spectra of these complexes, their oxidation states, the strength

of certain metal-ligand bonds, and the ligand field splitting for RuIII complexes is determined.

Next, the model complexes [RuIII(NH3)6]
3+, [RuII(bpy)3]

2+, and [RuII(CN)6]
4−are inves-

tigated with 2p3d resonant inelastic X-ray scattering (RIXS) which is a second-order process

that involves an initial X-ray absorption followed by an X-ray emission. This technique pro-

vides insight into the unoccupied valence orbitals, the occupied 3d core orbitals, and their



couplings. From the RIXS spectra, the spin–orbit coupling of the 3d orbitals can be directly

measured, and show slight deviations from atomic values which suggests that the molecule

nature of these complexes can affect orbitals that reside ≈300 eV below the valence. Addi-

tionally, ligand field multiplet RIXS calculations of [RuIII(NH3)6]
3+show that the inclusion

of spin–orbit coupling of the 2p, 3d, and 4d orbitals is necessary for accurate modeling of its

RIXS spectrum.

To gain insight into the interactions of valence and core electrons, this thesis extends the

work on Ru model complexes through the use of 2p4d RIXS and non-resonant valence-to-

core (VtC) X-ray emission spectroscopy. Both non-resonant VtC XES and 2p4d RIXS probe

unoccupied valence orbitals, though 2p4d RIXS offers higher spectral resolution and intensity.

In addition, as 2p4d RIXS probes both the unoccupied and occupied valence orbitals, it is

a more powerful technique, and the RIXS final states correspond to valence excited states.

This allows for the determinations of metal-ligand bond strength, and the development of

a spectro-chemical series for 4d transition metals as the ligand field splitting of closed-shell

complexes is measured by 2p4d RIXS. Complementing to the novel experimental results,

a theoretical framework using TDDFT-based methods was developed to simulate the 2p4d

RIXS signals which allowed for reliable characterization of both ground and valence excited

states in ruthenium complexes.

Finally, this theses explores the ultrafast time regime by investigating the Ru-Ru dimer,

[RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]
3+, by both transient infrared and 2p3d RIXS.

Upon photoexcitation, a mixed valence excited state is formed which presents signatures of

a high degree of electronic delocalization. This was determined as the cyanide bridging mode

red shifts upon photoexcitation and its intensity is enhanced, additionally a broad excited-

state absorption (ESA) feature that spans over 200 cm−1 was identified which matches well

with low-energy electronic transitions found from TDDFT calculations. The time evolution of

the infrared features show an initial ≈250 fs decay of this broad ESA which could correspond



to relaxation through a manifold of triplet excited states. The CN bridging mode feature blue

shifts by ≈15 cm−1 in around 5 ps which corresponds to vibrational relaxation and provides

insight into the anharmonicity of this bridging mode. The 2p3d RIXS identifies the transient

formation of a hole in the t2g orbitals corresponding to oxidation, the splitting between this

t2g feature and the eg feature is 2.9 eV which is significantly lower than other ruthenium

complexes, and has been found to be a measure of delocalization in iron-ruthenium mixed

valence complexes.
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1

Chapter 1

INTRODUCTION

1.1 Experimental X-ray Spectroscopy and Recent Advancements

1.1.1 Generation of X-ray Light

X-rays were first discovered by Röntgen in 1896 through his work with cathode-ray tubes

for which he won the inaugural Nobel Prize for Physics in 1901 [1]. X-ray tubes function

by accelerating electrons between an anode and a cathode at high energies. After hitting

the target anode or cathode, they are slowed by collisions between atoms in the target.

Should the electrons have high enough energies, a broad spectrum of X-rays are produced

that can reach energies from ≈6 keV to greater than 20 keV [2]. Additionally, these high-

energy electrons can cause core electrons in the material to be ejected, and the resultant core

hole can then decay by radiative means causing the emission of a narrower band spectrum

of X-rays, the energy of which is dependent on the material of the target. These X-ray

tube sources have found uses in many applications ranging from medical X-ray imaging to a

variety of laboratory based X-ray instruments and modern tubes can offer fluxes of around

1013 photons/s. These laboratory-based instruments can range from X-ray diffractometers

to X-ray absorption and emission spectrometers [3].

Another laboratory-based method for X-ray generation is high harmonic generation (HHG)

which has been studied since the late 1980s [4]. HHG occurs when a pulsed laser of high

intensity is focused into a gas or solid which then detaches electrons from the atoms by

tunneling ionization. The detached electron is then accelerated by the driving laser and can

return to the parent ion causing the emission of high-energy photons [5]. This method can

produce light from the XUV range (10s of eV) up to 5.4 keV [6, 7]. While the flux of HHG

light compared to other X-ray sources is relatively low, it is a highly promising method as it
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can create pulses with sub-femtosecond durations which can be used to study electron dy-

namics in matter. The impact of these ultra-short pulses was highlighted recently with Pierre

Agostini, Ferenc Krausz, and Anne L’Huillier winning the 2023 Nobel Prize in physics. A

wide range of exciting ultrafast experiments have been carried out using HHG sources [8,9],

the most relevant to the body of this thesis is the use of HHG to study the dynamics of 3d

transition metal complexes at their M-edges [10,11].

While these lab-based X-ray sources are extremely powerful, the work described in this

thesis was performed at large-scale facilities dedicated to the production of X-rays: syn-

chrotrons and X-ray free electron lasers (XFELs). The X-rays generated at these facilities

are much more intense compared to the lab-based techniques described above. Synchrotrons

offer an average of ≈1019 photons/s and XFELs, which are the most powerful X-ray light-

sources, offer over 1025 photons/s. The X-rays at these lightsources are generated by acceler-

ating electrons to relativistic energies which are then exposed to a magnetic field, causing the

direction of the electrons to bend due to the Lorentz force which in turn causes an accelera-

tion of the electrons and the emission of light known as synchrotron radiation. [12] Various

devices can be used to apply the magnetic field to the relativistic electrons such as bending

magnets, wigglers, and undulators. Undulators and wigglers work by continuously changing

the path of the electrons up and down (or left and right) along a straight path of propaga-

tion. This method is more efficient than a bending magnet as all of the light propagates in

the same direction within a very small angle. The energy of the emitted light can be tuned

by varying the electron energy and parameters related to the undulators such as the period

between magnets in the undulator and their magnetic field strengths. [13, 14] While there

are many differences between synchrotrons and XFELs, one of the main differences is that

the electrons in synchrotrons are accelerated in a circular pattern and XFELs utilize linear

accelerators [15]. As a consequence of this, the light produced by XFELs is highly coherent

with pulse durations on timescales of attoseconds to femtoseconds. An overview of all of the

synchrotron and XFEL facilities can be found at lightsources.org.
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1.1.2 X-ray Spectroscopy

Electrons in atoms lie at energies specific to each element, from the highest lying electrons in

the valence to electrons deeper in the core and all have distinct binding energies. Ultraviolet

and visible light primarily interact with the electrons near the valence region, while X-rays

interact with the deeper, core electrons. When the energy of an X-ray and the binding energy

of a core electron are matched, the X-ray is absorbed and these transitions are called “edges”

where the principle quantum number and the orbital angular momentum are used to form

this nomenclature; n = 1 is a K-edge transition, n = 2 is L-edge, n = 3 is M-edge, and so

on. For principle quantum numbers that have orbitals with angular momentum, the edges

are split into different regions, i.e. excitation of a 2p1/2 electron is the L2-edge and excitation

from a 2p3/2 is the L3-edge.

When an X-ray photon of an energy that matches or exceeds the binding energy of an

electron in an atom, the electron is ejected and a hole in the core is formed. The energy of this

outgoing electron depends on how much higher the X-ray energy is than its binding energy,

and multiple types of spectroscopies such as X-ray photoelectron spectroscopy measure these

outgoing electrons [16]. If the energy is slightly below the binding energy, but resonant with

the energy between the core level and unoccupied valence levels, the electron is promoted to

these “bound” states along with the formation of a core hole. These core holes are unstable

and decay on ultrafast timescales e.g. ≈33 fs for a nitrogen 1s hole or ≈3.2 fs for a Ru 2p3/2

hole [17]. These core holes can decay through a variety of means such as fluoresence where

another electron in the atom, at energies higher than the core hole, fills the core hole and

causes a photon to be emitted. Another decay pathway is Auger–Meitner decay where an

electron in the atom fills the core hole and emits a photon, but this photon then interacts

with another core electron in the atom such that the electron is ejected. Both fluoresence and

Auger-Meitner decay, along with other decay pathways, contribute to the lifetime of the core

hole. Due to the uncertainty principle, the lifetime of the core hole is inversely correlated to

spectral broadening known as lifetime broadening [17].
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There are numerous types of X-ray spectroscopy, but I will focus on techniques that

involve radiative transitions; X-ray absorption spectroscopy (XAS), X-ray emission spec-

troscopy (XES), and resonant inelastic X-ray scattering (RIXS) in particular. X-ray ab-

sorption and X-ray emission are both single-photon processes which probe unoccupied and

occupied orbitals, respectively. RIXS is a second-order process that involves an initial XAS

step followed by an XES step. There are multiple different versions of RIXS and they are

often described by where the initial and final holes reside, e.g. 2p3d RIXS involves the

formation of a 2p hole with the XAS step and a 3d hole remains after the XES step. The dif-

ference between the initial X-ray absorption and the resulting X-ray emission can be found,

and this energy transfer corresponds to the energy differences between the 4d-4d orbitals

for Ru 2p4d RIXS and the 3d-4d orbitals for 2p3d RIXS. An XAS spectrum is divided into

two primary regions, the X-ray absorption near-edge structure (XANES) which occurs near

the onset of the absorption edge and the extended X-ray absorption fine structure (EXAFS)

that occurs directly after the absorption edge and can extend up to ≈100s of eV [18]. The

features in the EXAFS region are related to the scattering of the outgoing photoelectron

with surrounding atoms, and can provide detailed structural information about the system

of interest. The focus of this thesis is the XANES region as it reports on the unoccupied

valence orbitals of the system which provide insight into the oxidation state, coordination

geometry, and bonding [19–21]. XES involves the decay of a core hole through fluoresence,

and a core hole must first be generated before XES is possible. This can be done by an

initial resonant excitation of a core electron into a bound state, and the resulting XES is

equivalent to the final step in RIXS. A core hole can also be generated by an X-ray photon

above the absorption edge ejecting a core electron where the resulting fluoresence is known

as non-resonant X-ray emission [22,23].

RIXS of solvated transition metal complexes carried out at synchrotrons have primarily

focused on the K- and L-edges of 3d transition metal complexes with very few studies in-

volving 4d transition metal complexes [23,24]. To highlight the strength of RIXS, I want to

give a few examples from the literature where it has been used to gain insight into chemical
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bonding, electronic structure, and redox properties. Cobalt 2p3d RIXS of the electron me-

diators cobalt(II) and cobalt(III) trisbipyridine, measured by Atak et al. [25], revealed that

the spin state of these complexes are most accurately described by a linear combination of

high- and low-spin components. Additionally, intense features in the RIXS spectra corre-

sponding to d-d excitations (which are optically forbidden) are observed. Iron 2p3d RIXS

of Fe(II) and Fe(III) hexacyanide, measured by Kunnus et al. [26], ligand-centered (LC),

metal-centered (MC), metal-to-ligand charge-transfer (MLCT), and ligand-to-metal charge-

transfer (LMCT) excited states. The metal–ligand bonding was also quantified by examining

the extent of Fe 3d character in CN σ and π orbitals. The 1s2p RIXS of oxo-bridged Fe(III)

dimers, measured by Kroll et al. [27], revealed that non-centrosymmetric environments can

cause a mixing of metal 4p character into the 3d orbitals which results in a strong intensity

enhancement of the Fe K-edge signal and could govern the reactivity of metal-oxo species.

1.1.3 Time-Resolved X-ray Spectroscopy

X-ray spectroscopy in the ultrafast time regime began twenty years ago using synchrotrons

to probe the picosecond dynamics of [Ru(bpy)3]
2+ [28]. Similar work was carried out to

investigate other transition metal complexes relevant for solar energy conversion [29, 30].

It was not until the development of XFELs that the time resolution of these experiments

was pushed from the 10s-100s of picoseconds into the femtosecond timescale [31]. XFELs

have since been used to perform a large variety of high-impact X-ray spectroscopy on these

ultrafast timescales [8, 32,33].

As the field of ultrafast X-ray spectroscopy using XFELs has grown enormously, it is not

feasible to describe all of that exciting work here. Instead, I will give a few select examples

of recent work performed on solvated transition metal complexes. Iron K-edge XAS was

used to monitor the metal-to-metal charge-transfer (MMCT) transition in a mixed-valence

iron-ruthenium dimer where the back electron transfer was determined to happen in ≈60

fs [34]. Additionally, the extent of charge delocalization across the Fe and Ru centers in this

excited MMCT state was quantified by examining the energy splittings between features in
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the Fe K-edge spectrum. Polarization-dependent cobalt K-edge XAS and Kβ XES of vitamin

B12 compounds, [35], found that an initial π→π* excited state is formed which decays to

a ligand-to-metal charge-transfer state within 150 fs that subsequently decays to a metal-

centered excited state 400 fs after the initial excitation with a lifetime of ≈2-5 ps. Sequential

structural evolution was identified such that equatorial metal–ligand bonds elongated in the

ππ* state, followed by an elongation of the axial metal-ligand bonds in the LMCT state, and

finally a return to near-ground-state bond lengths in the excited metal-centered state. As

a final example, rhodium L-edge XAS was used to track photo-catalytic C-H activation of

octane by CpRh(CO)2 where Cp is cyclopentadienyl [36]. It was established that the inital

laser excitation caused the detachment of one of the CO ligands within ≈250 fs. Coordination

of an octane molecule (solvent) with the Rh center to form a σ complex occurred within 10

ps, and subsequent oxidative addition to cleave a C-H bond took place on timescales longer

than 100 nanoseconds. Furthermore, upon changing the Cp ligand to acetylacetonate it was

found that the σ complex formed was stabilized and did not undergo oxidative addition.

While there have been numerous studies using time-resolved XAS and XES, time-resolved

RIXS has not had the same amount of representation. A large reason for this is due to the

second-order nature of a RIXS measurement having a significantly lower signal intensity

than the first-order XAS and XES processes. As of now, there are only two time-resolved

RIXS experiments at metal X-ray absorption edges that have been published, both at the

Fe L-edge [37, 38]. The first of these experiments mapped the occupied and unoccupied

valence orbitals and the role they play during the ligand exchange dynamics of Fe(CO)5.

An initial excitation causes a CO ligand to dissociate forming Fe(CO)4, a homogeneous

catalyst which then, on the sub-picosecond timescale, undergoes either spin crossover to

form a triplet ground state or coordinates with either a CO or a solvent molecule to reform a

penta-coordinated complex. The second experiment focuses on quantifying transient charge

distribution and metal-ligand bonding in [FeIII(CN)6]
3− following ligand-to-metal charge-

transfer. The driving force behind π back donation was found to be electron occupation of

metal-centered orbitals while the primary influence of the ligand hole was on σ donation.
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These two experiments highlight the strength of time-resolved RIXS to form a more complete

understanding of dynamics involving changes in metal centered electronic structure, ligand

bonding, and redox changes after photo-excitation. The use of this technique is still in its

infancy, and so far has only been limited to these two 3d transition metal complexes. The use

of this technique is expected to increase as upgrades to current XFELs come online such as

the LCLS-II upgrade which will increase the repetition rate from 120 Hz to up to 1,000,000

Hz.

1.2 Theoretical Methods for Simulating X-ray Spectroscopy

The understanding of the impressive results described above would not be possible without

the use of advanced theoretical techniques which work to disentangle the complicated exper-

imental observables. There are a large amount of different approaches to simulating X-ray

spectra at multiple levels of theory [39, 40]. These can range from cheap, semi-empirical

methods such as CTM4XAS developed by Frank de Groot [41] to wavefunction based ap-

proaches such as RASSCF [42]. Each of these methods come with a collection of pros and

cons. Wavefunction-based approaches offer a high degree of accuracy though are computa-

tionally expensive. Charge transfer multiplet (CTM) theory, on the other hand, is extremely

cheap and can be run on a personal computer, though is heavily parameterized and does

not offer predictability. Between these two approaches lie TDDFT-based methods that are

cheaper than wavefunction-based approaches, though offer predictability where CTM does

not [43]. For L2/3-edge calculations, inclusion of relativistic effects such as spin-orbit coupling

(SOC) is important in order to accurately reproduce experimental spectra. SOC is often in-

cluded in the Hamiltonians used in wavefunction approaches and CTM, though it is not

typically accounted for in DFT based methods. There is, however, ongoing work to include

these effects in the DFT/TDDFT framework [44]. For solvated species, the treatment of the

solvent is often vital for reproducing the experimental results, and can be included implic-

itly with polarizable-continuum models [45] or explicitly with quantum mechanics/molecular

mechanics [46].
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Ru 2p3d RIXS simulations of [RuIII(NH3)6]
3+using CTM are discussed in Chapter 3.

The CTM approach uses a large space of parameters that are varied such that the simu-

lations reproduce the experimental results. These calculations model the atomic electronic

configuration of a single center, Ru in this case, and treat the molecular environment as

perturbations through the inclusion of a crystal field parameter for a given symmetry. Ad-

ditional CTM parameters are the scaling of Hartree–Fock Coulomb and exchange integrals,

and spin-orbit coupling values. For systems with ligands that participate in charge transfer,

the inclusion of a delocalized d orbital wavefunction with one hole (for LMCT) or one elec-

tron (for MLCT) can be included and represents a combined wavefunction of multiple ligand

p orbitals [39]. Like mentioned before, the heavy parameterization of the CTM method does

not allow for spectra to be predicted, but insights into the interactions that give rise to spe-

cific spectral features can still be gained. I would recommend that future CTM calculations

to make use of the Quanty software package developed by Markus Haverkort [47] as it offers

more documentation than CTM4XAS and its underlying codes, and it has an active user

community.

Ru 2p4d RIXS simulations using a TDDFT based method are discussed in Chapter 4

and the theoretical background is discussed in more detail in reference [48]. In short, a

manifold of Ru L3-edge states and a manifold of valence excited states were calculated as

the energy transfer in Ru 2p4d RIXS is on the order of 1-10 eV. These calculated states

were then coupled together using the Kramers-Heisenberg equation (Equation 4.1) within

the electric-dipole approximation. The dipole couplings were computed using the TDDFT

pseudo-wavefunction ansatz [49, 50]. Geometries used in the excited state calculations were

optimized on the B3LYP/def2-TZVP level of theory using the conductor-like polarizable-

continuum model to account for solvation effects. These calculations were perfomed using

the NWChem electronic structure package, employed the B3LYP functional, and used the

Sapporo-DKh3-TZP-2012 basis set for Ru and the 6-311G** basis set for the remaining

atoms. Solvation effects were modeled implicitly using the conductor-like screening model

(COSMO), and scalar relativistic effects were included using the Zeroth-order Regular Ap-
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proximation model potential (ZORA). It should be noted that these calculations did not

include spin-orbit coupling as the 2p spin orbit coupling is large ≈100 eV such that the

L2 and L3 regions do not overlap, and the 4d spin-orbit coupling is on the order of 0.1 eV

which is relatively small compared to the experimental resolution and ligand field effects.

For 2p3d RIXS, spin-orbit coupling will be necessary as Ru 3d spin–orbit coupling is on the

order of 4 eV and will give rise to notable features in the spectrum. An approach to account

for spin–orbit coupling in TDDFT based RIXS calculations is currently being developed by

Prof. Daniel Nascimento at the University of Memphis.

While not discussed in detail in this work, wavefunction-based methods have also found

use throughout the literature to calculate transition metal L-edge RIXS spectra [51].

1.3 Mixed-Valence Chemistry

The field of mixed-valence chemistry began with the discovery of the Creutze-Taube ion

in 1969 [52], and since have been used as model systems to understand electron transfer

processes in settings such as metalloenzymes and catalysis. Mixed valency arises when

there is mixing between the valence electronic structure of two redox-active atoms which

bear different oxidation states couple together. Each Ru center in the Creutz-Taube dimer

complex, [(NH3)5Ru(pyrazine)Ru(NH3)5]
5+, have +2.5 formal oxidation states, though this

continues to be heavily debated [53]. As the extent of electronic coupling between centers

with different oxidation states can vary, a classification scheme to describe the extent of

coupling in mixed-valence systems was developed by Melvin Robin and Peter Day [54].

There are three primary classes:

• Class I: There is no coupling between centers and they are represented as separate

diabatic potential energy curves.

• Class II: There is some electronic coupling between centers, given as parameter H, but

2H is less than the Marcus reorganization energy λ, and are represented as a double-well

adiabatic potential energy curve.
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• Class III: There is large degree of electronic coupling such that charge and spin are

delocalized across the centers and 2H is greater than or equal to λ, and are represented

as a single potential-energy curve.

This classification is expanded to include the effects of vibronic coupling on the extent of

electronic coupling by Paul Schatz, and a collection of different approaches to this problem

are detailed in reference [55].

Examples of class II mixed-valence complexes are prevalent in the literature, and have

been studied by our group in the past [34, 56–59]. Class III systems are less represented,

though are not unheard of [60, 61]. There are even fewer studies concerning systems which

are not mixed valent in their ground electronic states, but only exhibit Class III mixed

valency upon photo-excitation [62, 63]. Excited state mixed-valency is an important subset

of mixed-valence chemistry, however, as this is likely the situation for photosynthetic reaction

centers [64]. Chapter 5 investigates the excited-state mixed valency of an asymmetric Ru-Ru

dimer that has signatures of being Class III [65].
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Chapter 2

SOLUTION PHASE X-RAY ABSORPTION AT THE
RUTHENIUM L-EDGE

2.1 Introduction

This chapter is an introduction to Ru L-edge X-ray absorption spectroscopy (XAS) and

sets the groundwork for the chapters that follow where I discuss a more complicated X-ray

spectroscopy, resonant inelastic X-ray scattering (RIXS). In RIXS, the first step is X-ray

absorption, which is detailed here for the Ru L-edge. The complexes investigated in this

chapter were measured in the solution phase and range from model Ru systems such as

[RuIII(NH3)6]
3+and [RuII(bpy)3]

2+to more complicated systems such as [RuII(tpy)(bpy)(µ-

CN)RuII(bpy)2(CH3CN)]
3+and its synthetic precursors. The work highlights the sensitivity

of XAS to oxidation state and ligand environment, and gives insight into the relative energies

of unoccupied valence orbitals across a series of systems.

Ruthenium complexes have been the subject of numerous studies for their applications

in solar energy conversion, catalysis, and biological applications. [66–69] The function of Ru

complexes in these applications has been shown to be strongly dependent on their electronic

structure, metal-ligand bonding, and redox properties. The development of experimental

probes of these properties is critically important to understand the chemistry in such systems,

and to inform the development of new, efficient functional materials. XAS is a technique

ideally suited for investigating these properties with element and orbital specificity and has

become widely used to understand transition metal complexes in greater detail. [70, 71]

Ruthenium L-edge XAS involves excitations from 2p core orbitals into unoccupied va-

lence orbitals with Ru character and is sensitive to the local symmetry of the Ru atom and

its bonding. This technique has been used in recent years to investigate the ground state
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electronic structure of complexes ranging from molecular water oxidation catalysts to per-

ovskite oxides. [72,73] Additionally, studies on Ru polypyridyl complexes using time-resolved

Ru L-edge XAS have been used to characterize the electronic excited states which can be

harnessed for solar energy conversion. [28,29,74–76]

The Ru L-edge is made up of three different regions which are discussed in detail in

reference [19]. The L1-edge is a 2s → unoccupied p orbitals transition, and it is not often

studied due to it being a relatively weak transition and not providing insight into the d

orbitals that are of significant interest in transition metal complexes. The L2 and L3 -edges

are electric dipole allowed transitions from either 2p1/2 or 2p3/2, respectively, to unoccupied

valence orbitals of either s (∆l = -1) or d (∆l = +1) symmetry and are depicted in Figure

2.1. The energy separation between these two edges is roughly 100 eV and corresponds to

the 2p spin orbit coupling and the L3:L2 ratio is close to 2:1 due to the degeneracy of the

2p orbitals. At the L3-edge in octahedral d5 complexes such as [RuIII(NH3)6]
3+, a feature

corresponding to excitation into the 4d t2g is present, though this feature is absent at the

L2-edge of [RuIII(NH3)6]
3+. [19, 29] This is due to the initial 4d5 state having double group

symmetry Γ7 and final 2p54d6 states having double group symmetry Γ6 for L2 and Γ8 for L3

where dipole transitions between Γ7 → Γ8 are allowed but Γ7 → Γ6 are not allowed. Due to

the greater spectral information found from the L3-edge and its higher intensity compared

to the L2-edge, it will be the primary focus of this chapter. That being said, interesting

information can still be extracted from the L2-edge as this 2p1/2 → t2g transition has been

shown to appear for complexes that contain trigonal distortions, leading to this becoming a

dipole allowed transition. [29]

2.2 Samples and Methods

The complexes [RuIII(NH3)6]Cl3 (1), [RuII(bpy)3]Cl2 · 6(H2O) (2), K4[Ru
II(CN)6] · x(H2O)

(3) were purchased from Sigma Aldrich and used without further purification. The complexes

[RuII(dmap)4(CN)2] (4a), [Ru
III(dmap)4(CN)2]PF6 (4b), [Ru

II(bpy)2CO3] (5), [Ru
II(tpy)(bpy)(CN)]PF6

(6), [RuII(bpy)(tpy)(µ-CN)RuII(bpy)2Cl]Cl2 (7a), and [RuII(bpy)(tpy)(µ-CN)RuII(bpy)2CH3CN](PF6)3
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Figure 2.1: Diagram of Transitions Possible in Ru L2/3-edge XAS L3-edge transitions
involve 2p3/2 core electrons and L2-edge transitions involve 2p1/2 core electrons. The A
transition is an excitation into Ru t2g orbitals present in octahedral complexes with fewer
than 6 electrons. The B transition is an excitation into Ru eg orbitals which are empty in
octahedral complexes with 6 or fewer electrons. The C transition is an excitation into ligand
π* orbitals which have the required symmetry to interact with Ru 4d orbitals (primarily t2g).
Some of these transitions might be allowed at both the L2 and L3 edges due to symmetry
selection rules.

(8) were synthesized according to previously published procedures. [61, 65, 77, 78] In addi-

tion, [RuII(bpy)(tpy)(µ-CN)RuIII(bpy)2Cl]Cl2 (7b) was prepared just before measurement

by reacting a solution of 7a with an equal molar equivalent of [NO]BF4. Measurements for

the above samples were taken at three different tender X-ray beamlines with varying sample

delivery and data acquisition methods. All samples were measured in ambient helium atmo-

spheres to minimize signal attenuation from air. The samples, their formulas, Ru oxidation

states, and associated figures are given in Table 2.1.

The Ru L2,3-edge X-ray absorption spectrum of sample 8 dissolved in acetonitrile (25

mM) was measured at the Advanced Lightsource (ALS) beamline 10.3.2 with total fluores-

ence yield. The sample solution was pumped through a sapphire nozzle to produce a free

flowing, 100 µm thick, flat liquid jet. A catcher was placed below the jet to allow for sample

recirculation. The face of the jet was oriented 45 degrees with respect to the propagation
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direction of the X-rays and the detector was oriented 90 degrees with respect to the X-ray

propagation. This was done to maximize the signal of the X-ray fluoresence.

Ru L3-edge X-ray absorption spectra of aqueous solutions of samples 1 (60 mM), 2 (100

mM), and 3 (100 mM) were measured at the Stanford Synchrotron Radiation Lightsource

(SSRL) beamline 6-2a with partial fluoresence yield using a Johannson-type spectrometer to

resolve the Ru Lα emission line. A free-flowing cylindrical jet was created by pumping the

sample solutions through a 250 µm Kapton capillary, and a catcher was placed below the jet

to allow for sample recirculation.

Ru L3-edge X-ray absorption spectra of samples 4a (10 mM, acetonitrile), 4b (5 mM,

acetonitrile), 5 (5 mM, H2O), 6 (10 mM, acetonitrile), 7a (4 mM, acetonitrile), 7b (4 mM,

acetonitrile), and 8 (10 mM, acetonitrile) were measured at SSRL beamline 14.3a with

total fluoresence yield. These samples were pumped through a recirculating flow cell with a

pathlength of 200 µm. The window to this cell was made of 8 µm glassy carbon to minimize

X-ray attenuation. As with the ALS experiment described above, the flow cell used here

was oriented 45 degrees with respect to the X-ray progation and the detector was oriented

90 degrees with respect to the X-ray propagation.
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Table 2.1: Ru Complexes investigated by L-edge XAS

Sample Chemical Formula

Ru

Oxidation

State

Associated Figures

1 [Ru(NH3)6]
3+ 3+ 2.3

2 [Ru(bpy)3]
2+ 2+ 2.3

3 [Ru(CN)6]
4− 2+ 2.3

4a [Ru(dmap)4(CN)2] 2+ 2.4

4b [Ru(dmap)4)(CN)2)]
+ 3+ 2.4

5 [Ru(bpy)2CO3] 2+ 2.5

6 [Ru(tpy)(bpy)CN]+ 2+ 2.5

7a [Ru(bpy)(tpy)(µ-CN)Ru(bpy)2Cl]
2+ 2+/2+ 2.6, 2.7

7b [Ru(bpy)(tpy)(µ-CN)Ru(bpy)2Cl]
3+ 2+/3+ 2.7

8 [Ru(bpy)(tpy)(µ-CN)Ru(bpy)2CH3CN]
3+ 2+/2+ 2.2, 2.5, 2.6
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2.3 Results and Discussion

The L3-edge XAS of the samples give in Table 2.1 were fit using a series of Voigt profiles

where the broadening of the Gaussian portion was confined to 0.3 eV (FWHM) to account

for the instrumental resolution. The Lorentzian part of the Voigt profile was floated and

used an initial guess of 2.0 eV (FWHM) to account for lifetime broadening associated with

a 2p core hole. The peak positions resulting from this fit are given in Table 2.2. Additional

information regarding this fitting procedure can be found in Chapter 3.

The Ru L2,3-edge X-ray absorption spectrum of 8 is given in Figure 2.2 and the relative

areas of the L2 and L3-edges indicate the 2p1/2 and 2p3/2 occupancy. The two edges can be

easily seen, and the most intense feature at each edges corresponds to a B-type transition

(2p → 4d eg). This feature appears at 2841.1 eV (2969.9 eV) for the L3-edge (L2-edge) which

corresponds to a 2p spin orbit coupling value of 128.7 eV. Other than the larger intensity

of the L3-edge, both edges are nearly identical to one another in terms of spectral content.

Higher in energy than the B peak is a weak, narrow feature at ∼2850 eV (∼2980 eV) and a

weak, broad feature at ∼2885 eV (∼3015 eV). These features both lie above the ionization

potential and are reminiscent of features found in the [RuII(bpy)3]
2+L2,3 XAS from Gawelda

et al. [29] and are assigned to a quasi-bound above-ionization resonance which can arise from

multiple scattering of the outgoing photo-electron with the surrounding ligand atoms and to

an EXAFS modulation, respectively.

Turning now to the L3-edge XAS of model complexes 1, 2, and 3 in Figure 2.3, three

features are observed. 1 exhibits an A feature at 2837.3 eV and a B feature at 2841.1 eV.

2 exhibits only a B feature which appears at 2840.4 eV. 3 exhibits a B feature at 2841.5 eV

and a C feature at 2843.3 eV. While the Ru L3-edge XAS of these model complexes have

been measured before, it is still worth discussing the information contained within their

spectra. [19, 21, 23, 24, 29] The A feature is only present in 1 as it is a d5 complex and

possesses a hole in the t2g orbitals. Samples 2 and 3 are both d6 complexes and have

completely filled t2g orbitals. All three samples have empty eg orbitals and thus their spectra
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contain B features. In 1, the energy difference between the A and B feature, 3.79 eV, and

corresponds to the ligand field splitting. The positions of these B features are related to

both the oxidation state and ligand environment of the specific complexes, and the energies

of these eg orbitals relative to one another can be directly obtained from the energies of the

B features. The cyanide ligands in 3 contain π* orbitals which have same symmetry as the

Ru t2g orbitals and participate in π backbonding; donation of metal electron density into

ligand π* orbitals. This increases the strength of the metal-ligand bonds, and causes the CN

π* orbitals to take on some metal character. The degree of metal character in the ligand

orbitals is directly reflected by the intensity of the C feature, and in the case of 3, there is

a high degree of metal character in these ligand π* orbitals.

Samples 4a and 4b have identical ligands, though they differ in their oxidation states; 4a

contains a RuII center and 4b contains a RuIII center. Their XAS in Figure 2.4 show that B

and C features are observed in the spectra of both complexes at 2841.0 eV and 2844.1 eV for

4a and 2841.7 eV and 2845.9 eV for 4b. Additionally, 4b exhibits an A feature at 2838.1 eV

associated with a hole in the t2g orbitals which is filled in 4a. The ligand field splitting of

4b, 3.6 eV, is directly measured by taking the difference between the A and B features. In

4b, there is a lower degree of π backbonding due to there being one less t2g electron. Due to

this, the CN bond order is higher than in 4a and the CN π orbitals are stabilized. The π*

orbitals correspondingly move to higher energies which is reflected in the C feature shifting

to higher energies. The C feature in 4b is weaker than in 4a and this is again due to the

lower degree of π backbonding in the oxidized complex which reduces the amount of Ru

character in the CN π* orbitals.

Samples 5 and 6 are the precursors to 7a and 8, and 5 is nearly identical to one of the

sides of the dimer species. The comparison between the L3-edge XAS of these precursors and

8 is given in Figure 2.5. All three samples contain B features at 2841.1 eV, 2841.2 eV, and

2841.1 eV for 5, 6, and 8, respectively. C features are only observed for 6 and 8 at 2844.8 eV

and 2844.4 eV, respectively. This likely arises due to the presence of the CN ligand which is

capable of participating in π backbonding. Interestingly, the spectra for 6 and 8 are nearly



18

identical even though 8 contains an additional Ru center. Figure 2.6 compares the XAS of

7a and 8, which are again nearly identical with 7a’s B and C features residing at 2841.0 eV

and 2844.6 eV, respectively.

Finally, the XAS of 7a and 7b are shown in 2.7. The oxidized complex, 7b shows the

appearance of an A feature associated with the new hole in the t2g orbitals and occurs at

2838.3 eV. Additionally, the B feature shifts to higher energies, 2841.4 eV. Interestingly,

the C feature, which occurs at 2844.3 eV, does not appear to shift much, though could

potentially be reduced in intensity relative to the non-oxidized form. Once one of the Ru

centers becomes oxidized (the Ru bearing the Cl in this case due to the strength of the

NO[BF6] oxidizing agent), the system becomes mixed valence and there is some degree of

delocalization between the two Ru centers. One signature of this delocalization is the small

B-A peak splitting of 3.1 eV compared to the 3.6 eV splitting of 4b. Previous work by our

group has shown that this B-A splitting can be related to the hole density in a FeRu mixed

valence dimer. [34] Additionally, the A feature in 7b is not as clearly resolved as in 1 or 4b

partially because the B feature is broader in 7b where both Ru centers have eg orbitals that

contribute to the feature.
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Table 2.2: Ru L3-edge XAS Peak Positions: Positions result from fitting spectra with
Voigt profiles with 0.3 eV Gaussian broadening to account for experimental resolution and a
2 eV initial guess for the Lorentzian portion to account for 2p core hole lifetime broadening.
Standard error of the peak positions with 95 % confidence intervals are included .

Peak Position (eV)

Sample A B C

1 2837.3 ± 0.2 2841.1 ± 0.1

2 2840.4 ± 0.1

3 2841.5 ± 0.1 2843. ± 0.4

4a 2841.0 ± 0.1 2844.1 ± 0.3

4b 2838.1 ± 0.1 2841.7 ± 0.1 2845.9 ± 0.4

5 2841.1 ± 0.1

6 2841.2 ± 0.1 2844.8 ± 0.6

7a 2841.0 ± 0.1 2844.6 ± 0.5

7b 2838. ± 0.2 2841.4 ± 0.4 2844.3 ± 1.0

8 2841.1 ± 0.1 2844.4 ± 0.3



20

Figure 2.2: Ru L2,3-edge XAS of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]3+ (8)

Figure 2.3: Ru L3-edge XAS of [RuIII(NH3)6]
3+(1), [RuII(bpy)3]

2+(2), and
[RuII(CN)6]

4−(3)
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Figure 2.4: Ru L3-edge XAS of [RuII(dmap)4(CN2)] (4a) and [RuIII(dmap)4(CN2)]
+

(4b)

Figure 2.5: Ru L3-edge XAS of [RuII(bpy)2(CO3)] (5), [RuII(tbpy)(bpy)CN)]+ (6),
and [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]3+ (8)
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Figure 2.6: Ru L3-edge XAS of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2Cl]2+ (7a) and
[RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]3+ (8)

Figure 2.7: Ru L3-edge XAS of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2Cl]2+ (7a) and
[RuII(tpy)(bpy)(µ-CN)RuIII(bpy)2Cl]3+ (7b)
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2.4 Conclusions

Ru L-edge X-ray absorption spectroscopy of solution phase inorganic complexes is a powerful

experimental technique that is sensitive to the local oxidation state, ligand bonding, and

electronic structure of the Ru atoms with orbital specificity. Both L2 and L3-edge XAS

provide meaningful insights into the system of interest, though the focus of this work is on

the L3-edge as it is a more intense transition which allows for better quality data, and it

can provide more spectral information than the L2-edge which is important considering the

limited amount of time offered for X-ray beamtimes. As seen when comparing the spectra

of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]
3+and [RuII(tpy)(bpy)CN)]+ XAS can fail to

differentiate between complexes with very similar ligand environments. More complicated

X-ray spectroscopies such as 2p4d RIXS (discussed in Chapter 4) can, however, differentiate

between such complexes.
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Chapter 3

UNCOVERING THE 3d AND 4d ELECTRONIC
INTERACTIONS IN SOLVATED Ru COMPLEXES WITH 2p3d

RESONANT INELASTIC X-RAY SCATTERING

Reprinted with permission from Inorg. Chem. 2023, 62, 25, 9904–9911. Copyright 2023

American Chemical Society.

3.1 Introduction

The purpose of this chapter is to introduce Ru 2p3d RIXS as an experimental technique

through the investigation of model Ru complexes and to serve as a tutorial for the interpre-

tation of the unique spectroscopic observables contained within the two dimensional spectra.

In particular, this techniques probes unoccupied 4d valence orbitals and occupied 3d orbitals

with the possibility of elucidating the interactions that occur between these levels. This tech-

niques has many strengths over traditional Ru L-edge X-ray absorption such as the ability to

directly measure 3d spin–orbit coupling, and the ability to extract higher-resolution spectra

due to the reduced lifetime broadening of a 3d core hole compared to that of a 2p core hole.

Ruthenium complexes are extensively studied due to their unique photophysical, photo-

chemical, and catalytic properties [79–81] and have found widespread use in light harvesting

technologies, catalysis, and biological applications [66–68]. The modulation of the ground

and excited state valence electronic structure of Ru-complexes by varying their ligand envi-

ronments determines their functionality and has been the focus of numerous experimental

and computational studies. [21, 79] For example, Ruthenium (II) photosensitizers employ

the long lifetimes of photoexcited low-lying metal-to-ligand charge transfer (MLCT) states,

where a Ru 4d electron is transferred to a ligand π∗ orbital, to enable efficient charge extrac-
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tion. [82, 83] In other applications, such as photocatalysis, the formation of excited metal-

centered (MC) states governs excited state reactivity. [84] Despite significant experimental

and theoretical efforts focused on understanding Ru complexes and their excited states in

photochemical and catalytic environments, there exists a knowledge gap in developing a

quantitative molecular-level description of the electronic couplings of the 4d electrons, the

complex continuum of excited states, and the metal-ligand interactions in Ru based com-

plexes. Developing new experimental and theoretical tools to address this knowledge gap is

vital for designing the next generation of 4d functional materials.

The development of the field of X-ray spectroscopy at third-generation synchrotron

sources has resulted in ideal experimental tools with element and orbital specificity to under-

stand the electronic structure of transition metal complexes in greater detail. [18, 71] X-ray

absorption spectroscopy (XAS) is most often used to probe unoccupied valence orbitals and

has been used at the K- (1s core hole) and L- (2p core hole) edges to gain significant insight

into the 4d electronic configurations of Ru molecular systems as a function of coordination

geometry, oxidation state, and ligand identity. [72, 85] X-ray emission spectroscopy (XES)

is a complementary technique to XAS as it reports on the occupied electronic orbitals with

element specificity. [22] These two techniques can be combined by monitoring the XES spec-

trum as a function of the incident energy tuned across the XANES (X-ray absorption near

edge structure) region and is known as resonant inelastic X-ray scattering (RIXS). The RIXS

spectra are often displayed as 2D maps plotted as incident energy vs. energy transfer (the

difference between the absorbed and emitted X-ray photons), and contain unique information

about the local electronic structure of the complexes under investigation. [70]

Recent L-edge RIXS studies have shown it to be an extremely powerful technique for

mapping transition metal electronic structure. [25, 86]. In particular, RIXS spectroscopy

has identified metal-centered excited states [26, 87], and illuminated their role in ultrafast

photochemical processes [37,87]. However, L-edge RIXS has been primarily focused on first-

row transition metal complexes with only a few examples of 4d [23,48,88,89] and 5d [90,91]

solid state systems. In this work, we use the Ru L3 2p3d RIXS, illustrated in Figure 3.1a,
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to investigate a selection of model Ru complexes: [RuIII(NH3)6]
3+, a Ru3+ complex with

primarily σ donating ligands; [RuII(bpy)3]
2+, a photochemically relevant Ru2+ complex with

weak π accepting ligands; and [RuII(CN)6]
4−, a Ru2+ complex with significant metal-ligand π

backbonding interactions. This study demonstrates that Ru 2p3d RIXS experiments measure

the spin-orbit coupling of Ru 3d orbitals and the positions and lineshapes of the 2p3d RIXS

spectral features are extremely sensitive to 3d4d electronic correlations. Additionally, the Ru

2p3d RIXS experiment provides finer spectral resolution than a Ru L-edge XAS measurement

as the lifetime broadening contribution from the 3d hole (RIXS final state) is less than

that from the 2p hole (RIXS intermediate state) (≈0.25 eV and ≈2 eV respectively) [92].

The experimental spectra presented here will serve as benchmarks for the development of

advanced theoretical tools to accurately calculate the electronic structure of Ru(II) and

Ru(III) complexes and for interpreting the Ru 2p3d RIXS spectra of more complex systems

in their electronic ground and photo-excited states.
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Figure 3.1: 2p3d RIXS Energy Levels and Cartoon Spectrum a) Energy level diagram
depicting the two-step Ru L3-edge 2p3d RIXS process. Initially, a 2p3/2 electron is excited
by X-ray photon of incident energy (IE), Ω. Depending on the Ru system being investigated,
three resonant transitions are possible involving excitation into either the t2g (A), eg (B), or
ligand π∗ (C) orbitals. After this excitation, a photon of energy ω (emission energy, EE) is
emitted corresponding to the relaxation of either a 3d5/2 or 3d3/2 electron to fill the 2p3/2

hole. The energy difference between IE and EE, Ω−ω (energy transfer, ET) corresponds to
the 3d-4d splitting and can give insight into potential 3d-4d couplings. b) Cartoon Ru 2p3d
RIXS map presented in ET vs IE. Three sets of features are present: A, B, and C which
correspond to those seen in the diagram. Along a diagonal cut (constant emission energy),
lie either the A1, B1, and C1 features (Lα1 emission) or the A2, B2, and C2 features (Lα2

emission). The constant emission energy cut at the peak of the Lα1 energy is referred to as
the high-energy resolution fluorescence detection (HERFD) L3-edge XANES spectrum. The
energy splitting between the 1 and 2 peaks in a given feature, i.e. A2-A1, corresponds to the
3d spin-orbit coupling. Taking cuts at a constant energy transfer (CET) reports on states
with the same final state configuration, but different intermediate states. Conversely, cuts at
a constant incident energy report on states with the same intermediate-state configuration,
but different final states. The resolution in either direction depends on the lifetime of the
intermediate (IE axis) or the final (ET axis) state. The separation between different features,
i.e. B-A, report on splittings in the valence electronic structure such as the eg - t2g or 10 Dq
energy.
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3.2 Methods

3.2.1 Samples

The complexes tris(2,2’-bipyridyl)ruthenium(II) chloride hexahydrate [RuII(bpy)3]Cl2 · 6(H2O),

potassium hexacyanoruthate(II) hydrate K4[Ru
II(CN)6] · x(H2O), and hexammineruthe-

nium(III) chloride [RuIII(NH3)6]Cl3 were purchased from Sigma-Aldrich and used without

further purification. These complexes were dissolved in water to form aqueous solutions of

60 mM [RuII(bpy)3]
2+, 100 mM [RuII(CN)6]

4−, and 100 mM [RuIII(NH3)6]
3+.

3.2.2 Data Acquisition and Analysis

The high-resolution X-ray absorption and emission spectroscopy experiments were performed

at beamline 6-2a at the Stanford Synchrotron Radiation Lightsource (SSRL). A liquid nitro-

gen cooled Si(111) monochromator delivered an incident beam flux of 3 × 1012 photons/s

at 3.0 keV (near the Ru L3 absorption edge of 2.838 keV) with an energy resolution of

≈0.4 eV and a beamsize with a full width half maximum (FWHM) of 400 × 250 µm2 (v ×

h). The emitted X-rays were collected with a high-resolution Johansson-type spectrometer

equipped with a cylindrically bent Si(111) analyzer with an energy resolution of ≈0.32 eV

at 2.4 keV. [93] The calibration of the spectrometer was performed with elastic scattering

measurements.

An in-vacuum 2-dimensional (2048 × 2048 pixels) charge coupled device (CCD) camera

was used as a position-sensitive detector to record the dispersed X-rays. Each CCD image

was corrected for background and geometrical effects before being projected along the energy

dispersion axis to yield an emission spectrum. Pixel clustering and low-intensity thresholding

were also applied to isolate X-ray events from electronic noise. The detailed procedure used

for image processing is described elsewhere. [93] To construct the resonant inelastic X-ray

scattering maps, the X-ray emission spectra were stacked according to the corresponding

incident X-ray energies. These incident energy vs. emission energy maps (Fig. 3.9) were

then converted to incident energy vs. energy transfer maps.
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While the main volume of the spectrometer was under vacuum conditions in order to

minimize the attenuation of these low-energy X-rays, the sample sub-chamber was filled

with an ambient He atmosphere which allowed for the integration of a free-flowing liquid jet

system. An HPLC pump was used to flow (7mL/min flow rate) the samples through a 250

µm (inner diameter) Kapton capillary. A catcher placed 10 mm below the capillary was used

to re-feed the pump and enabled closed-loop recirculation of the solution. The X-ray beam

interaction point was set ≈2 mm below the tip of the Kapton capillary, and a downstream

ionization chamber was used for the quick alignment of the jet and the incident beam.

3.2.3 Peak Fitting

Peaks were fit with a series of Voigt profiles which were obtained by taking the real part of

the complex error function. The parameters for the fitting were optimized using the lsqnonlin

function in Matlab. The complex error function, or Faddeeva function, was calculated with

the fadf Matlab package [94].

The Faddeeva function, its relationship to the Voigt function, and the contributions of

Gaussian and Lorentzian functions to a Voigt profile are given in the follow equation scheme

(eq. 1-5):

fadf(z) = e−z2(1 +
2i√
π

∫ z

0

et
2

dt) (3.1)

z =
x+ iγ

σ
√
2

(3.2)

V (x;σ, γ) =
Re[fadf(z)]

σ
√
2π

= A

∫ ∞

−∞
G(x′;σ)L(x′; γ)dx′ (3.3)

G(x;σ) =
e−x2/(2σ2)

σ
√
2π

(3.4)

L(x; γ) =
γ

π(γ2 + x2)
(3.5)
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Where A is the peak intensity, x is the peak center, γ is the Lorentzian half width at half

maximum, and σ is the Gaussian half width at half maximum.

The Gaussian FWHM was constrained to 0.4 eV in both the incident energy and energy

transfer directions in order to account for the resolution of the monochromator and spec-

trometer. Initial guesses for the Lorentzian FWHM were set to atomic lifetime broadenings

of the 2p core hole (1.99 eV) and 3d core hole (0.25 eV) for the incident energy and energy

transfer directions, respectively. [92] The Lorentzian width, peak position, and peak intensity

were floated during the fitting process. The errors presented in Table 3.3.4 correspond to

95% confidence intervals as obtained through the corresponding fits.

3.2.4 Ligand Field Multiplet Calculations

Ligand field multiplet RIXS calculations were done for [RuIII(NH3)6]
3+ in order to determine

the interactions that have the most influence on the L3-edge 2p3d RIXS spectrum of a

4d transition metal complex. These calculations were done using the CTM4RIXS 1.0 and

CTM4XAS 5.5 programs of de Groot et al. and the underlying multiplet codes. [41, 95, 96]

These calculations were split into two parts, a 2p → 4d absorption and a 3d → 2p emission.

The final configuration of the absorption step and the initial configuration of the emission

step are identical and correspond to a RIXS intermediate state. The initial and final state of

the RIXS process correspond to the initial configuration of the absorption step and the final

state of the emission step, respectively. These two separate calculations are then combined

with the Kramers-Heisenberg equation by the CTM4RIXS program. [97]

The experimental 2p3d RIXS spectrum of [RuIII(NH3)6]
3+ was most accurately repro-

duced by: scaling all Slater integrals to 35% of their atomic Hartee-Fock values, [98] fully

including atomic 2p, 3d, and 4d spin-orbit coupling values, and using a 10 Dq of 3.7 eV, as

measured in Ref. 23. Further calculations were done where one of the previously mentioned

input parameters was set to zero in either the RIXS initial, intermediate, or final states to

examine the individual effects of these interactions on the [RuIII(NH3)6]
3+ 2p3d RIXS spec-

trum. [71] The calculated RIXS maps are shown in Figures 3.11, 3.12, and 3.13. A Gaussian
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broadening of 0.3 eV was used in both directions, a Lorentzian broadening of 1.8 eV was

used in the incident energy direction, and a Lorentzian broadening of 0.2 eV was used in the

emission energy direction.

3.3 Results

3.3.1 Overview of Peak Positions and Assignments in Ru 2p3d RIXS spectra

The Ru L3 2p3d RIXS maps of [RuIII(NH3)6]
3+, [RuII(bpy)3]

2+, and [RuII(CN)6]
4−, are

shown in Figures 3.3, 3.5, 3.7, respectively. Projecting the 2D RIXS spectra along the energy

transfer axis, results in the partial fluorescence yield (PFY) XAS measurements shown in

Fig. 3.2 as solid lines. These spectra show three distinct pre-edge features labeled A, B,

and C, and assigned previously [21] [75]. The A feature (≈ 2838 eV) is due to a transition

from the 2p3/2 orbitals to the vacancy in the Ru 4d t2g orbitals and is present only for

Ru(III) complexes. The B feature present in all measured Ru L3-edge spectra (≈ 2840.5

eV) is mainly due to transitions from the 2p3/2 orbitals to the unoccupied 4d eg orbitals.

Finally, the [RuII(CN)6]
4−spectrum displays a clear C feature (≈ 2844 eV) which is due to

transitions from the 2p3/2 orbitals to unoccupied ligand π∗ orbitals. The same figures display

the HERFD spectra (see Fig. 3.1(b)) with reduced linewidths due to the longer lifetime of a

3d5/2 core hole compared to that of a 2p3/2 core hole. The PFY spectra are fully broadened

by the 2p3/2 core-hole lifetime. Due to this core-hole lifetime broadening suppression in

the HERFD measurement, higher-resolution peak splittings can be obtained and additional

features may be seen such as the shoulder on the blue edge of the [RuIII(NH3)6]
3+B peak at

≈ 2842 eV.
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Figure 3.2: Ru L3-edge XANES and Lα1 HERFD Ru L3-edge XANES spectra for the
model complexes [RuIII(NH3)6]

3+, [RuII(bpy)3]
2+, and [RuII(CN)6]

4−. Partial fluorescence
yield (PFY) and high-energy-resolution fluorescence detected (HERFD) spectra are shown.
All complexes present B features (2p3/2 → eg). The spectra of [RuIII(NH3)6]

3+present an
A feature (2p3/2 → t2g) as it is the only d5 complex and thus has a hole in the t2g. The
[RuII(CN)6]

4−spectra show the presence of a C feature (2p3/2 → ligand π∗) due to strong
metal-ligand interactions through π backbonding.
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The 2p3d RIXS measurement allows for the features in the PFY spectra to be decon-

voluted into numerous sub-peaks along the energy transfer dimension providing insight into

the electronic structure of Ru complexes in solution. In the case of [RuIII(NH3)6]
3+, the A

feature includes the A1 and A2 peaks, and the B feature is comprised of the B0, B1, and

B2 peaks as shown in Fig. 3.3(a). The map of the [RuII(bpy)3]
2+in Fig. 3.5(a), presents

an intense B feature which includes the B1 and B2 peaks. A weak C feature (C1 peak),

nearly indistinguishable in the 1D spectrum, is also seen at higher energies. Finally, the

[RuII(CN)6]
4−2p3d RIXS map (Fig. 3.7(a)) contains both a B feature with B1 and B2 peaks

and a C feature with C1 and C2 peaks. The sub-peaks 1 and 2 in a given feature (A, B,

or C) occur at the same incident energies, are separated along the energy transfer axis, and

involve 3d5/2 or 3d3/2 orbitals, respectively. The energy difference between these features

corresponds to a direct measurement of splitting due to 3d spin-orbit coupling (see Fig. 3.1).

We further examine the 2D RIXS maps of the Ru complexes by looking at constant energy

transfer cuts (CET, horizontal slices) and constant incident energy cuts (CIE, vertical slices)

in Figures 3.3 - 3.7. Peaks lying along the same CET axis share the same final state in the

RIXS process, and peaks along the same CIE axis, share the same intermediate state. One

must be cautious when making these assignments, however, as energy splittings between

individual states are often smaller than the lifetime broadening of the states involved, which

could lead to incorrect interpretations. [70] By fitting a sum of Voigt profiles to the CIE and

CET cuts in Figs. 3.3 - 3.7(b,c), we find the peak positions of the features as a function

of incident energy and energy transfer. The peak positions are reported in Table. 3.1. The

energy splittings between sub-peaks in a given feature, i.e. B2 - B1, and sub-peaks in different

features, i.e. C1 - B1, are also given in Table. 3.1. The error in the positions of these features

are 0.1 eV after accounting for the instrumental resolution and the error of the fits; the

fitting is described in more detail in Figures 3.4, 3.6, 3.8 and Table 3.3.4. The fitting

process struggled with low-intensity peaks that overlap with other features, i.e. the A2

feature in [RuIII(NH3)6]
3+; as such their positions are noted as N/A in Table. 3.1. In the

following sections, the peak positions and the energy splittings between the various features
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are analyzed, allowing for information about the electronic structures of these three Ru

systems to be extracted.

Table 3.1: Ru 2p3d RIXS Peak Positions and Energy Splittings The tabulated posi-
tions of the peaks labeled in Fig. 3.3 - 3.7 as found by fitting cuts taken along the maxima
of the given peak. Peaks positions that were difficult to distinguish with the fitting were
marked as N/A. Energy splittings between peaks of interest are also included. Those outside
of parentheses are splittings in the incident energy dimension and those within parentheses
are splittings in the energy transfer dimension. After accounting for the instrumental reso-
lution and fitting errors, the error in the position of the peaks is estimated to be ≈ 0.1 eV.
The positions of the B1 peak in [RuIII(NH3)6]

3+were found by fitting this feature with one
Voigt profile. See Fig. 3.4 for additional details.

Position, eV Splittings, eV

Molecule Peak Einc.(Ω) Etrans.(Ω− ω) ∆B-A ∆C-B ∆B2-B1 ∆C2-C1

Einc. Einc.

(Etrans.) (Etrans.)

[RuIII(NH3)6]
3+

A1 2837.3 279.9

3.6
4.3

A2 N/A N/A

B0 N/A 279.8
(3.2)

B1 2840.9 283.1

B2 2841.0 287.4

[RuII(bpy)3]
2+

B1 2840.4 282.6
3.9

B2 2840.3 286.6
(4.3)

4.0

C1 2844.3 286.9

[RuII(CN)6]
4−

B1 2841.5 283.9

4.1 4.1
B2 2841.5 288.0 1.8

C1 2843.3 285.8 (1.9)

C2 2843.3 289.9
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3.3.2 2p3d RIXS map of [RuIII(NH3)6]
3+

The ground-state valence electron configuration of the RuIII complex [RuIII(NH3)6]
3+ is 4d

t52g e
0
g. Due to the vacancy in the t2g orbitals, transitions into both the t2g and eg orbitals are

possible (A and B features, Fig. 3.1(a)). Looking first at the full [RuIII(NH3)6]
3+ RIXS map

in Fig. 3.3(a), one can pick out 5 peaks: A1, A2, B0, B1, and B2. Out of these peaks, the A1

and B1 are the most distinct and lie on a diagonal of constant emission energy corresponding

to the Lα1 emission line (3d5/2 → 2p3/2, 2558 eV). Similarly, the A2 and B2 peaks lie on a

diagonal of constant emission energy corresponding to the Lα2 emission line (3d3/2 → 2p3/2,

2553.8 eV).

By fitting the CIE cuts shown in Fig. 3.3(c), we find that the energy difference between

the B1 and the B2 peaks is 4.3 eV and we interpret this to be primarily due to 3d spin-

orbit coupling. We expect the A1 and A2 peaks be separated by the same amount, but it

is difficult to establish the position of the A2 peak quantitatively due to its low intensity

and because it overlaps with the B1 feature. This is particularly visible in Fig. 3.3(a), in

which the A2 peak manifests as an asymmetric broadening on the red edge of the B1 peak

(≈ 2837 eV). The energy difference between the A1 and B1 peaks in the incident energy

direction is 3.6 eV, as obtained from the fits of the CET cuts in Fig. 3.3(b) and as reported

in Table. 3.1. This energy difference reports on the energy splitting between the t2g and eg

orbitals and agrees well with previous measurements. [19,21] The energy difference between

the A1 and the B1 features decreases to 3.2 eV in the energy transfer direction. The cause

of the observed difference between ∆B-A measured along the incident or the energy transfer

is discussed in further detail in the discussion to follow.

Examining Fig. 3.3(a) further, we see a low-intensity peak (B0) that cannot be explained

as being due to the broadening of the A1 peak that lies along the same energy transfer. This

peak can be more clearly seen in Fig. 3.3(b). We tentatively assign this feature as being due

to multiconfigurational mixing of 2p core excited states (i.e. 2p5 t62g e0g and 2p5 t52g e1g) and

is discussed in further detail later. Similar phenomena has been described in the context of
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2p3d RIXS of 3d transition metals. [26]

Finally, Fig. 3.3(c) shows that the B1 peak is asymmetric in the energy transfer axis.

This asymmetry is due to a shoulder that is visible in the 2D map (Fig. 3.3(a)) at high

incident energies (2842 eV) and high energy transfers (284 eV). We hypothesize that this

arises due to a deviation from octahedral symmetry caused by solute/solvent interactions

and is also seen in the HERFD spectrum in Fig. 3.2 as an asymmetric shoulder to the blue.

Figure 3.3: [RuIII(NH3)6]
3+ 2p3d RIXS a) Ru L3-edge 2p3d RIXS map of [RuIII(NH3)6]

3+.
The following peaks are observed: A1 (2837.3 eV, 279.9 eV), A2 (2837.3 eV, 283.6 eV), B0
(2841.9 eV, 279.8 eV), B1 (2840.9 eV, 283.1 eV), and B2 (2840.9 eV, 287.4 eV). The white
dashed lines correspond to the CET and CIE cuts pictured in (b) and (c), respectively. The
map is normalized to the maximum of the B1 peak and drawn with 20 evenly spaced contour
levels. b) CET cuts taken through the maxima of the A1 (0), B1 (1), and B2 (2) peaks. c)
CIE cuts taken through the maxima of the A1 (0) and B1 (1) peaks. The shaded regions in
(b) and (c) are the Voigt profiles that result from fitting the spectra; fit parameters can be
found in Fig. 3.4.
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Figure 3.4: Fits of [RuIII(NH3)6]
3+ 2p3d RIXS The experimental CET and CIE cuts

of [RuIII(NH3)6]
3+taken at the maxima of the A and B peaks are presented along with the

Lorentzian broadening used to fit the labeled features for a given cut. The position of the A1,
A2, B0, B1, and B2 features (taken from the fits) are tabulated in the Table 3.3.4. Either
one or two Voigt profiles were used to fit the B1 feature in the CIE of the B peak, results
for both fitting parameters are given.
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3.3.3 2p3d RIXS map of [RuII(bpy)3]
2+

The RIXS map of [RuII(bpy)3]
2+, Fig. 3.5(a), presents three 2D spectral features: B1, B2,

and C1. The valence configuration of this RuII complex is 4d t62ge
0
g and can be used as a

starting point when assigning these features. The absence of A features is expected as the

t2g orbitals are filled, and the B features are due to transitions from 2p orbitals into the

empty eg orbitals. The RIXS map of [RuII(bpy)3]
2+also possesses a C feature which arises

due to the π∗ orbitals of the bipyridine ligands having the appropriate symmetry to accept

electron density from Ru 4d orbitals. This interaction yields transitions that involve orbitals

with some metal-to-ligand charge transfer (MLCT) like character.

The CET and CIE cuts of the [RuII(bpy)3]
2+RIXS map are shown in Figs. 3.5(b) and

(c), respectively. The 3d spin-orbit coupling constant of 4.0 eV, present in [RuII(bpy)3]
2+,

is encoded in the difference in position of the B1 and B2 peaks and obtained from fitting

the CIE cut taken at the B1 peak’s maximum value. CIE cuts at higher energies (≈2844

eV) present the interesting, yet weak, C1 peak which corresponds to excitation into the

Ru 4d-BPY π∗ orbitals mentioned previously by Gawelda et al. [29] These metal-ligand π∗

orbitals lie 3.9 eV above the eg states, as reported by the energy difference, in the incident

energy direction, between the B and C features, ∆C-B. Previous theoretical studies and 2p4d

RIXS measurements of [RuII(bpy)3]
2+have found that additional states with MLCT character

which lie very close and at slightly lower energies than the 4d eg orbitals. [99] [23] Based on

the above discussion, we attribute the asymmetric broadening of the B1 peak (≈2841.5 eV)

to Ru 2p → bpy π∗ transitions, which are spectrally convoluted with the main B1 peak.
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Figure 3.5: [RuII(bpy)3]
2+ 2p3d RIXS a) Ru L3-edge 2p3d RIXS map of [RuII(bpy)3]

2+.
The following peaks are observed: B1 (2840.3 eV, 282.6 eV), B2 (2840.3 eV, 286.6 eV), and
C1 (2844.2 eV, 287.1 eV). The white dashed lines correspond to the CET and CIE cuts
pictured in (b) and (c), respectively. The map is normalized to the maximum of the B1 peak
and drawn with 20 evenly spaced contour levels. b) CET cuts taken through the maxima of
B1 (0) and C1 (1) peaks. c) CIE cuts taken through the maxima of the B1 (0) and C1 (1)
peaks. The shaded regions in (b) and (c) are the Voigt profiles that result from fitting the
spectra; fit parameters can be found in Fig. 3.6.
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Figure 3.6: Fits of [RuII(bpy)3]
2+ 2p3d RIXS The experimental CET and CIE cuts

of [RuII(bpy)3]
2+ taken at the maxima of the B and C peaks are presented along with the

Lorentzian functions used to fit the labeled features for a given cut. The position of the B1,
B2, and C1 features (taken from the fits) are tabulated in the Table 3.3.4.



41

3.3.4 2p3d RIXS map of [RuII(CN)6]
4−

The RIXS map of [RuII(CN)6]
4−, Fig. 3.7 (a), contains two distinct features, B and C. These

features consisting of the B1 and B2 peaks lie along a CIE of 2841.5 eV while the C1 and C2

peaks lie along a CIE of 2843.5 eV, as shown in Fig. 3.7 (c). Similar to [RuII(bpy)3]
2+, the B

features correspond to initial transitions from 2p orbitals → 4d eg orbitals and the C features

correspond to transitions from Ru 2p orbitals → mixed Ru 4d-CN π∗ orbitals with MLCT

character. The splittings ∆B2−B1 and ∆C2−C1 are both found to be 4.1 eV (Table. 3.1) and

are due to 3d spin-orbit coupling, with emission from the 3d5/2 resulting in final states at

lower energy transfers. The high intensity of the C features in [RuII(CN)6]
4−is due to the

strong overlap between the Ru 4d orbitals and the CN ligands’ π∗ orbitals, which suggests

that strong metal-ligand covalency is present in this complex. The energy difference, in the

incident energy direction, between the B and C features is 1.8 eV and increases to 1.9 eV in

the energy transfer direction.
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Figure 3.7: [RuII(CN)6]
4− 2p3d RIXS a) Ru L3-edge 2p3d RIXS map of [RuII(CN)6]

4−.
The following peaks are observed: B1 (2841.5 eV, 283.9 eV), B2 (2841.5 eV, 288.0 eV), C1
(2843.3 eV, 285.8 eV) and C2 (2843.3 eV, 289.9 eV). The white dashed lines correspond to
the CET and CIE cuts pictured in (b) and (c), respectively. The map is normalized to the
maximum of the B1 peak and drawn with 20 evenly spaced contour levels. b) CET cuts
taken through the maxima of B1 (0), C1 (1), B2 (2), and C2 (3) peaks. c) CIE cuts taken
through the maxima of the B1 (0) and C1 (1) peaks. The shaded regions in (b) and (c)
are the Voigt profiles which result from fitting the spectra; fit parameters can be found in
Fig. 3.8.
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Figure 3.8: Fits of [RuII(CN)6]
4− 2p3d RIXS The experimental CET and CIE cuts

of [RuII(CN)6]
4− taken at the maxima of the B and C peaks are presented along with the

Lorentzian functions used to fit the labeled features for a given cut. The position of the B1,
B2, C1, and C2 features (taken from the fits) are tabulated in the Table 3.3.4.
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Figure 3.9: Incident Energy vs. Emission Energy 2p3d RIXS Maps Incident
energy vs. emission energy RIXS maps for [RuIII(NH3)6]

3+(a), [RuII(bpy)3]
2+(b), and

[RuII(CN)6]
4−(c).
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3.4 Discussion

3.4.1 Branching Ratio of the Lα Emissions

One point of interest concerning the sub-peaks within a feature corresponding to Lα1 and Lα2

emissions (i.e. B1 and B2 peaks) is that their intensity ratio is on the order of 10:1. While

atomic theory calculations reproduce this ratio quite nicely, as reported in various X-ray

emission data tables [92,100], the reason for this ratio is not necessarily obvious. One could

assume that the intensity ratio would be 3:2 given the degeneracies of the 3d5/2 and 3d3/2

orbitals, but as observed this is incorrect. The origin of this ≈10:1 intensity ratio is, however,

a total angular momentum sum rule discovered empirically in 1924 by Ornstein, Burger, and

Dorgelo. [101] This sum rule was proven theoretically and presented in The Theory of Atomic

Spectra by Condon and Shortley, where they state “... the sum of the strengths of the lines

having a given initial level is proportional to the statistical weight (2J+1) of that initial level,

and that the sum of the strengths of the lines having a given final level is proportional to the

statistical weight of that final level.” [102] This is represented pictorially for Lα1 and Lα2

transitions in Fig. 3.10. This intensity ratio holds well for all of the spin-orbit split features in

the three Ru complexes studied here. Though the calculations of Scofield [100, 103] provide

a more quantitative description of radiative decay rates, remembering this sum rule may

provide a more intuitive understanding of the involved transitions, and help in identifying

the spectral features in a Ru 2p3d RIXS map.
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Figure 3.10: Ornstein, Burger, and Dorgelo Sum Rule Energy level diagram describing
the Ornstein, Burger, Dorgelo sum rule for Ru 3d → 2p emission. I = Intensity. I 1 : (I 2 +
I 4) = 6 : 4 using initial states. I 4 : (I 1 + I 2) = 2 : 4 using final states. Solving these ratios
as a system of equations gives I 1 : I 2 : I 4 = 9 : 1 : 5.
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3.4.2 Insights into 3d → 4d Transitions from 2p3d RIXS

The 2p3d RIXS process is a second-order process and in Ru includes two dipole-allowed

transitions: 2p → 4d and 3d → 2p. The energy transfer between the incident and emitted

X-rays in this process corresponds to the energy splitting between the 3d and 4d orbitals. It

should be noted that this covers the same energy range as the M4,5 edges which correspond

to excitations from the 3d5/2 orbitals and the 3d3/2 orbitals to the 4d orbitals, respectively.

These transitions are formally forbidden for octahedral complexes when achieved through a

one step, dipolar process, but the two step 2p3d RIXS process allows for 3d4d excited states

to be seen, by virtue of coupling to intermediate states, with considerably higher intensity

than would be observed in an M4,5 experiment. The features seen in the CIE cuts given in

figures 3-5(a), then, correspond to 3d4d excited states where the main features are primarily

due to X-ray emission from the spin-orbit split 3d5/2 and 3d3/2 orbitals. These emissions

are known as Lα1 and Lα2 for the 3d5/2 and 3d3/2, respectively. There may be additional

features that appear along a CIE cut that arise due to 3d3d and 3d4d multiplet effects which

further split the 3d or 4d orbitals. If 3d4d interactions are strong enough, it may be that

the 4d4d multiplet, 2p4d multiplet, 4d4d spin-orbit coupling, and 2p4d spin-orbit coupling

also influence the peak shapes and identities.

As touched upon in the results section, the splitting between two features, i.e. ∆B-A

in [RuIII(NH3)6]
3+and ∆C-B in [RuII(bpy)3]

2+, can be different in the incident energy and

in the energy transfer dimensions. Since both directions assume initial state configurations

of 2p6 3d10 4dN , the differences in splittings likely arise due to effects present (or absent)

when comparing the intermediate and final RIXS states: 2p5 3d10 4dN+1, and 2p6 3d9 4dN+1,

respectively.

For [RuIII(NH3)6]
3+, the ∆B-A value along the incident energy reports on the t2g - eg

energy splitting in presence of a 2p hole, while along the energy transfer it reports on the

energy splitting in presence of a 3d hole. Similarly, in [RuII(bpy)3]
2+ and [RuII(CN)6]

4−, the

∆C-B value is the difference between the metal 4d and ligand π∗ orbitals in the intermediate
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or final states, mainly due to changes in 3d4d interactions. Interestingly, differences in these

∆C-B splittings between the two energy dimensions can report on the different strengths of

metal-ligand interactions. As the energies of the 4d orbitals are altered between initial, inter-

mediate, and final state electron configurations, the energies of the ligand π∗ orbitals will also

be altered with magnitudes determined by the strength of the metal-ligand π∗ interactions. A

molecular complex with strong metal 4d - ligand π∗ interactions such as [RuII(CN)6]
4−will re-

sult in small differences (0.1 eV) between ∆C-B in either dimension. Complexes with weaker

4d - ligand π∗ interactions such as [RuII(bpy)3]
2+have larger differences (0.4 eV) between

∆C-B in the incident energy and energy transfer directions.

The presence of the B0 peak in [RuIII(NH3)6]
3+is intriguing as it appears at an incident

energy corresponding to a 2p3/2 → 4d eg transition ( 2841 eV), but appears at an energy

transfer that would require a 3.6 eV higher emission energy than Ru Lα1 (≈279.8 eV).

As such, the nature of this feature is attributed to mixing between states with 4d valence

configurations of t52g e
1
g and t62g e

0
g made possible by initial, intermediate, and final state effects

that modulate the B0 peak intensity as seen in Figures 3.12 and 3.13. A similar mixing of

core excited states has been seen in L2,3 RIXS of FeIII complexes, where the mixing of 3d

valence configurations was made possible by the 2p spin-orbit coupling present in the RIXS

intermediate states. [26]

3.4.3 Multiplet and Spin-orbit Effects in the Initial, Intermediate, and Final RIXS States

of [RuIII(NH3)6]
3+

Through this analysis of these simulated RIXS spectra, it was found that the effects of

the various spin-orbit and multiplet parameters were most influential in the intermediate

state of the RIXS process. The parameters in the initial and final states also influenced

the shapes, positions, and intensities of the RIXS features, though to a lesser degree. The

absence of 4d4d multiplet effects in the initial and final states had little influence on the

overall RIXS map (Figure 3.12(a,e)). When 4d4d Slater integrals were reduced to 0 in the

intermediate state, however, the intensity of the B0 peak is overestimated when compared
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to the experiment and even becomes the most intense feature (Figure 3.12(c). Similarly,

turning off the 4d spin-orbit coupling in the intermediate state has a large effect on the

RIXS map: An overestimation of the A2 and B2 features is seen as well as the appearance

of additional features at higher energy transfers along the A and B peaks’ incident energies

(Figure 3.12(d). Also of note, are the effects seen when removing 2p4d multiplet effects

and the 2p spin-orbit coupling from the intermediate state (Figure 3.13(a,b)). Both changes

result in the splitting of the A1, A2, B0, B1, and B2 peaks into multiple sub-features. The

intensity of the B0 feature is overestimated, and additional features at high energy transfers

are also seen. Finally, the removal of 3d spin-orbit coupling from the final state collapses the

RIXS spectrum such that only two features are present at A and B peak incident energies

(Figure 3.13(d); this is expected as the A2 and B2 features are due to emissions from the

3d3/2 orbitals which exist due to 3d spin-orbit coupling.

Finally, a comment must be made concerning the projections of the simulated spectra

that result in the equivalent of a partial fluorescence yield XANES spectrum. Changing

parameters, such as the 4d4d multiplet effects or 2p spin-orbit coupling, may drastically

alter the RIXS map, but the spectral shape of the projected PFY spectra may all be consid-

ered reasonable reproductions of the experimental XANES spectrum. An example of this is

given in Figure 3.14, where only small qualitative differences are seen between the projected

PFY spectra of Figure 3.11, Figure 3.12(c), and Figure 3.13(b). This highlights the need

to simulate a complete RIXS process when using computational methods to extract mean-

ingful physical parameters from an experimental spectrum as one may settle on incorrect

conclusions if only the 1D scenario is considered.
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Figure 3.11: Representative Ligand Field Multiplet Simulation of
[RuIII(NH3)6]

3+ 2p3d RIXS The 2p3d RIXS map of [RuIII(NH3)6]
3+ simulated by

ligand field multiplet theory. This was done by scaling all Slater integrals to 35% of their
atomic Hartee-Fock values, fully including atomic 2p, 3d, and 4d spin-orbit coupling values,
and using a 10 Dq of 3.7 eV.
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Figure 3.12: Effects of Tuning 4d Interactions on [RuIII(NH3)6]
3+ 2p3d RIXS 2p3d

RIXS maps of [RuIII(NH3)6]
3+ simulated by ligand field multiplet theory. Particular param-

eters were reduced to 0 in order to gain insight of their role on the shape and intensity of the
RIXS maps. All other parameters are the same as those used for Figure 3.11. a) The 4d4d
Slater integrals in the initial state were reduced to 0. b) The 4d SOC in the initial state was
reduced to 0. c) The 4d4d Slater integrals in the intermediate state were reduced to 0. d)
The 4d SOC in the intermediate state was reduced to 0. e) The 4d4d Slater integrals in the
final state were reduced to 0. f) The 4d SOC in the final state was reduced to 0. g) All 4d4d
Slater integrals were reduced to 0. h) all 4d SOC values were reduced to 0.
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Figure 3.13: Effects of Tuning 2p and 3d Interactions on [RuIII(NH3)6]
3+ 2p3d

RIXS 2p3d RIXS maps of [RuIII(NH3)6]
3+ simulated by ligand field multiplet theory. Par-

ticular parameters were reduced to 0 in order to gain insight of their role on the shape and
intensity of the RIXS maps. All other parameters are the same as those used for Figure 3.11.
a) The 2p4d Slater integrals in the intermediate state were reduced to 0. b) The 2p SOC in
the intermediate state was reduced to 0. c) The 3d4d Slater integrals in the final state were
reduced to 0. d) The 3d SOC in the final state was reduced to 0.
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Figure 3.14: Projected Ligand Field Multiplet [RuIII(NH3)6]
3+ RIXS Projections of

the 2p3d RIXS maps given by Figure 3.11 (blue), 3.12c (red), and 3.13b (yellow). While
these three selected RIXS maps are significantly different from one another, the Ru L3 XAS
from their projections are all qualitatively very similar.
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3.4.4 Sensitivity to Solvent Effects

A diagonal cut through the A1, B1, and C1 features (where applicable) can be taken and

corresponds to the constant emission energy of the Lα1. In all three RIXS maps there are off

diagonal features that are not explained by the spin-orbit coupling that splits the 3d orbitals

into 3d3/2 and 3d5/2. In [RuIII(NH3)6]
3+ these features are the B0 feature and the slight

asymmetry of the B1 peak at 2842 eV and 285 eV. In [RuII(bpy)3]
2+ a similar asymmetry is

seen in the B1 feature at 2841.5 eV and 284 eV. Finally, another asymmetry can be seen in

the C1 feature of [RuII(CN)6]
4− at 2844 eV and 287.5 eV.

When the solution phase RIXS maps of all three complexes were compared to solid-state

maps (Figure 3.15), and the asymmetries around the diagonal described above are different

between the two. For the [RuII(bpy)3]
2+ and [RuII(CN)6]

4− it appears that the asymmetry

seen in the solution phase maps, while still present, have shifted to be in line with the di-

agonal and are sharper features. In the [RuIII(NH3)6]
3+ complex, the asymmetry seems to

have entirely vanished. As these differences are seen between the solvated and solid samples,

solvent-solute interactions likely are the cause of the asymmetries seen in the solution phase

spectra. These effects could include inhomogenous and vibrational broadenings due the sol-

vent interacting with the solute. The solvent could also allow/cause a breaking of octahedral

symmetry, thus changing the electronic structure of the 4d orbitals.
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Figure 3.15: Solid State 2p3d RIXS Full 2p3d RIXS maps of solid phase a)[RuIII(NH3)6]
3+,

b)[RuII(bpy)3]
2+, and c)[RuII(CN)6]

4− plotted as incident energy vs. energy transfer. All
maps have been normalized to the maximum of their B1 peaks and are plotted with the
same, evenly spaced contour levels.
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3.5 Conclusion

The 2p3d RIXS measurement of solvated Ru complexes is shown to be a useful technique

for investigating valence and core electronic structure of solution-phase 4d transition metal

complexes. The energy transfer between the two dipole transitions in this second-order

experiment allows for insights into 3d4d excited states that correspond to the normally dipole-

forbidden M4,5 XAS transitions. The reduced lifetime broadening present in the energy

transfer dimension allows for more quantitative assignments of spectral features and for

more accurate comparisons with future calculations. The incident energy dimension of the

RIXS maps provided insight into the valence electronic structure of the three complexes:

t2g orbitals of [RuIII(NH3)6]
3+, eg orbitals of [RuIII(NH3)6]

3+, [RuII(bpy)3]
2+, [RuII(CN)6]

4−,

and 4d-ligand π∗ orbitals of [RuII(bpy)3]
2+and [RuII(CN)6]

4−. For all three of the complexes

investigated, the energy transfer dimension of the RIXS maps exhibited features due to

transitions involving the 3d5/2 and 3d3/2 orbitals which allowed for direct observation of the

3d spin-orbit coupling values: 4.3 eV for [RuIII(NH3)6]
3+, 4.0 eV for [RuII(bpy)3]

2+, and 4.1

eV for [RuII(CN)6]
4−. These experimental SOC values will likely prove useful for theoretical

methods when benchmarking their treatments of spin-orbit coupling. An additional feature,

B0 shows up in [RuIII(NH3)6]
3+, which is likely a consequence of multiconfigurational mixing

between closely lying electronic states in the ground or intermediate state manifolds. This

suggests that calculations may need to include multireference methodology [51] to completely

describe the electronic structure of these, and similar, transition metal complexes. The

findings from this study present a framework for analyzing and understanding the 2p3d RIXS

spectra for solvated 4d transition metal complexes, that are being actively studied with time-

resolved X-ray spectroscopy at synchrotrons and X-ray free electron laser facilities. [75] [29]

[76]
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Chapter 4

REVEALING THE BONDING OF SOLVATED Ru
COMPLEXES WITH 2p4d RESONANT INELASTIC X-RAY

SCATTERING

Reproduced from Chem. Sci., 2021, 12, 3713-3725 with permission from the Royal Society

of Chemistry.

4.1 Introduction

The work in this chapter and Appendix A exemplify the strong complimentary information

that can be achieved when performing both X-ray absorption and X-ray emission spec-

troscopy on the same sample. In particular, Ru valence-to-core (VtC) XES is discussed and

when paired with XAS, the entire valence region (both occupied and unoccupied orbitals)

of a selected group of Ru model complexes is mapped out. Of particular interest are the

Ru 2p4d resonant inelastic scattering measurements which have significantly higher inten-

sity and spectral resolution than the non-resonant XES counterparts also discussed. One

of the strongest capabilities of the 2p4d RIXS technique is the ability to directly measure

metal-centered excited states of closed-shell, octahedral complexes which can correspond to

ligand field splitting parameters. The determination of these parameters is possible due to

RIXS being a second-order process where excited d-d states are accessible with significant

intensities compared to first-order optical experiments in which these transitions are dipole-

forbidden. In addition to observation of metal-centered excited states, information about

metal-ligand covalency (bonding) and charge transfer interactions between the metal and

ligands are also present in the 2p4d RIXS spectra.

Ruthenium complexes exhibit unique photophysical and photochemical properties and
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are widely used in light harvesting technologies [83], photocatalysis [104], biological appli-

cations [105], and information storage [106]. In particular, polypyridyl-based Ru(II) com-

plexes have been widely investigated as functional materials, thanks to their stability in

solution, strong absorption throughout the UV-vis light regions, and long excited-state life-

times [107, 108]. In these systems, the functional properties are dictated by the relative

energies and composition of the excited states, which can be tuned by changing the lig-

and environment. For instance, the efficiency of Ru(II) photosensitizer relies on lower-lying

metal-to-ligand charge transfer (MLCT) states accessible though transfer on an electron from

the Ru 4d orbitals to a ligand-based π∗ orbital [83,108]. For some photocatalytic or biolog-

ical applications, such as those that exploit ligand substitution, the excited-state reactivity

is governed instead by the metal-centered (MC) states [84, 106, 109]. The elucidation of the

ground- and excited-state valence structures of Ru complexes, which governs their properties

and ultimate functions, and their dependence on the ligand environment has been the focus

of numerous experimental and computational studies [110, 111]. Even though systematic

efforts have certainly enhanced our understanding of Ru complexes, particularly for bipyri-

dine ligands [104, 111], a universal description of their 4d electronic coupling, their complex

manifold of valence excited states, as well as their metal-ligand interactions remains an ex-

perimental and computational challenge. A comprehensive understanding of Ru complexes,

especially their functional excited states formed under photoexcitation or catalytic condi-

tions, is a crucial step for accelerating the development of the next-generation functional

materials.

The continuous development and availability of element-specific experimental methods,

such as X-ray spectroscopic techniques, has guided the progress of electronic structure elu-

cidation in transition metal complexes. X-ray absorption spectroscopy (XAS) is commonly

used to probe unoccupied valence state in these systems, even in dilute solutions [112].

For Ru complexes, XAS at either the Ru L- or K-edge has provided unique insights on

the 4d electronic configuration as a function of local geometry/symmetry and ligand en-

vironment [19, 29, 73, 75, 85, 113]. Simultaneously, density functional theory (DFT) and
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time-dependent density functional theory (TDDFT) calculations have played a key role for

correlating the experimental XAS spectral fingerprints with the electronic structure of Ru

complexes [21, 72, 84]. Valence-to-core (VtC) X-ray emission spectroscopy (XES) is a com-

plementary technique to XAS, since it probes the occupied valence states with element speci-

ficity. Although such experiments are more challenging to perform than XAS, they are now

well-established in the hard X-ray regime and especially for 3d transition metals [70,114,115].

VtC XES measurements are often described well by ground state DFT calculations using the

single electron transition picture and, therefore, provide straightforward access to local elec-

tronic and geometric structure and metal-ligand bonding [116–120]. Ru 4d → 2p VtC XES

has been very recently explored in a series of concentrated (solid-state) model complexes and

found to be sensitive to oxidation state, ligand identity, and covalency [22]. However, VtC

XES studies for any 4d elements remain quite scarce [22,121–123], mainly due to the unavail-

ability of instruments operating in the tender X-ray regime with a high enough detection

throughput. Additionally, the technique sensitivity is limited by the appreciable contribution

of the core-hole lifetime broadening of 4d elements, which amounts approximately to 5 and

2 eV for 1s-hole and 2p-hole, respectively [124].

VtC resonant XES, also known as resonant inelastic X-ray scattering (RIXS), is a two-

step excitation-relaxation process probing both occupied and unoccupied valence states [125].

When interpreting such resonant emission spectra on an energy-loss axis, information on va-

lence excitations is extracted with element and chemical sensitivity. The energy resolution is

not limited by the lifetime broadening of the (intermediate) core-hole state, but dictated by

the smaller lifetime broadening of the (final) valence-excited state and by other contributions,

such as the energy-resolution of the measurements and vibronic effects. VtC RIXS measure-

ments have provided invaluable insights into the electronic configuration of 3d transition

metals [126]. In particular, 2p3d RIXS (initial 2p-hole, final 3d-hole) have been used to pro-

vide detailed information on the nature of the 3d frontier orbitals, metal-ligand interactions,

energies and nature of charge separated states, including dd transitions [26,86,127,128], and

have also been extended to the time-domain [37, 38]. Similarly to the VtC XES, VtC RIXS
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measurements on 4d elements have been very scarce and only for bulk and concentrated sys-

tems [129–131]. Such studies are even more demanding than the VtC XES: experimentally,

they require both high detection throughput and a high-enough energy resolution; theoreti-

cally, calculations of a large manifold of core- and valence-excited states are required.

In this work, we leverage our recent advances in high-energy-resolution tender X-ray

spectroscopy [93] and our theory developments [132] to reveal direct insights on the va-

lence structure of a series of Ru complexes with different oxidation state and metal-ligand

bond strength. Specifically, we perform Ru L-edge measurements on two Ru(III) complexes:

[RuIII(NH3)6]
3+, containing only σ-donating amine ligands, and [RuIII(NH3)5Cl]

2+, where

one amine ligand is substituted with one π-donating Cl ligand; and three Ru(II) complexes:

the prototypical [RuII(bpy)3]
2+, a variation [RuII(bpy)2Cl2], and [RuII(CN)6]

4−, which is a

typical π back-donating system. Uniquely, we perform Ru 2p4d RIXS measurements of the

Ru complexes in dilute aqueous solution. This is made possible by the combination of a high-

incident-flux beamline and a new in-vacuum, high-resolution (≈0.6 eV) and low-background

tender X-ray spectrometer that integrates an ambient-pressure sample sub-chamber hosting

a free-flowing liquid jet [93]. The 2p4d RIXS process, which is illustrated in Fig. 4.1a, allows

us to directly access the valence excitations of the solvated Ru complexes and to gain informa-

tion about the composition of the local orbitals. We combine our observations with a newly

developed theoretical approach based on TDDFT, which accounts for the multideterminant

character of the excited states within the space of single excitations [132]. We show this

approach is sufficiently accurate and predictive to capture the experimental spectra reliably.

We find that the Ru 2p4d RIXS features uniquely identify the MC, ligand-centered (LC),

and charge transfer (CT) states, directly extract ligand field splitting energies, and reveal

detailed information on metal-ligand covalency for all the Ru complexes. We underline the

uniqueness of the information provided by the RIXS spectra through comparison with the

the 2p → 4d XAS and the 4d → 2p VtC XES measurements, which are also reported in

this work and analyzed at the same TDDFT theoretical level. For instance, the ground-state

ligand-field energy splitting of the Ru(II) complexes is experimentally accessed for the first
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time by our 2p4d RIXS experiment. The approach described here is broadly applicable to

novel studies of 4d metal based systems, and holds the promise to significantly improve the

design of new molecules with optimal photophysical and photochemical properties.

Figure 4.1: Illustration of the 2p4d RIXS experiment a) The process starts with the
creation of a 2p-hole by monochromatic X-rays with incident energy at the resonances of the
L-edge XAS spectrum. Following creation of a 2p-hole, 4d → 2p emission lines are collected.
The energy difference of the incident and emitted X-rays defines an energy transfer that
results from valence excitations in the final state. b) Illustration of the molecular orbitals
with mixed Ru 4d and ligand (L) character in the ligand field picture. The 4d(π) and the
4d(σ) orbitals, which in octahedral symmetry corresponds respectively to the t2g and eg
orbitals, are separated by the ligand field splitting energy (∆).

4.2 Methods

4.2.1 Samples

Tris(2,2’-bipyridyl)ruthenium(II) chloride hexahydrate (Ru(bpy)3(H2O)6), potassium hexa-

cyanoruthenate(II) hydrate (K4[Ru(CN)6]xH2O), hexaammineruthenium(III) chloride

([Ru(NH3)6]Cl3), pentaamminechlororuthenium(III) chloride ([Ru(NH3)5Cl]Cl2), and cis-

Bis(2,2’-bipyridine)-dichlororuthenium(II) hydrate, ([Ru(bpy)2Cl2]xH2O)) were purchased

from Sigma-Aldrich and used without further purification. The five complexes were dissolved
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in water yielding 50 mM ([RuII(bpy)3]
2+), 100mM ([RuII(CN)6]

4−), 100mM ([RuIII(NH3)6]
3+),

10mM ([RuIII(NH3)5Cl]
2+) and 10mM ([RuII(bpy)2Cl2]) solutions.

4.2.2 Data Collection and Analysis

The high-resolution X-ray emission spectroscopy studies were performed at beamline 6-2a at

the Synchrotron Radiation Light Source (SSRL). A liquid-nitrogen-cooled Si(111) monochro-

mator delivered an incident beam flux of ≈ 3 × 1012 photons/s at 3.0 keV (vicinity of Ru

L3 absorption edge) with an energy resolution of about 400 meV and a beamsize with a full

width half maximum (FWHM) of 400 × 250 µm2 (v × h). The measurements were per-

formed using a high-resolution Johansson-type spectrometer equipped with a cylindrically

bent Si(111) analyzer with energy resolution of ≈ 0.6 eV [93]. The energy calibration of

the spectrometer was performed with elastic scattering measurements. The monochromator

energy was calibrated using the published L3 XAS spectra of [RuII(bpy)3]
2+ [29]. Although

the main volume of the spectrometer was under vacuum conditions, in order to minimize

the attenuation of these low X-ray energies, the isolated sample sub-chamber with ambient

He gas atmosphere permitted the integration of a free flowing liquid jet system. An HPLC

pump was used to flow (7 mL/min flow rate) the samples through a 250 µm (inner diameter)

Kapton capillary. A catcher placed 10 mm below the capillary was used to re-feed the pump

and enabled a closed loop re-circulation of the solution. The X-ray beam interaction point

was set ≈2 mm below the tip of the Kapton capillary. A downstream ionization chamber

was also used for the quick alignment of the jet to the incident beam.

An in-vacuum 2-dimensional (2048 × 2048 pixels) charge couple device (CCD) camera

was used as a position sensitive detector to record the dispersively analyzed X-rays. The

procedure used for the image processing is described in detail in Ref. [93]. Briefly, each

2D image is corrected for background and geometrical effects before being projected along

the energy dispersion axis to yield the emission spectrum. A low-intensity threshold is also

applied to isolate X-ray events from electronic noise. Total acquisition time for the spectra

presented in this work varied from 20 to 120 minutes and they are reported in Appendix
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A.1.

4.2.3 Calculations

All excited-state calculations were performed within the linear-response TDDFT frame-

work [133–136] implemented in NWChem [137,138]. Within TDDFT, the core-excited states

were computed with the restricted excitation window approach [139], where the excitation

space was restricted to the 2p ground-state orbitals and no restrictions on the target unoccu-

pied states, thus yielding the L3-XAS spectrum. VtC-XES calculations were also performed

using a TDDFT-based protocol as outlined in Ref. [140], and the final emission spectra

were assembled by considering both α and β 2p orbitals. Spectral profiles for all L3-XAS

and VtC-XES simulated spectra are generated by convolving the discrete excitations with

natural (Lorentzian) widths of 1.5 eV.

RIXS calculations considering an absorbed photon with energy ℏω and an emitted photon

with energy ℏω′ were performed by solving the Kramers–Heisenberg (KH) equation within

the electric dipole approximation,

Sξ,ξ′(ω
′, ω) =

ω′

ω

∑
f

∣∣∣∣∣∑
n

⟨f |µ̂†
ξ|n⟩⟨n|µ̂ξ′ |0⟩

ℏω − En + iΓ/2

∣∣∣∣∣
2

× δ(−Ef + ℏω − ℏω′), (4.1)

where {|n⟩} and {|f⟩} represent the manifolds of core (L3) and valence excited states, re-

spectively, with excitation energies given by, {En} and {Ef}. Γ is the lifetime broadening

accounting for non-radiative processes not included explicitly in the Hamiltonian, and µ̂ξ is

the ξ-component of the electric dipole operator. Final RIXS spectra are calculated summing

over the ξ-components, taking into account the experimental geometry [141].

The ground-L3 and L3-valence dipole couplings were obtained via the TDDFT pseudo-

wavefunction ansatz [49, 50]. Details of our approach is given in Ref. [132]. In order to

generate the manifold of Ru L3-edge excited states, a total of 200 roots were computed

for each complex; while the manifold of valence excited states was comprised of 200 roots

for the [RuIII(NH3)6]
3+ and [RuIII(NH3)5Cl]

2+ complexes and 1300 roots for [RuII(bpy)3]
2+,
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[RuII(bpy)2Cl2], and [RuII(CN)6]
4− complexes, respectively. The minimum number of roots

was chosen so that the calculated states would span the energy range of interest (i.e. 0-15

eV for the final states), and the maximum number of roots was dictated by computational

resources. In implementing Eq. 4.1, a uniform lifetime broadening, Γ , of 2.4 eV was used,

and the Dirac delta was approximated by a Gaussian function with a FWHM of 1.2 eV.

These broadening constants were chosen based on the comparison with the measurements.

All excited-state calculations employed the B3LYP functional [142, 143], the Sapporo-

DKH3-TZP-2012 basis set [144] for the Ru atoms and the 6-311G** basis set [145] for all

the remaining atoms. Solvent (water) effects were included implicitly via the Conductor-

like Screening Model (COSMO) [45,146], and scalar relativistic effects were included via the

Zeroth-order Regular Approximation (ZORA) model potential of van Lenthe et al. [147–149].

We have neglected the spin-orbit splitting in the calculations, since 1) in an earlier work we

have shown that ligand field multiplet and spin-orbit effects do not strongly influence the

L3-edges of Ru [21], and 2) the 4d spin orbit coupling constant is small (≈0.1 eV [150]) with

respect to the energy resolution and ligand field effects [151, 152]. L3-XAS and VtC-XES

calculations were performed with NWChem (version 6.8.1), while the RIXS were computed

with a development version. The ground-state geometries of the complexes were previously

optimized using the ORCA quantum chemistry package [153] at the B3LYP/def2-TZVP level

of theory. Solvent effects were modeled via the conductor-like polarizable continuum model

(CPCM) [154]. The geometries of the complexes are provided in the Appendix A.6.

4.3 Results and Discussion

4.3.1 Ru L3-edge X-ray Absorption

For the five model Ru complexes investigated in our study, we initially measured the 3d →

2p fluorescence (Lα1,2) as a function of incident energy in the 2820-2900 eV range, corre-

sponding to the L3 (2p3/2 → 4d) Ru absorption edge. This yields two-dimensional RIXS

maps, from which we obtain: 1) the absorption spectrum in partial fluorescence yield (PFY)
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Figure 4.2: Experimental and TD-DFT Calculated Ru L3-edge X-ray Absorption
Spectra a) Measured partial fluorescence yield (PFY, solid lines) absorption and high-
energy-resolution fluorescence-detected (HERFD, dashed lines) absorption for the Ru model
complexes investigated in our study. (b) TDDFT calculated L3-edge XAS spectra. The
vertical lines represent discrete excitations (core-excited states), which have been convolved
with 1.5 eV (FWHM) Lorentzian functions to generate the spectra (solid lines). A global
shift of 2.3 eV is applied to the calculated spectra.

by integrating the signal over all detected X-ray emission energies, and 2) the high-energy-

resolution fluorescence-detected (HERFD) X-ray absorption signal, by integrating the signal

measured in a narrow region (≈ 0.6 eV) centered at the peak of the Lα1 emission line above

the edge jump (≈ 2557 eV). Figure 4.2a shows the measured PFY and HERFD XAS signals
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Table 4.1: Position of spectral features A, B, C from measured PFY-XAS and
calculated XAS spectra Experimental (calculated) peak positions have been determined
by fitting with Voigt (Lorentian) profiles the pre-edge features. We estimate the uncertainty
of the peak positions to be 0.1 eV. ∆peaks are the difference between A and B or B and C
peak positions in the same spectrum.

Experiment Calculations*

Molecule A B C ∆∗∗
peaks A B C ∆peaks

[RuIII(NH3)5Cl]
2+ 2837.4 2840.9 3.5 2837.2 2840.6 3.4

[RuIII(NH3)6]
3+ 2837.3 2841.1 3.7 2837.0 2840.8 3.8

[RuII(CN)6]
4− 2841.5 2843.4 1.9 2841.6 2843.6 2

[RuII(bpy)2Cl2] 2840.3 2040.1

[RuII(bpy)3]
2+ 2840.5 2840.5

* A global shift of 2.3 eV is applied to the calculated spectra.

** ∆peaks are calculated before rounding to the first digit.

for the five Ru model complexes. Strong spectral features (labeled A, B, and C) appear in

the pre-edge region, which are sharper in the HERFD spectrum. These features have been

previously assigned [19,21,29] and can be qualitatively understood by considering molecular

orbitals (MOs) derived from ligand field theory. Figure 4.1b illustrates possible molecular

orbitals arising from the mixing of the Ru 4d orbitals with the σ or π orbitals of the ligands.

The Ru 4d orbitals are split by the ligand field into higher-lying 4d(σ) and lower-lying 4d(π)

orbitals, and Ru(II) and Ru(III) complexes have low-spin d6 and d5 configurations, respec-

tively. With this in mind, the B peak present in all measured XAS spectra (≈ 2840.5 eV)

is mainly due to transitions from the 2p orbitals to the unoccupied 4d(σ) orbitals. On the

lower-energy side, Ru(III) complexes show an additional A feature due to transitions to the

4d(π) orbitals vacancy. Finally, [RuII(CN)6]
4− presents a C peak on the high-energy side due

to transitions from the 2p to the unoccupied CN(π∗) orbitals. Spectral features above the
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edge jump (at around 2850 eV) are due to quasi bound above-ionization resonances. These

states have been previously discussed [19, 29], and will not be investigated further in this

work.

The position of the labeled spectral features (A, B, C) have been determined by fitting

Voigt profiles to the PFY-XAS data, after pre-edge background removal, and are reported in

Table 4.1. These peak positions were used to select the resonant incident energies for the 2p4d

RIXS measurements described below. The position of the absorption peaks report on the

effective charge density at the metal, and also on effects such as metal-ligand covalency and

ligand field strength [155]. For instance, the B peak shifts to higher energy upon oxidation

due to reduced screening of the 2p orbitals, which effectively lowers the 2p energy (closer to

the core). However, the B peak of [RuII(CN)6]
4− is found at a higher energy compared with

the B peak of the Ru(III) complexes investigated in this study. We also notice that the B peak

is slightly blueshifted for [RuIII(NH3)6]
3+ ([RuII(bpy)3]

2+) with respect to [RuIII(NH3)5Cl]
2+

([RuII(bpy)2Cl2]).

Quantitative information can be obtained by the analysis of the TDDFT calculated L3-

edge XAS spectra, which are shown in Figure 4.2b. The spectra have been shifted by

aligning the calculated B peak of [RuII(bpy)3]
2+ with the experimental value. Following this

universal shift, the position of the A, B and C features are determined by fitting the spectra

with a sum of Lorentzian profiles and the results are reported in Table 4.1. The calculations

reproduce the features and the trends observed in the experimental spectra. For instance,

the calculations can be used to disentangle the information encoded in the B peak position.

We find that the calculated 2p orbitals energies correlate with the position of the B peak,

with the exception of the [RuII(CN)6]
4− complex (see Fig. A.1). Even though [RuII(CN)6]

4−

has the highest energy for the 2p orbitals with respect to the other complexes, the B peak

position can be explained by the high energy of the 4d(σ) orbitals.

In order to analyze the character of the calculated core-excited states, we first identify

and group the relevant ground state (GS) molecular orbitals (i.e. those containing Ru 4d

character) according to their energy and label them considering their atomic orbital contri-
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butions and bonding character. Table 4.2 show the results of this analysis. We estimate

the atomic orbital contributions based on the respective squared atomic orbital coefficients

which are normalized such that the sum of all the squared coefficients for each MO is equal

to 1. Illustrations of the MOs can be found in Appendix A.3. Based on this classification,

we inspect the composition of the core-excited states with the highest oscillator strength for

each molecular complex, and confirm that the ligand field picture described above accounts

for the dominant contribution of the transitions relative to the A, B, and C features in the

calculated XAS spectra. Additionally, for the Ru(III) complexes, the B features contain a

small contribution (< 1%) from 2p → 4d(π) transitions. For [RuII(CN)6]
4−, the B features

contain a ≈ 3% contribution from transitions with 2p → CN(π∗) character and the C peak

has a 3% contribution from 2p → 4d(π) transitions. Finally, we find that the B features of

the [RuII(bpy)3]
2+ and [RuII(bpy)2Cl2] XAS spectra also exhibit an intensity contribution

from Ru 2p → bpy(π∗) transitions (≈ 30 % for [RuII(bpy)3]
2+). We note that these percent-

ages, as well as the percentages in Tables 4.2 and 4.3, depend on the choice of the basis set;

however, they provide a qualitative interpretation of the spectral features and rationalize

the trends observed in the data. These calculated core-excited states will be used as the

intermediate states for the Ru 2p4d RIXS calculations described below.

4.3.2 Non-Resonant Ru L3-edge VtC X-ray Emission

Before turning to the 2p4d RIXS measurements, we present for comparison the non-resonant

VtC XES emission spectra. These spectra were measured at an incident energy of 2950 eV

(above the Ru L3-edge ionization potential and below the L2-edge) and are shown as solid

lines in Fig. 4.3. All the measured spectra manifest a main peak (at around 2837.5 eV) and

a less intense broad feature on the lower energy side. The lower signal-to-noise ratio for the

[RuIII(NH3)5Cl]
2+ spectrum arises from both the lower concentration of the sample (10 mM

vs > 50 mM) and lower acquisition time (40 m vs ≈ 2h) with respect to the other complexes.

Same considerations apply for the [RuII(bpy)2Cl2] spectrum, which is not reported here since

it is found to be nominally identical to the [RuII(bpy)3]
2+ spectrum (see Fig. A.3).
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Table 4.2: Ground state DFT molecular orbital analysis of the covalent chemical
bonding

Ru 5s Ru 4d N 2p N 2s C 2p C 2s Cl 3p Cl 2p H 1s

[RuIII(NH3)6]
3+

4d(σ) 56% 13% 18% 13%

4d(π) 91% 2% 7%

NH3(σ) 33% 55% 7% 5%

[RuIII(NH3)5Cl]
2+

4d(σ) 3% 51% 11% 15% 8% 12%

4d(π) 83% 11% 6%

Cl(π) 9% 6% 5% 80%

NH3(σ) 29% 50% 7% 9% 5%

[RuII(CN)6]
4−

CN(π∗) 23% 26% 28% 20%

4d(σ) 51% 5% 23% 12% 8%

4d(π) 76% 24%

CN(5σ) 18% 49% 10% 18%

CN(π) 19% 46 % 35%

CN(4σ) 15% 5% 23% 9% 48%

[RuII(bpy)3]
2+

4d(σ) 37% 11% 8% 23% 11% 10%

bpy(π∗) 6% 25% 1% 66% 1%

4d(π) 76% 2% 16% 4%

bpy 12% 17% 3% 51% 2% 15%
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Figure 4.3: Non-resonant Ru VtC XES Spectra 4d → 2p emission (VtC XES, solid
line) measured at an incident energy above the ionization threshold of the L3-edge (2950 eV).
The dashed lines are the TDDFT calculated spectra, obtained by convoluting the discrete
transitions (vertical sticks) with 1.5 eV (FWHM) Lorentzian function. A global shift of 96.3
eV is applied to the calculated spectra.

To interpret the measured non-resonant VtC XES spectra, we perform TDDFT calcu-

lations as described in the Methods section. 4d → 2p transitions are calculated for the

relaxed 2p-hole ionized state of each Ru model complex and shifted in energy to overlap the

measured and calculated position of the most intense feature in the [RuII(bpy)3]
2+ spectrum.

As shown in Fig. 4.3, the calculations reproduce the experimental measurements well. They

show an intense peak (labeled a) and two low-energy weaker features (labeled b and c). Ta-

ble 4.3 also reports the peaks positions of the measured and calculated spectra, determined
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by fitting the spectra with a sum of Voigt and Lorentzian profiles, as described in Appendix

A.4. We notice that the calculations show two lower energy side peaks for each complex (b

and c). However, experimentally, the fit can only robustly disentangle these two low-energy

side features for [RuII(CN)6]
4−. This is due the resolution of the measured spectra, which is

limited by the the natural lifetime of the 2p-hole (≈ 1.75 eV [156]).

To analyze the character of spectral features, we utilize a previously described weighting

scheme [157]. After identifying the most dominant transitions within a specific energy range

(i.e. the transitions of peaks a, b, c), we decompose their valence molecular orbitals contri-

butions into weighted sums of atomic orbitals. The analysis is detailed Appendix A and the

results are reported in Table 4.3. It is clear that we can correlate the intensity of the 4d → 2p

peaks to their percent 4d character, reported in Table 4.3. For [RuII(bpy)3]
2+, [RuII(CN)6]

4−,

and [RuIII(NH3)6]
3+, we find that peak a is dominated by 4d(π) → 2p transitions. From

the values reported in Table 4.3, we notice that the 4d(π) orbitals of the 2p-hole ionized

systems have higher Ru 4d contribution with respect to the GS orbitals (see Table 4.2). This

is due to the fact that the ionization lowers the energy of the 4d orbitals (closer to the ligand

orbitals), which leads to increase metal-ligand mixing. For [RuIII(NH3)5Cl]
2+, peak a also

contains contributions from Cl(π) → 2p transitions. Similarly to what was discussed for the

XAS measurements and as further detailed in Appendix A.2, the peak a position encodes

information on both the effective charge of the metal and the ligand field strength. Finally,

we observe that peak a is wider for Ru(III) complexes than for Ru(II) complexes. The cal-

culations capture this same trend and indicate that this is due to the broken degeneracy of

the unfilled 4d(π) orbitals for d5 configurations.

4.3.3 Ru L3-edge VtC Resonant Inelastic X-ray Scattering

For all Ru complexes, 4d → 2p X-ray emission (Lβ2,15) spectra were collected with incident

X-ray energy at the position of the A, B, and C peaks of the respective PFY-XAS spectra

(see Table 4.1). This process is illustrated in Fig. 4.1a and yields Ru 2p4d RIXS spectra,

which are shown as a function of energy transfer in Fig. 4.4 and Fig. 4.5 (solid lines). All
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Table 4.3: Position and characterization of peaks in non-resonant 4d → 2p emission
spectra. The peak positions have been determined by fitting the experimental (calculated)
spectra with a sum of Voigt (Lorentzian) profiles and the uncertainties are reported in Table
A.5.

Molecule Peak Pos. (eV) Character

Exp. Calc. Ru 5s Ru 4d N 2p N 2s C 2p C 2s Cl p H 1s

[RuIII(NH3)5Cl]
2+ a 2837.7 2838.0 60 % 14% 26%

b 2833.3 2833.3 3% 58% 36% 2%

c n.a. 2829.8 4% 91% 5%

[RuIII(NH3)6]
3+ a 2838.1 2838.2 95% 5%

b 2833.2 2833.8 2% 38% 53% 7%

c n.a. 2830.6 9% 91%

[RuII(CN)6]
4− a 2837.0 2837.1 94% 4% 1%

b 2833.0 2832.5 38% 43% 10% 2% 7%

c 2830.7 2830.2 34% 9% 10% 47%

[RuII(bpy)3]
2+ a 2837.3 2837.3* 90% 6% 1% 3%

b n.a. 2832.7 38% 2% 42% 2% 16%

c n.a. 2830.2 30% 16% 40% 7% 7%

* A global shift of 96.3 eV is applied to the calculated spectra

n.a. = peak is not well-defined in the experimental data

spectra show an elastic peak at 0 eV, a dominant peak between 3.5 and 5 eV, and some

less intense peaks at higher energy transfers. As for the VtC XES spectra described in the

previous section, the intensity of the peaks reflects the contribution of Ru 4d orbital character

to the transition and it is therefore indicative of the metal-ligand covalency. Qualitatively,

the dominant peak arises mostly from 4d(π) → 2p transitions, while the less intense peaks

arise from transitions from occupied π and/or σ ligand orbitals mixed with Ru 4d characters.

The peak positions report directly on the energy of the valence-excited states with respect

to the ground state, as discussed below.
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The dashed lines in Fig. 4.4 and Fig. 4.5 show corresponding theoretical spectra obtained

using TDDFT-calculated core-excited (intermediate) and valence-excited (final) states in

Eq. 1. The calculated spectra reproduce reliably all the experimental features, except for

the intensity of the resonant elastic peak. The cause of the overestimated elastic scattering

intensity is discussed in Ref. 28, and this does not affect the description and interpretation of

the inelastic features that we focus on here. Fig. 4.4 and Fig. 4.5 also show discrete transitions

below each calculated spectrum. These represent the couplings between the final states and

the one intermediate state with the highest oscillator strength in the incident energy range of

the X-ray absorption resonance considered (see Fig. 4.2). By examining the character of the

final states that have the strongest couplings, we identify the dominant transitions between

the GS orbitals (which are classified in Table 4.2) for each of the calculated spectral features.

The results are shown in Table 4.4 and discussed below.

Figure 4.4(a) shows the spectra of [RuII(bpy)3]
2+ and [RuII(bpy)2Cl2] measured with in-

cident energy set at the B PFY-XAS peak of each complex. As detailed above, for these

complexes the B peak is dominated by 2p → 4d(π) transitions, but also contains a contribu-

tion from 2p → bpy(π∗) transitions. Therefore, we find that the most intense feature of the

RIXS spectra (peak 1 in Fig. 4.4) includes both 4d(π)−1 bpy(π∗)+1 (MLCT) and 4d(π)−1

4d(σ)+1 (MC) final-state configurations. In our notation, -1/+1 refer to a loss/gain of an

electron. Specifically for [RuII(bpy)3]
2+, we find that the MLCT transitions dominate the

spectra below 2.9 eV, while the MC excitations dominate at higher energy transfer. This is

consistent with the known excited state dynamics of the complex, which exhibit long-lived

lower-lying MLCT states [111]. In summary, the peak position of feature 1, which is found at

≈ 4 eV, can be considered as a direct measure of the energy of the MC state (with respect to

the GS) in [RuII(bpy)3]
2+ and similarly in [RuII(bpy)2Cl2]. Specifically, we find it to be 4.0

eV for [RuII(bpy)3]
2+and 3.5 eV for [RuII(bpy)2Cl2]. The difference between these two values

reflects the different ligand field strengths of the two complexes due to the substitution of

one bpy ligand with two Cl ligands, in agreement with the spectrochemical series. We note

that a previous approximate measurement of the ligand field of [RuII(bpy)3]
2+ was possible
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Figure 4.4: Ru 2p4d Resonant Inelastic X-ray Scattering Spectra of RuII Com-
plexes a) 2p4d RIXS of [RuII(bpy)3]

2+ (top) and [RuII(bpy)2Cl2](bottom) measured with
incident X-ray energy at the B peak of the PFY-XAS spectra and as a function of energy
transfer. b) 2p4d RIXS of [RuII(CN)6]

4− measured with incident X-ray energy at the B peak
(bottom) and at the C peak (top) of the PFY-XAS spectra and as a function of energy
transfer.

only through a time-resolved laser pump X-ray probe L3-edge XAS experiment, and reported

to be 3.75 eV [29].

The broad low-intensity feature centered at≈ 8.5 eV in the [RuII(bpy)3]
2+ and [RuII(bpy)2Cl2]

spectra reports on the manifold of high-energy valence-excited states, mostly of ligand-to-

metal charge transfer (LMCT) and LC character. The broadness of this feature reflects the

high density of non-degenerate ligand orbitals due to the relatively electron rich bpy ligands,

and its relatively low-intensity is indicative of low metal-ligand covalency. We notice that the
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Figure 4.5: Ru 2p4d Resonant Inelastic X-ray Scattering Spectra of RuIII Com-
plexes 2p4d RIXS of [RuIII(NH3)6]

3+(a) and [RuIII(NH3)5Cl]
2+(b) measured with incident

X-ray energy at the A peak (bottom panels) and B peak (top panels) peak of the respective
PFY-XAS spectra and as a function of energy transfer.

calculations describe the transitions up to ≈ 9.8 eV, which is the calculated final state with

the highest energy. Increasing the number of calculated valence-excited states (i.e. more

than 1300 that are used for these calculations) would lead to a complete description of the

high energy transfer feature. This calculation, however, is computationally expensive.

Figure 4.4b shows the 2p4d RIXS spectra collected for [RuII(CN)6]
4−, with incident energy

set at the B and C PFY-XAS peaks. Table 4.4 summarizes the assignment of the experimen-

tal features through comparison with the calculations. Feature 1 (at 5.0 eV) corresponds to

a MC excitation (4d(π)−1 4d(σ)+1). We are not aware of any previous measurement of the

MC state energy for this complex. Feature 2 corresponds to a MLCT transition (4d(π)−1
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CN(π∗)+1). As expected, feature 1(2) is more intense when resonant at the B(C) peak of

the XAS spectrum, whereas the remaining intensity at the C(B) peak is mainly due to the

finite 2p-hole lifetime, and in part also to the mixed-character of the core-excited states.

This is shown by the presence of discrete transitions (i.e. the vertical sticks plotted below

the calculated spectra) for feature 1(2) at the C(B) peak, indicating a non-zero coupling

between the core-excited state populated at the B(C) peak and the MLCT(MC) final state.

Finally, high energy transfer peaks are mainly due to LMCT and LC transitions, as detailed

in Table 4.4. We note that the measurements allow us to distinguish charge transfer states

that are ≈ 1 eV apart in energy. For instance the difference between the energy of the MC

and the MLCT states is found to be 1.2 eV (difference between feature 1 and 2 and between

features 5 and 6 in Fig. 4.4b and Table 4.4).

Fig. 4.5 shows the resonant emission spectra measured at the A and B resonances of the

[RuIII(NH3)6]
3+ and [RuIII(NH3)5Cl]

2+ PFY-XAS spectra. When measuring resonantly at

the A peak of the PFY-XAS spectrum, the 4d(π) → 2p transitions yield a quasi-elastic peak

at ≈ 0 eV energy transfer (feature 1). In the calculations, the peak position of feature 1

(≈ 0.1 eV ) reflects the loss of degeneracy of the 4d(π) orbitals due to the d5 configuration.

Feature 2 correspond to the 4d(π)−1 4d(σ)+1 configuration and, again, is a direct measure of

the ligand field of the complex. We find a value of 3.7 eV for [RuIII(NH3)6]
3+ and 3.6 eV for

[RuIII(NH3)5Cl]
2+, indicating the weakening of the ligand environment containing Cl atoms.

These numbers are within 0.1 eV agreement with the values obtained from the splitting of

the A and B peaks in the PFY-XAS spectra (see Table 4.1). However, the small differences

between the ligand field splitting energies extracted through XAS and VtC RIXS can be due

to the 2p-hole presence in the XAS measurements. In contrast, VtC RIXS is not affected

by the 2p-hole and therefore could extract the ligand field splitting energy more accurately

(see also discussion below).

The peaks above 5 eV energy transfer are attributed to LC excitations. Noticeably,

feature 4 (≈ 6.6 eV) is present only for the [RuIII(NH3)5Cl]
2+ at the B resonance, both in

data and calculation, and absent in the [RuIII(NH3)6]
3+ calculated and measured spectra.



78

By analysis of the calculations, the main character of the this peak is assigned to a Cl(π)−1

4d(σ)+1 final state. This confirms the sensitivity of the 2p4d RIXS measurements to the

ligand environment around the metal.

In summary, the measured Ru 2p4d RIXS features have been assigned to valence exci-

tations through comparison with calculations. For all Ru complexes, measuring the RIXS

spectrum resonantly at the B peak of the PFY-XAS spectrum yields a direct measure of

the energy of the MC state. MC excitations are usually obscured in the UV-Vis spectrum

and, in case of Ru(II) complexes, cannot be observed in XAS measurements. In our RIXS

measurements, the MC state energies can be compared to the energies of other valence exci-

tations, such as MLCT transitions, to reveal information on the functional properties of the

Ru complexes. For instance, the fact that Ru polypyridyl complexes have MC states with

higher energy than the MLCT states is crucial for the photochemistry of these molecules. On

the contrary, in Fe-polypyridyl complexes, MLCT states usually decay quickly to lower-lying

MC states, leading, for instance, to worse photosynthetic efficiency. For comparison, the

energy of the MC state of [FeII(bpy)3]
2+ and [FeII(CN)6]

4− are reported to be ≈ 2.2 eV [86]

and 3.5 eV [26], respectively.

Figure 4.6 summarizes the values obtained for the MC state energies for the complexes

investigated in this study. These values correspond to the ligand field splitting energies,

since the dd multiplet effects for 4d systems are known to be small [152]. Specifically, we

have calculated the dd multiplet effects for Ru atoms to be ≈0.1 eV (see Appendix A.5).

The sensitivity of the Ru 2p4d RIXS measurements to the ligand enviroment allowed us

to quantify the difference in ligand field splitting energies between complexes that differ

for only one ligand; and additional spectral features are observed in the [RuIII(NH3)5Cl]
2+

spectrum with respect to the [RuIII(NH3)6]
3+ spectrum. This level of sensitivity to the ligand

environment could not be obtained from the non-resonant VtC XES measurements shown in

previous section, and it is due to the higher resolution of the RIXS spectra with respect to

VtC XES (and XAS) spectra. Moreover, we find that the 2p4d resonant spectra of the Ru

complexes are approximately ten times more intense than the corresponding non-resonant
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VtC XES spectra (see also Fig. A.4), allowing for faster collection time and improved signal-

to-noise ratio. The approach presented here is applicable to the study of Ru complexes and

4d metal complexes in general, and will enable the study of these systems in a large range

of applications and chemical enviroments.
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Table 4.4: Assignment of Ru 2p4d RIXS features through comparison with
TDDFT based calculations. Energies of the peak maximum are reported.

Peak Pos. (eV) Character Main contribution

Exp. Calc.

[RuII(CN)6]
4−

1 5.0 5.1 MC 4d(π)−1 4d(σ)+1

2 6.2 6.3 MLCT 4d(π)−1 CN(π∗)+1

3 9.9 10.0 LMCT CN(π)−1 4d(σ)+1

4 10.9 10.5 LC CN(5σ)−1 CN(π∗)+1

5 ≈12 12.5 LMCT CN(4σ)−1 4d(σ)+1

6 ≈13 12.7 LC CN(4σ)−1 CN(π∗)+1

[RuIII(NH3)6]
3+

1 0 0.1 / 4d(π)+1/−1

2 3.7 3.7 MC 4d(π)−1 4d(σ)+1

3 6.3 5.7 LMCT NH3(σ)−1 4d(π)+1

5 9.5 9.4 LMCT NH3(σ)−1 4d(σ)+1

[RuIII(NH3)5Cl]
2+

1 0 0.1 / 4d(π)+1/−1

2 3.6 3.6 (A) LMCT (B) MC (A) Cl(π)−1 4d(π)+1 (B) 4d(π)−1 4d(σ)+1

3 6.4 5.7 LMCT NH3(σ)−1 4d(π)+1

4 n.a. 6.6 LMCT Cl(π)−1 4d(σ)+1

5 9.2 9.0 LMCT NH3(σ)−1 4d(σ)+1

[RuII(bpy)3]
2+

1 4.0 3.8 MLCT + MC 4d(π)−1 bpy(π∗)+1 + 4d(π)−1 4d(σ)+1

2 ≈8.5 8-10 LC + LMCT bpy−1bpy(π∗)+1 + bpy−14d(σ)+1
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Figure 4.6: Summary of the ligand field splitting energy (∆) measured for the
Ru complexes investigated by 2p4d RIXS The complexes are ordered with increasing
ligand field strength (from left to right) in agreement with the spectrochemical series, and
as a function of oxidation state.

4.4 Conclusion

We have investigated the chemical bonding of Ru(II) and Ru(III) complexes solvated in water

with a combination of X-ray absorption, VtC emission, and VtC RIXS measurements at the

Ru L3-edge. All the experimental spectra have been described well by TDDFT calculations,

and have thus allowed us to quantify the experimental observations in terms of the valence

electronic structure. Through comparison with calculations, we have shown that measure-

ments report on the metal-ligand covalency, oxidation state, ligand field splitting energy,

and ligand identity of the Ru complexes; and that greater sensitivity on these quantities

is achieved with the RIXS measurements, with respect to XAS and VtC XES. In particu-

lar, the ligand field splitting energy can be directly extracted from the RIXS measurements

and we have found it to be 5.0 eV for [RuII(CN)6]
4−, 4.0 eV for [RuII(bpy)3]

2+, 3.7 eV for

[RuIII(NH3)6]
3+, 3.6 eV for [RuIII(NH3)5Cl]

2+, and 3.5 eV for [RuII(bpy)2Cl2]. In general, we

have demonstrated that the 2p4d RIXS can directly measure the energies of the MC, LC,

and CT states of the Ru complexes.

Measuring the MC state energies is particularly important for complexes with fully filled

4d(π) orbitals, since the ligand field splitting energy cannot be accessed with ground-state
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XAS studies. Moreover, MC transitions are often obscured in the UV-Vis spectrum by in-

tense CT absorption bands; therefore the approach presented here can be of unique value for

Ru and other 4d metals, in general. At the same time, the suppression of the core-hole life-

time broadening within the RIXS spectral features enables distinguishing sub-eV differences

between valence excitations, such as closely separated MC and MLCT states. The interplay

between the competing decay pathways is well understood for bipyridine complexes but is

substantially less investigated for other types of ligands. 2p4d RIXS studies can therefore

be used to investigate and screen multiple Ru complexes and help the understanding of the

formation and stabilization of charge separated states in these complexes. Moreover, the

TDDFT approach presented here has allowed us to quantify the molecular orbitals contri-

butions to the experimental VtC RIXS spectra; this will be helpful in predicting the role

of different ligand environment when trying to design new Ru complexes or tailor their

properties. Finally, extending these methods to the time-resolved regime will enable the

photoinduced dynamics to be followed for such systems. These advances can accelerate the

development of novel functional materials.

In conclusion, we have performed a systematic experimental and computational study for

characterizing the bonding properties of Ru(II) and Ru(III) complexes solvated in water. We

have shown that state-of-the-art high-energy resolution tender X-ray spectroscopy methods

and TDDFT calculations can now uniquely shed light on the valence structure of solvated

4d metal complexes.
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Chapter 5

SIGNATURES OF DELOCALIZATION IN A
PHOTO-INDUCED MIXED-VALENCE COMPLEX

INVESTIGATED BY TRANSIENT INFRARED AND Ru
L-EDGE X-RAY SPECTROSCOPIES

5.1 Introduction

The mixed-valence chemistry of multi-nuclear transition metal complexes has been a crucial

tool for understanding electron transfer processes in catalysis, in nature (such as in metalloen-

zymes), and in next generation functional materials. [158, 159] A natural, and fundamental

question when studying mixed-valence complexes concerns where the is charge located, is it

localized on a particular fragment, or delocalized across the entire complex? [53] This ques-

tion has brought about a framework for describing the level of electronic coupling present

in dual redox systems with a bridging ligand, and is known as the Robin-Day scheme. [54]

This scheme sorts complexes into three categories. In Class I systems, there is no electronic

coupling between the two metal centers. Class II systems have some electronic coupling be-

tween the two centers, but with a barrier to electron transfer (generally seen as an absorption

band in the near infrared ≈10,000 cm−1 and lower. The centers in Class III systems have

strong electronic coupling such that there is no barrier to electron transfer, and they can

be thought of as completely delocalized. Class III systems also exhibit absorption bands in

the near infrared, but these are more analogous to π → π∗ transitions seen in delocalized

organic molecules. [160]

Ruthenium-based bi-metallic complexes have been on the forefront of mixed-valence

chemistry, beginning with the symmetric Creutz-Taube ion. [52] Moving to more modern

complexes, Baraldo and coworkers have contributed greatly to the field of mixed-valence
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chemistry. [65,77,161] This work focuses on investigating the asymmetric, cyano-bridged, bi-

metallic complex [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]
3+(RuDimerACN, Figure 5.1)

which was first reported by Baraldo et al. in 2017. [65] In the ground-state of this complex,

both Ru centers are d6, low spin. The absorption spectrum of this complex in acetonitrile

presents an intense, symmetric band centered around 450 nm. Spectro-electrochemical ex-

periments in the UV-visible region showed that upon one electron oxidation, an intense band

appeared in the near infrared (≈6900 cm−1); the shape and intensity of this feature was also

shown to be identical across a wide range of solvents indicating a Class III mixed-valence

complex. [160] Additionally, spectroelectrochemical experiments were performed in the mid-

infrared (mid-IR) region to probe the behavior of the CN bridge; the ground-state stretching

mode appears at ≈2110 cm−1 and upon oxidation undergoes a significant red shift to ≈2030

cm−1, broadens, and increases in intensity. The broadening and intensity gain indicate the

presence of strong vibronic coupling. The red shifting is a substantial finding as blue shifting

would be expected from a purely backbonding argument; i.e. less 4d electron donation into

the CN π∗ orbitals would raise the bond order of the bridging cyanide. This red shift does

not correlate with a decrease in backbonding, but instead can be attributed to an increase of

electron density in the CN π∗ orbitals due to significant coupling with donor-bridge-acceptor

charge transfer absorption, mediated by the CN. [162,163]

The focus of this work was to determine if similar Class III delocalized states in RuDimer-

ACN are attainable through photo-excitation and if so, to explore and quantify the delocal-

ization. This was done by monitoring the effect of a metal-to-ligand charge transfer (MLCT)

excitation and characterizing the resulting excited states from the viewpoint of the CN bridge

with transient infrared spectroscopy and from the viewpoint of the local Ru electron density

with transient X-ray spectroscopies.

Transient infrared spectroscopy (tIR) has been widely used as a technique used to un-

derstand critical nuclear motions that influence the reactivity and function of photoexcited

chemical species. These studies have ranged from biochemical applications such as CO

detaching from carboxymioglobin [164] to understanding charge localization after ligand-
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to-metal charge transfer (LMCT) excitations in [Fe(CN)6]
3−. [165] It has also been used

previously in our lab to investigate cyano-bridged complexes, which exhibit properties of

Class II mixed-valency, following excitation of metal-metal charge transfer transitions. [56]

Thus, tIR will provide particular insight into the role the CN bridge plays during the charge

delocalization dynamics following photoexcitation into class III states of RuDimerACN.

The development of the field of X-ray spectroscopy has produced tools ideal for building

a more complete understanding of the electronic structure of transition metal complexes due

to their element specific nature. X-ray absorption spectroscopy (XAS) is most often used to

probe unoccupied valence states and has been used at the K and L edges to gain significant

insight into the 4d electronic configurations of Ru molecular systems as a function of coor-

dination geometry, oxidation state, and ligand identity. [72,85] X-ray emission spectroscopy

(XES) is a complementary technique to XAS as it reports on the occupied electronic states

with element specificity. [22] These techniques can be combined by monitoring the XES

spectrum that occurs after a resonant XAS excitation and is known as resonant inelastic

X-ray scattering (RIXS). Recent L-edge RIXS studies of 3d transition metal complexes have

shown it to be an extremely powerful technique for mapping transition metal electronic

structure [25, 86], resolving metal-centered excited states [26, 87], and for tracking specific

species during ultrafast photochemical processes [37, 87]. Transient X-ray spectroscopies at

the Ru L3-edge, RIXS in particular, will be useful compliments to the tIR studies as instead

of focusing on the CN bridge, the element specific nature of X-ray spectroscopy will allow

for direct insight into the changes of Ru electronic character following photoexcitation.

5.2 Methods

5.2.1 Samples

The Ru-based dimer complex, [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]
3+(RuDimerACN),

shown in Figure 5.1, was synthesized as reported previously by Baraldo et al. [65] which is

detailed in Appendix C. The identity of intermediate and final products were established
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using UV-Vis, FTIR, and NMR spectroscopies and compared to the reported spectra. A

detailed description of the synthetic pathway is given in the supplementary information.

Spectroscopy grade acetonitrile was purchased from Sigma Aldrich and used to make 25 mM

solutions of the Ru dimer complex which were then used throughout the transient spectro-

scopic experiments. After the experiments, the samples were once again analyzed by UV-Vis,

FTIR, and NMR spectroscopies which showed no signs of photo-degradation.

Figure 5.1: Structure of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]3+ The Ru-Ru
dimer complex, [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]

3+which is the focus of this work.
In the ground-state, both Ru centers are low-spin d6.

5.2.2 Transient Spectroscopy Experiments

The transient-infrared spectrometer used in these studies employs a pump-probe geometry

and has been described in previous publications. [56] In short, 400 nm pulses (25 fs, 1.0

µJ) were used to optically excite MLCT states of RuDimerACN. Following the pump pulse,

a mid-IR probe pulse centered at 2080 cm−1 (70 fs, 0.8 µJ) was used to investigate the

vibrations of the bridging cyanide as the complex relaxed through photoexcited MLCT states.

The 25 mM solution of RuDimerACN was pumped through a recirculating flow cell with a

50 µm pathlength to minimize sample damage.

The transient X-ray experiment took place at the Alvra endstation of the Swiss X-Ray

Free Electron Laser (SwissFEL), which has been described in detail elsewhere. [166] The

sample was excited with a 400 nm pulse (50 fs, 1.2 µJ) and probed with an X-ray pulse
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(≈2.8 keV, 24 fs, 200-500 µJ). The energy of the incident X-rays were scanned across the

Ru L3 edge (2835-2850 eV) and the absorption signal was measured in total fluorescence

yield mode with a diode. The X-ray emission was collected in tandem by dispersing the Lα

emission lines (≈2558 eV) with a Si (111) crystal onto an array detector in a von Hamos

geometry which afforded a resolution of ≈0.3 eV. The experiment was done in a reduced

helium atmosphere in which the 25 mM solution of RuDimerACN was delivered using a 50

µm jet and was recirculated.

RIXS maps were collected at two time points, 600 fs (+/- 100 fs) and 10 ps (+/- 100

fs) in order to capture snapshots of the behaviour of the local electron character around the

Ru centers as the complex progresses through the photochemical process. The X-ray data

was filtered on a shot-by-shot basis, and any shots where the relationship between X-ray

pulse intensity and the intensity of the total fluorescence yield signal was nonlinear were

discarded. This was done to remove artifacts in the data such as multi-photon absorption

and fluctuations of the liquid jet.

5.2.3 Global Analysis

The Glotaran software package was used to perform the global analysis on the transient IR

data set [167]. Data collected at parallel, crossed, and magic angle polarizations were all

used together with the assumption that only intensities of these features would be different

between the various polarizations, but decay components would be the same. A sequential

model was used with three components, an instrument response function, and a model for

coherent artifacts before time zero to account for perturbed free induction decay [168] were

used in this analysis.

5.2.4 Calculations

Time-dependent density functional theory (TDDFT) was used to calculate UV-Vis spectra

of RuDimerACN on the singlet ground-state and the lowest-lying triplet excited state. All

calculations were done with NWChem (version 6.8.1), employed the B3LYP functional [142,
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143], the Stuttgart RSC 1997 ECP basis set [169] for the Ru atoms and the 6-311G** basis

set [145] for all the remaining atoms. Solvent (acetonitrile) effects were included implicitly

via the Conductor-like Screening Model (COSMO) [45, 146], and scalar relativistic effects

were included via the Zeroth-order Regular Approximation (ZORA) model potential of van

Lenthe et al. [147–149]. The UV-Vis calculations are shifted by a uniform -0.2 eV for both

the ground-state singlet and lowest triplet state. Using the same basis sets and functional

as for the UV-Vis calculations, analytical hessians were computed to construct the infrared

spectra of both the singlet ground-state and lowest triplet excited-state [170]. The calculated

ground-state singlet and lowest triplet excited-state frequencies were shifted by a uniform

79 cm−1 to match the position of the ground-state CN bridging mode with its experimental

value.

5.3 Results

5.3.1 Transient IR

Here, we present the isotropic transient-infrared spectra of RuDimerACN following 400 nm

excitation. Intensities are given as ∆T/T : (T unpumped-T pumped)/T unpumped), the change in

the 400 nm pumped sample relative to the ground-state. In ∆T/T, an excited-state absorp-

tion (ESA) will appear as negative signal, and a ground-state bleach (GSB) will appear as a

positive signal. The frequency range collected (1960-2180 cm−1) spans both the ground and

excited-state modes of the bridging cyanide.

Infrared spectra were collected as a function of time delay from -5 ps to 300 ps. Spectral

traces at selected time points along the first 25 ps are given in Fig.5.2a which highlight the

relevant early time dynamics involving the bridging cyanide following MLCT excitation. At

all time delays, three primary spectral features are observed: A sharp ground-state bleach

signal centered at 2105 cm−1 which does not exhibit dynamics at early timescales, a broad,

intense excited-state absorption signal which is initially centered at ≈2055 cm−1 and blue

shifts to ≈2085 cm−1 on a 6 ps timescale, and a persistent negative offset across the spectral
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window which decays to an offset of lower magnitude on a 0.3 ps timescale. After these early

time dynamics, no significant spectral changes are observed and all of the above mentioned

features decay towards zero on the same ≈700 ps timescale.

Kinetic traces at selected frequencies over the first 25 ps and full 300 ps are given

in Fig.5.2b and c, respectively. The frequencies picked are the peak of the initial ESA

(2055 cm−1), the high-energy shoulder of the ESA that appears on the 6 ps timescale

(2085 cm−1), the peak of the GSB (2105 cm−1), and a high-energy position of the spectral

window to highlight the negative offset (2157 cm−1). The kinetic traces at 2105 cm−1 and

2157 cm−1 show identical fast dynamics which correspond to a decay in magnitude of the

negative offset. The kinetic traces at 2055 cm−1 and 2085 cm−1 evolve on the same timescale,

but decay/grow inversely suggesting that the species associated with the 2055 cm−1 feature

directly evolves into the species associated with the 2085 cm−1 feature.

To get more insight into the dynamics occurring in this system, a global analysis using a

sequential evolution model was done. Three primary components were found to contribute

to the time-resolved signal. The first component decays into the second component with

a 270±50 fs time constant, the second component decays into the third component with a

5.0±0.9 ps time constant, and the third component decays back to the ground-state with a

850±360 ps time constant. From this global analysis, the three evolution associated difference

spectra (Fig. 5.3a) show the temporal changes between the three components. The decay

associated difference spectra (Fig. 5.3b) show where the amplitude changes between these

different components occur in the spectra. Concentration profiles for the three components

are given in Fig 5.3c,d for the first 25 ps and full 300 ps, respectively. The primary differences

between the first and second component are that the first component exhibits a more intense

negative baseline at both high and low energies. This negative baseline decays to nearly

constant values for the second and third components, although it is still below zero. The

differences between the second and third component primarily concern the position, shape,

and intensity of the main ESA feature in which the feature shifts to higher energies, loses some

intensity, and becomes less sharp in the third component relative to the second component.
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Figure 5.2: (a) Spectral traces at selected time points (0.2 ps, 0.6 ps, 2 ps, 5 ps, 15ps,
and 25 ps) after MLCT excitation. (b) Kinetic traces at selected frequencies (2055 cm−1,
2085 cm−1, 2105 cm−1, and 2157 cm−1) during the first 25 ps. (c) Kinetic traces at the
previously mentioned frequencies along the full 300 ps.

Figure 5.3: Global Fit of transient IR Data Global Fit of transient IR data using a
three component sequential model: a) Evolution-associated difference spectra for the three
components showing the spectral evolution between components. b) Decay-associated differ-
ence spectra for the three components showing the amplitude changes between components.
c) Concentration profiles of the three components along the first 25 ps. d) Concentration
profiles of the three components along the full 300 ps along with the associated lifetimes.
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5.3.2 Time-Resolved Ru 2p3d RIXS

Ru 2p3d RIXS maps of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]
3+were collected at the

SwissFEL light source for both the ground-state and 10 ps after photo-excitation. The data

is visualized in two dimensions: incident energy vs. energy transfer. The incident energy

corresponds to 2p3/2 → 4d transitions that occur when scanning the monochromator across

the Ru L3-edge. The energy transfer corresponds to the energy splitting between 3d core

levels and the 4d valence levels and is found by calculating difference between a specific

incident energy excitation and the resulting Lα1,2 emission (3d5/2 → 2p3/2 and 3d3/2 →

2p3/2) which is resolved with a spectrometer. From these 2p3d RIXS maps, additional

features can be observed which are not visible or are difficult to distinguish in a conventional

X-ray absorption experiment.

The ground-state Ru 2p3d RIXS map (Figure 5.4a) presents three primary spectral

features The most intense prominent feature, labeled as B1, is centered at 2840.9 eV (282.8

eV) corresponding to excitations into the Ru 4d eg orbitals residing on either center and an

emission originating from the 3d5/2 orbitals. A weaker feature, labeled as B2, resides at the

same incident energy, but a higher energy transfer, 2840.9 eV (286.6 eV), and corresponds

to the same Ru 4d eg excitations, but now the emission originates from the 3d3/2 orbitals.

Finally, another weak feature, labeled as C, is observed at higher incident energies and energy

transfers than the B1 feature 2843.9 eV (286.0 eV) and corresponds to excitations into ligand

based π* orbitals of the bridging cyanide which have the required symmetry to interact with

Ru 4d orbitals. This feature is essentially an indicator of the degree of metal-ligand covalency

present between the two metal centers and the bridge.

To understand the transient changes in the system which directly involve the metal

centers, we examine RIXS difference map that is found by subtracting the ground-state RIXS

map from the map collected 10 ps following interaction with the 400 nm pump (Figure 5.4b).

The difference map shows two primary changes with respect to to the ground-state. First, a

new feature appears at 2837.9 eV (280.0 eV), labeled as A, which corresponds to excitation
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into a now empty t2g orbital which is an indicator of metal-centered oxidation following

metal-to-ligand-charge transfer. Additionally, the B1 peak exhibits a strong depletion of

signal at 2840.9 eV (282.6 eV) and an accumulation at 2842.2 eV (284.6 eV) suggesting

that the feature is shifting to higher energies relative to the ground-state. This is another

indicator that oxidation is taking place at one or both of the metal centers.

As the two dimensional RIXS maps can be difficult to interpret, additional processing

can be done to acquire meaningful one dimensional spectra. Here, we take a 0.7 eV broad cut

through the maximum of the ground-state Lα1 emission (a diagonal cut in the incident energy

vs energy transfer map) and plot this as a function of the incident energy which results in

what is known as a high-energy-resolution fluoresence-detected (HERFD) X-ray absorption

spectrum (Figure 5.4c). This analysis is vital for forming a more detailed understanding

the photo-chemical changes in the system as it suppresses the contribution of the 2p core

hole lifetime broadening of the RIXS intermediate state (≈2eV) by involving the much lower

3d core hole lifetime broadening of the RIXS final state (≈0.25 eV). The total fluoresence

yield and partial fluoresence yield collected XAS are dominated by this 2p core hole lifetime

broadening and the intense B1 feature dominates the spectra such that both the A and C

features are obscured. The HERFD difference spectrum in Figure 5.4c shows the same

trends described for the RIXS difference map described above. The A feature corresponding

to the excitation into a t2g hole appears at 2838.29 eV, and a dispersive line shape (centered

at 2841.4 eV) encompasses the region around the B1 feature which suggests that the eg

orbitals shift to higher energies upon photo-excitation. Additionally, there appears to be a

slight depletion of the C feature at 2844.15 eV.

In addition to the HERFD XAS spectrum, the RIXS maps can be projected onto the

energy transfer axis to create an energy transfer spectrum (Figure 5.4d). The only core hole

broadening contribution to this spectrum comes from the 3d core hole present in the RIXS

final state and as such results in a high-resolution spectrum with features that correspond

to the energy differences between the 3d and 4d orbitals. The energy transfer difference

spectrum in Figure 5.4d closely resembles that of the HERFD spectrum in Figure 5.4c, but
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with a higher resolution. The A feature related to the t2g hole appears at 280.2 eV, and the

dispersive line shape of the B1 feature is centered at 283.2 eV. Additionally, the feature at

higher energies, 286.4 eV, is a convolution of the B2 and C features due to the projection of

the RIXS map onto the energy transfer axis. This feature in the difference spectrum shows

depletion relative to the ground-state.

In order to gain more insight to the excited-state species present 10 ps after photo-

excitation, the excited-state HERFD and energy transfer spectra were reconstructed by

using equation 5.1 adapted from McCusker et al. [171]

µES = µoff + (1/f)× (µon − µoff) (5.1)

where µES is the excited-state spectrum, µoff is the laser off (ground-state) spectrum, µon is

the laser on spectrum at 10 ps, and f is the excitation fraction. To obtain more quantitative

information regarding peak positions in the excited state, the difference spectra were also

directly fit with a series of Gaussian functions. This was first done by fitting the ground-state

spectra with two Gaussian functions (one for B and one for C or B2/C) and then using the

resulting outputs as fixed values in equation 5.2 when fitting the difference spectra.

Difference = f × (a ∗ e−(x−µa)2/σa + b ∗ e−(x−µb)
2/σb + c ∗ e−(x−µc)2/σc −GS) (5.2)

Where f is the excitation fraction, x is either the incident energy or energy transfer axis,

a, b, and c are the amplitudes of the A, B, and C peaks, respectively, µa, µb, µc are the

center positions of the A, B, and C peaks, respectively, and σa, σb, and σc are the FWHM

broadenings of the A, B, and C peaks, respectively. For both sets of fits using equation

5.2, an excitation fraction of 41.45 % was used. This was determined from the fit of the 10

ps energy transfer spectra using an initial guess of 42% based on the concentration of the

sample, its extinction coefficient at 400 nm (7728 cm−1M−1, and the laser fluence (2 µJ)

used during the experiment. The parameters of the three Gaussian functions in equation 5.2

thus represent the excited-state spectrum and are shown in black in Figure 5.4e,f. The peak

positions and associated error from the fit are shown in Table 5.3.2 for both the HERFD

and energy transfer spectra.
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Figure 5.4: Ru 2p3d RIXS Spectra and Fits for the Ground-State and 10 ps
Following Photoexcitation a) Ground-state 2p3d RIXS map. b) 2p3d RIXS map 10 ps
after 400 nm excitation. c) Ground and 10 ps HERFD spectra. d) Ground and 10 ps energy
transfer spectra. e) Experimental and fitted triplet HERFD spectra from parameters in
equation 5.2. f) Experimental and fitted triplet energy transfer spectra from parameters in
equation 5.2.
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Table 5.1: HERFD and Energy Transfer Peak Positions

Peak Position

HERFD, eV

(Energy Transfer, eV)

A B C

ground-state
2840.99 +/- 0.01

(282.83 +/- 0.02)

2843.93 +/- 0.20

(286.32 +/- 0.10)

Triplet
2838.29 +/- 0.33

(280.17 +/- 0.11)

2841.20 +/- 0.06

(283.00 +/- 0.02)

2844.00 +/- 0.72

(285.83 +/- 0.41)

5.3.3 Calculations

The ground-state UV-Vis TDDFT calculations in Figure 5.5a agree well with the experi-

mental spectrum and show that there are multiple transitions that give rise to the intensity

of the metal-to-ligand charge-transfer band centered at 22,000 cm−1. The most intense tran-

sition at 22,502 cm−1corresponds to a metal-to-ligand charge-transfer primarily involving a

t2g electron from the Ru center on the left transferring to the left most bipyridine, as seen

from Figure 5.1. From the lowest-lying triplet calculation, this t2g hole appears to have

primarily transferred to the Ru on the right. The calculated UV-Vis spectrum of this low-

est triplet excited state, Figure 5.5b, presents three main features, a weak band centered

at ≈2550 cm−1, a strong asymmetric band centered at ≈10,000 cm−1, and a weaker band

centered at ≈22,000 cm−1. The first two bands correspond to intervalence charge-transfer

transitions between the two Ru centers, and the higher-energy band is metal-to-ligand charge-

transfer in nature.

The calculated infrared transitions of the bridging CN match the trend seen in the tran-

sient infrared experiment, Figure 5.5c; the CN stretch is red shifted in the lowest triplet

excited-state with respect to the singlet ground-state, and shows an increase in intensity.
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Additionally, the lowest triplet excited state’s low-energy intervalence charge-transfer fea-

ture overlaps with the CN bridging mode, Figure 5.5d.

Figure 5.5: Calculated UV-Vis and Infrared Spectra of the Ground-State and Low-
est Triplet State of RuDimerACN (a) Experimental ground-state UV-Vis spectrum of
[RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)]

3+and TDDFT calculated Roots. b) Calculated
UV-Vis spectrum of the lowest-lying triplet state. c) Component 3 from global analysis and
calculated roots for CN bridging mode in the ground and lowest triplet states. d) Calculated
UV-Vis and IR spectra of the lowest triplet state zoomed in to highlight the low-energy
electronic transition that overlaps with the CN bridging mode.
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5.4 Discussion

From both the transient IR and 2p3d RIXS, there are signatures that suggest that the photo-

induced mixed-valence excited state(s) of RuDimerACN are highly delocalized. Additionally,

the transient IR and its global analysis provides additional insight into the relaxation pathway

that occurs after the initial 400 nm excitation.

At both higher energies than the GSB and lower energies than the main ESA, it can be

seen that there is a negative offset. This could be due to a broad, low energy (IR absorbing)

electronic transition which is seen in the calculated UV-vis spectrum of the lowest triplet

excited state, and similar features have been reported for highly delocalized mixed-valence

systems such as photosynthetic bacterial reaction centers [172] and Class III mixed-valence

zinc porphyrin nanowires [60]. The fast time decay of the first global analysis component,

270±50 fs, is primarily related to this offset as can be seen by examining the DADS. This

offset does not completely decay, however, and is seen in the EADS of the remaning compo-

nents indicating that even in the lowest triplet state, these low-energy electronic transitions

are present. The shape of the DADS for component 1 resembles the edge of a Gaussian

function and could be due to the decay of a higher energy triplet state that also possesses

such low energy electronic transitions. Interestingly, in this DADS, the spectral region cor-

responding to the CN mode does not show any decay and as such this fast time component

is likely related to a purely electronic relaxation.

The second component decays in 5.0±0.9 ps and from the DADS can be seen as a differ-

ential line shape indicating a blue shift of the CN mode. This blue shift is also seen in the

EADS and the stretch moves from 2055 cm−1 to 2070 cm−1, a shift of 15 cm−1. The timescale

of this decay and the magnitude of the shift are both typical for vibrational relaxation of

cyanide bridge transition metal complexes [57]. The red edge of the differential lineshape

of the DADS is slightly asymmetric, and fitting with a single Gaussian was unable to fully

capture its width. This could indicate that there are multiple quanta of energy in this CN

mode that are implicated in this vibrational relaxation to the ground vibrational state.
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Finally, the third component decays in 850±360 ps and is associated with the return to

the ground electronic state. It is unlikely that this component is decaying to another excited

electronic state as the amplitudes of both the ESA and GSB appear to be approaching

0, Figures 5.2d and 5.3d. The CN mode in this component is red shifted with respect to

its ground-state position indicating that even in the lowest triplet excited state, there is a

significant amount of additional 4d electron density present in the CN π* orbitals which

indicates there is delocalization. Additionally, the offset described above is also present at

the high and low energy regions of the difference spectrum. This suggests that even in the

lowest triplet state, that there is a high degree of delocalization, and that this photo-induced

mixed-valence complex could be in Class III.

Turning now to the time-resolved 2p3d RIXS to examine this photo-induced mixed-

valence state from the viewpoint of the Ru centers, additional insights into the electronic

structure of this state can be found. The time-resolved 2p3d RIXS measurement was collected

10 ps following laser excitation and from the transient IR global analysis this corresponds to

an 80% population of component 3 and a 20% population of component 2. The difference

between these two components are whether or not the CN bridge is in an excited vibrational

state or not, but they are both in the lowest triplet exited state. As the C feature corresponds

to ligand-centered orbitals, there could be some ambiguity in its analysis because of this.

The A and B features, however, correspond to metal-centered orbitals and are likely not

particularly sensitive to the level of excitation of the CN bridge, and their analysis should

directly report on the lowest triplet excited state.

First, concerning the full RIXS maps, the spin–orbit coupling, the difference between B1

and B2 energies, is 3.86 eV in the ground-state and 3.75 eV in the lowest triplet state. This

suggests that the extent of 3d-4d coupling is different in the ground and excited states as

similar differences between spin–orbit coupling values are found for RuII and RuIII model

complexes (see Table 3.1). This spin–orbit analysis would not be possible without having

collected the full RIXS map, as both B features become convoluted in a one-dimensional XAS

spectrum. Furthermore, as the eg orbitals of both Ru centers contribute to and cause the
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B1 feature to be very broad and intense, the A feature is obscured in an XAS measurement.

Only when the RIXS is measured can the A feature be resolved as seen for the HERFD and

energy transfer difference spectra in Figure 5.4c,d.

The HERFD and energy transfer difference spectra in Figure 5.4c,d as well as the recon-

structed spectra and corresponding fits in Figure 5.4e,f show the appearance of the A feature

and the B feature blue shifts with respect to the ground-state. The formation of a t2g hole

and the shifting of eg orbitals to higher energies correspond to an oxidation of Ru, though

from just the experimental data the extent each Ru center contributes to this cannot be

determined. However, when examining the A and B feature closer, they have characteristics

that suggest that both Ru centers are implicated and that there is some degree of charge de-

localization between them. As there should be one t2g hole and eight eg holes in this system,

the expected A:B intensity ratio should be 1:8. By integrating the A and B peak from the

fits in Figure 5.4e,f this ratio is found to be 1:10.4 and 1:11.5 for the HERFD and energy

transfer spectra, respectfully. Both of these ratios suggest that the A feature is weaker than

expected if this hole was entirely Ru localized and likely corresponds to the t2g hole bearing

some CN π* character which would act to reduce the strength of the X-ray signal. This is

in line with the results from the transient IR where the CN mode in the excited-state is red

shifted compared to the ground-state position.

Hints of delocalization can also be found by examining the energy splitting between the

A and B features. Previous work in our group found that the degree of delocalization in a

Class II Fe-Ru mixed-valence complex could be found by measuring this peak splitting in Fe

K-edge XAS spectra, and with the help of TDDFT calculations found a linear relationship

between the A-B peak splitting and the fractional hole density on the Fe center where a

smaller splitting corresponded to a higher degree of delocalization [34]. Here, the peak

splittings found from the 2p3d RIXS of the lowest triplet excited-state of RuDimerACN

seem to follow a similar trend. The splittings from the HERFD and energy transfer spectra

are 2.91 eV and 2.83 eV, respectfully. Comparing these values to the values found from the

2p3d RIXS of [RuIII(NH3)6]
3+(3.6 eV for HERFD and 3.2 eV for energy transfer), they are
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significantly lower. This suggests that the hole is delocalized between both Ru centers, and

calculations to confirm if this trend is consistent for the RuDimerACN system are currently

being finalized.

To summarize the photochemical process of RuDimerACN, the 400 nm laser pump pulse

excites from the ground-state to a singlet MLCT state which undergoes intersystem crossing

to a high energy triplet MLCT state (3MLCT A) in under 30 femtoseconds. With a decay

constant of 270±50 fs, 3MLCT A decays to the lowest-lying triplet excited-state with excess

vibrational energy in the CN bridging mode (3MLCT B (hot)). This 3MLCT B (hot) then

decays to its ground vibrational state in 5.0±0.9 ps. Following this vibrational relaxation,

the system relaxes to its ground electronic state in 850±360 ps. This photochemical process

is depicted in Figure 5.6.

Figure 5.6: Photochemical Process for RuDimerACN The ground-state is excited
with 400 nm light to excite into a 1MLCT state which then undergoes an extremely fast
intersystem crossing to 3MLCT A. 3MLCT A then decays to a hot 3MLCT B in 270±50 fs
followed by vibrational cooling to the ground vibrational state in 5.0±0.9 ps. This 3MLCT
B then relaxes to the ground-state in 850±360 ps.
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5.5 Conclusion

Time-resolved infrared spectroscopy and 2p3d RIXS of RuDimerACN identify a potential

photochemical pathway for the excited-state dynamics following 400 nm excitation, and iden-

tify signatures of charge delocalization on the resulting triplet excited states. The presence

of a low energy electronic transition in the mid infrared region, like those seen in Class

III mixed-valence complexes, is identified and partially decays with with a ≈250 fs time

constant which could implicate the relaxation through multiple triplet excited states. The

CN bridge red shifts after photoexcitation which indicates an increase in Ru 4d electron

density present in the CN π* orbitals due to π back donation, even though fewer metal t2g

electrons are present in the mixed-valence ≈5 ps timescale indicative of vibrational cooling,

potentially involving multiple quanta of vibrational energy being dissipated in the system;

a 15 cm−1 anharmonicity between the ground vibrational state and the ν = 1 vibrational

state is extracted. The time resolved 2p3d RIXS reveals a decrease in the 3d spin–orbit cou-

pling in the excited-state relative to the ground-state, which suggests that the excited-state

mixed-valency has an affect on the 3d - 4d electronic correlations. Additionally, the intensity

ratio between A and B features is 30-40% higher than expected which corresponds to the t2g

hole having a significant amount of non-Ru character; likely it is partially delocalized across

the CN bridge. Finally, the energy splitting between the A and B features is significantly

smaller, by 0.7-0.8 eV, than for a typical RuIII system which could be an indicator of the

extend of charge delocalization across the two Ru centers. TDDFT-based calculations of the

2p3d RIXS spectra, with the inclusion of spin-orbit coupling, are being finalized and should

help in the quantification of this delocalization.
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Windus, K. Woliński, A. T. Wong, Q. Wu, C. Yang, Q. Yu, M. Zacharias, Z. Zhang,
Y. Zhao, and R. J. Harrison, “NWChem: Past, present, and future,” The Journal of
Chemical Physics, vol. 152, no. 18, p. 184102, 2020.

[139] K. Lopata, B. E. Van Kuiken, M. Khalil, and N. Govind, “Linear-Response and Real-
Time Time-Dependent Density Functional Theory Studies of Core-Level Near-Edge
X-Ray Absorption,” Journal of Chemical Theory and Computation, vol. 8, no. 9,
pp. 3284–3292, 2012.



117

[140] Y. Zhang, S. Mukamel, M. Khalil, and N. Govind, “Simulating Valence-to-Core X-ray
Emission Spectroscopy of Transition Metal Complexes with Time-Dependent Density
Functional Theory,” Journal of Chemical Theory and Computation, vol. 11, no. 12,
pp. 5804–5809, 2015.
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Appendix A

ADDITIONAL DETAILS AND INFORMATION FOR
ANALYZING AND INTERPRETING RU 2P4D RIXS AND

NON-RESONANT VTC EMISSION

Reproduced from Chem. Sci., 2021,12, 3713-3725 with permission from the Royal Society

of Chemistry.

A.1 Acquisition time

[RuII(bpy)3]
2+: non-resonant VtC-XES (1h 50m); 2p4d RIXS spectrum measured at the

PFY-XAS B peak (20m)

[RuII(CN)6]
4−: non-resonant VtC-XES (1h 30m); 2p4d RIXS spectrum measured at the

PFY-XAS B peak (26m); 2p4d RIXS spectrum measured at the PFY-XAS C peak (1h 46m)

[RuII(bpy)2Cl2]:non-resonant VtC-XES (40m); 2p4d RIXS spectrum measured at the PFY-

XAS B peak (50 m)

[RuIII(NH3)6]
3+: non-resonant VtC-XES (2h); 2p4d RIXS spectrum measured at the PFY-

XAS A peak (26m); Bpeak (50m)

[RuIII(NH3)5Cl]
2+: non-resonant VtC-XES (40m); A peak (1h 20m); 2p4d RIXS spectrum

measured at the PFY-XAS B peak (26m)

A.2 Effective charge and ligand field strength effects on XAS and XES peak
positions

Figure A.1a,b show the correlation between the energy of the 2p orbitals and the main

spectral feature in the Ru L-edge XAS or non-resonant XES spectra, respectively, for the

Ru complexes investigated in this study. The energy of the 2p orbitals decreases (i.e. 2p
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orbitals are closer to the core) with increasing oxidation state due to the reduced screening.

The position of the XAS and XES spectral feature report on the oxidation state, but also on

ligand field strength. With respect to the XAS, the B position of the [RuII(CN)6]
4−spectra

is at higher energy because of the high ligand field splitting energy. With respect to the

VtC XES spectra, Fig. A.1b shows that the peak a position correlates with the energy of

the 2p orbitals (which are lowest in energy for [RuIII(NH3)6]
3+ and highest in energy for

the [RuII(CN)6]
4−). Therefore, the oxidation state information is encoded in the peak a

energy shift: peak a is at lower energy for the Ru(II) complexes with respect to the Ru(III)

complexes. Moreover, for complexes with the same oxidation state, both experiments and

calculations (see also Table 4.1) show a shift of peak a to the higher energy side for complexes

with stronger ligand field, according to the spectrochemical series.

Figure A.1: Correlations Between 2p Orbital Energies and PFY XAS or Non-
resonant VtC XES Peak Positions a) Correlation between the energies of the 2p orbitals
in the ground-state and the position of the B peak in the XAS PFY spectra shown in Figure
4.2. b) Correlation between the energies of the 2p orbitals in the core-hole ionized system
and the position of the a peak in the VtC XES spectra shown in Figure 4.3.



124

Table A.1: Orbital energies (eV) of the ground and core-hole ionized state of the
Ru model complexes These energies are relevant for understanding the observed trends
in the L3-XAS and VtC-XES spectra.

Ground-state

[RuII(bpy)2Cl2] [RuII(bpy)3]
2+ [RuIII(NH3)6]

3+ [RuIII(NH3)5Cl]
2+ [RuII(CN)6]

4−

2p -2845.7 -2846.1 -2847.7 -2847.4 -2844.9

4d(π) -6.0655 -6.1215 -5.7693 -4.8552

4d(σ) -2.0564 -1.2181 -1.1405 2.2657

Core-hole ionized state

[RuII(bpy)2Cl2] [RuII(bpy)3]
2+ [RuIII(NH3)6]

3+ [RuIII(NH3)5Cl]
2+ [RuII(CN)6]

4−

2p -2962.6 -2963.1 -2966.0 -2964.8 -2961.8

4d(π) -9.06 -10.72 -9.508 -7.2565

A.3 Ground-state orbitals labelling

The molecular orbitals (MOs) are a linear combination of (non-orthogonal) atomic base

functions. After optimization, we print all the contributions to each of the MOs and we

identify the MOs that contain Ru 4d character and group them according to their energy.

For each MO, the linear coefficients are normalized so that the sum of the squared coefficients

is 1. For each group of MOs of the same (or similar) energy (for instance, for the three 4d(π)

orbitals), we calculate the percent contribution of each atomic base function to the total.

Only the principal angular momentum is considered (for instance an N p orbital comprises

N pz, N px, and N py). The results of this analysis are summarized in Table 4.2, while the

pictures of the MOs for each Ru complex can be find in Tables A.2, A.3, and A.4.
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[RuIII(NH3)5Cl]
2+

4d(σ)

4d(π)

Cl(π)

NH3(σ)

[RuIII(NH3)6]
3+

4d(σ)

4d(π)

NH3(σ)

Table A.2: GS orbitals of the Ru(III) complexes
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[RuII(CN)6]
4−

CN(π∗)

4d(σ)

4d(π)

CN(5σ)

CN(π)

CN(4σ)

Table A.3: GS orbitals of the [RuII(CN)6]
4− complex
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[RuII(bpy)3]
2+

4d(σ)

bpy(π∗)

4d(π)

bpy(σ)

Table A.4: GS orbitals of the [RuII(bpy)3]
2+ complex
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A.4 Analysis of non-resonant 4d → 2p XES data and calculations

A.4.1 Peak fitting of the spectra

The TDDFT calculated 4d → 2p non-resonant spectra are fitted with a sum of Lorentzian

functions. Panel b, d, f, h of Fig. A.2 show the results for, respectively, the calculated spectra

of [RuII(CN)6]
4−, [RuII(bpy)3]

2+, [RuIII(NH3)6]
3+, and [RuIII(NH3)5Cl]

2+. For the last two

complexes, the main peak (peak a) is fitted with two Lorentzian functions and the position

of the maximum of the sum of the two peaks is reported in Table 4.3.

The measured non-resonant 4d → 2p spectra are fitted with a sum of Voigt profiles. The

peak positions, intensities, Lorentzian and Gaussian FWHM are free parameters, but the

Gaussian FWHM is constrained between 0.3 and 0.4 eV, while the Lorentzian FWHM is

constrained between 1 and 2 eV.

For [RuII(CN)6]
4−(Fig. A.2a) and [RuII(bpy)3]

2+(Fig. A.2c) a Voigt peak centered at

high-energy side with respect to the main peak is used to fit the high-energy side shoulder

in the data. This is most likely due to multi-electron excitations, and therefore not re-

produced by the TDDFT calculations. For [RuII(bpy)3]
2+, [RuIII(NH3)6]

3+(Fig. A.2e), and

[RuIII(NH3)5Cl]
2+(Fig. A.2g) only one Voigt profile is used to fit the low-energy side fea-

ture. Finally, for [RuIII(NH3)6]
3+, the main peak is described by two Voigt profile. The two

function are summed and the position of the maximum of the sum is reported in Table 4.3.

Table A.5 reports the peak positions of the experimental data determined by the fit and

the 95 % confidence intervals.

A.4.2 Character of non-resonant 4d → 2p spectral features

For the spectral decomposition in terms of atomic orbitals (results reported in Table 4.2),

we followed procedure used in Ref. [157]. Each calculated discrete transition (root r) is

described as a combination of single-electron transitions t from a valence molecular orbital

(VOs) to the 2p-hole. For each root, we calculate the contribution of the atomic orbitals of
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Figure A.2: Results from Fitting Experimental and Calculated Non-resonant Ru
VtC Spectra A sum of Voigt functions and a sum of Lorentzian functions were used for
the experimental and calculated spectra, respectively.

type o as:

cro = Or

∑
V O

SV O

∑
i

cV O
o,i (A.1)

where Or is the oscillator strength of root r, SV O describes the contribution of valence

molecular orbital to transition r, normalized such that
∑

V O S2
V O =1, index i runs over the
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Figure A.3: Comparison between [RuII(bpy)2Cl2] and [RuII(bpy)3]
2+ non-resonant

VtC emission spectra. a) Low signal to noise for the [RuII(bpy)3]
2+ spectrum arises from

low concentration (10 mM) of the sample and low acquisition time. b) Measured (solid line)
and calculated (dashed line) of 4d → 2p non-resonant emission spectra of [RuII(bpy)2Cl2].

number of atomic orbitals of type o (for instance orbital of type Np is further decomposed

in Npx, Npy, and Npz). For each molecular orbital,
∑

o

∑
i c

V O
o,i =1. In our analysis, only

the 10 most dominant atomic orbitals contributions to each VO are considered.

Finally, the percentage contribution c of the atomic orbitals of type o to a collection of

roots within a specific energy range is given by:

co =

∑
r c

r
o∑

r

∑
o c

r
o

(A.2)
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Table A.5: Peak position in non-resonant 4d → 2p emission spectra. Reported
errors for the experimental data are 95 % confidence intervals. For the calculated spectra,
the errors are smaller than 0.1 eV.

Molecule Peak Pos. (eV)

Exp. Calc.

[RuIII(NH3)5Cl]
2+ a 2737.7 ± 0.1 2838.0

b 2833.3 ± 0.3 2833.3

c n.a. 2829.8

[RuIII(NH3)6]
3+ a 2838.1 ± 0.1 2838.2

b 2833.2 ± 0.2 2833.8

c n.a. 2830.6

[RuII(CN)6]
4− a 2837.0 ± 0.1 2837.1

b 2833.0 ± 0.3 2832.5

c 2830.7 ± 0.4 2830.2

[RuII(bpy)3]
2+ a 2837.3 ± 0.1 2837.3*

b n.a. 2832.7

c n.a. 2830.2

* A global shift of 96.3 eV is applied to the calculated spectra

n.a. = peak is not well-defined in the experimental data
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Figure A.4: Non-resonant and resonant 4d → 2p emission as a function of emitted
energy for Ru model complexes For each complex, all the spectra are normalized to
the area of the non-resonant VtC-XES spectrum and therefore the relative intensities can be
directly compared.
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Figure A.5: 2p4d RIXS measured resonantly at the B peak of the PFY-XAS
spectra for the Ru model complexes The spectra are shown as a function of energy
transfer and they have been normalized to the main peak, which reports on the energy of
the MC state for each complex.
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A.5 4d-4d multiplet effects

In this work, we consider the energy of the MC states measured by the 2p4d RIXS equivalent

to the ligand field splitting energies. This is based on the fact that 4d-4d multiplet effects

can be neglected. In octahedral symmetry, and on a first approximation, the MC state

energy (with respect to the ground-state) can be calculated as ∆E(1T1g - 1A1g) = 10Dq

- C, where 10Dq is the ligand field splitting energy and C is the Racah parameter. We

calculate the C Racah parameter from the Slater integrals describing the direct electron-

electron interactions (C=35F4) and considering a scaling of 25% with respect to the atomic

Hartree-Fock value [152]. For both a Ru(II) and Ru(III) atom, we find C = 0.1 eV. This value

is consistent with the dd multiplet effects reported for Fe-complexes, and considering that, for

4d systems: 1) the Slater integrals are reduced more than the corresponding 3d systems; and

2) the atomic values themselves are also smaller [152]. For instance, dd multiplet effects are

reported to be on the order of 0.3 eV for [FeII(CN)6]
4− [173] and also for mixed tetracyano-

polypyridyl Fe-complexes [174]. We note that dd multiplet effects for 4d systems have been

considerably less investigated than for 3d materials.
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A.6 Molecular Structures

A.6.1 [RuII(bpy)3]
2+

Ru 0.000000 0.000000 0.000000

N 1.824945 0.031723 1.049294

N 1.410074 -0.161141 -1.554830

C 2.944700 -0.051523 0.282167

C 1.958719 0.151307 2.380715

C 3.191283 0.192897 3.009561

C 4.340183 0.108675 2.234032

C 4.212279 -0.012277 0.859299

C 2.712955 -0.183268 -1.166187

C 1.121758 -0.270072 -2.862430

C 2.096178 -0.404617 -3.836499

C 3.429295 -0.429802 -3.448631

C 3.736594 -0.319798 -2.101568

H 1.042458 0.211759 2.949461

H 3.239263 0.288636 4.085352

H 5.320782 0.139577 2.689821

H 5.095652 -0.075143 0.241450

H 0.074290 -0.245172 -3.124872

H 1.806116 -0.487001 -4.874731

H 4.218437 -0.536556 -4.180852

H 4.768286 -0.342011 -1.783529

N -0.224137 -2.092048 -0.060645

N -1.721393 -0.228596 -1.190129

C -1.275754 -2.549226 -0.791540

C 0.590486 -2.982118 0.530237
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C 0.406026 -4.350304 0.428217

C -0.664954 -4.826222 -0.316648

C -1.509765 -3.915635 -0.931565

C -2.123173 -1.510515 -1.401359

C -2.444755 0.772748 -1.718239

C -3.585645 0.556890 -2.472053

C -4.003146 -0.748943 -2.693137

C -3.264715 -1.788610 -2.150281

H 1.410923 -2.573530 1.101707

H 1.092450 -5.020645 0.926519

H -0.839834 -5.888721 -0.420681

H -2.345419 -4.269689 -1.516637

H -2.087415 1.773726 -1.526003

H -4.128212 1.401262 -2.873943

H -4.890563 -0.956599 -3.275959

H -3.577689 -2.809671 -2.309916

N -1.253763 0.346009 1.655182

N -0.033797 2.102664 0.100752

C -1.474845 1.652297 1.961740

C -1.856565 -0.603328 2.390102

C -2.695763 -0.310016 3.451319

C -2.927523 1.021245 3.771409

C -2.312130 2.007874 3.017147

C -0.775565 2.630199 1.111139

C 0.629045 2.934898 -0.719534

C 0.589757 4.311869 -0.582245

C -0.164779 4.859337 0.446990

C -0.849941 4.008635 1.300079
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H -1.650964 -1.626299 2.111119

H -3.152821 -1.115260 4.009432

H -3.579117 1.289221 4.592335

H -2.485655 3.047773 3.250512

H 1.204025 2.471844 -1.508062

A.6.2 [RuII(bpy)2Cl2]

Ru 0.00000000 0.00000000 0.00000000

Cl 2.22035045 -0.04849079 1.07525781

Cl 0.97508021 -0.13061045 -2.26205861

N -0.20792268 -2.06860075 -0.07532165

N -1.85074136 -0.20495608 -0.89333514

C -1.30942772 -2.52497654 -0.72694378

C 0.69619226 -2.95296603 0.37894108

C 0.54091938 -4.31900892 0.21771667

C -0.58753472 -4.79927222 -0.43961957

C -1.51768968 -3.89112560 -0.91766404

C -2.23739535 -1.47993259 -1.17482136

C -2.66038347 0.80665571 -1.25305472

C -3.86922929 0.61007096 -1.89417539

C -4.27335201 -0.68934679 -2.18559780

C -3.44738730 -1.73807174 -1.81887167

H 1.55747648 -2.51224343 0.86497634

H 1.29658889 -4.99109470 0.60196420

H -0.73739614 -5.86161869 -0.58291075

H -2.39795701 -4.24196368 -1.43699959

H -2.30584743 1.79970639 -1.01860422
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H -4.47782731 1.46398708 -2.15958045

H -5.21273990 -0.88037205 -2.68760817

H -3.74041272 -2.75593281 -2.03217193

N -0.78951839 0.35196958 1.87612172

N 0.09402740 2.07431991 0.11742998

C -0.77219516 1.64758693 2.29508333

C -1.26155909 -0.58845991 2.71331193

C -1.73331170 -0.29834956 3.97991064

C -1.72024709 1.02280168 4.41702012

C -1.23618167 1.99878688 3.56281408

C -0.26497965 2.61248719 1.31236358

C 0.56350325 2.88176630 -0.84877250

C 0.68477340 4.24979961 -0.67581048

C 0.31194677 4.81413117 0.54016010

C -0.16407186 3.98469663 1.54210941

H -1.24377155 -1.60222692 2.34079778

H -2.10094097 -1.09786415 4.60893851

H -2.08019187 1.28627164 5.40291902

H -1.21697142 3.03159068 3.87959927

H 0.85135967 2.37665073 -1.76217414

H 1.06757061 4.85810520 -1.48439963

H 0.39624438 5.88019029 0.70739514

H -0.45268657 4.40150337 2.49627110

A.6.3 [RuIII(NH3)6]
3+

Ru 0.000000 0.000000 0.000000

N -0.004325 -0.010462 2.163711
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N 0.022569 2.160275 -0.002920

N -2.158348 -0.028645 -0.044423

N -0.022281 -2.160244 0.002488

N 0.004277 0.010032 -2.163663

N 2.158347 0.029037 0.044826

H -0.938569 -0.056713 2.573050

H 0.490612 -0.807871 2.564960

H -2.586117 0.724948 0.496925

H -2.550494 0.077382 -0.980766

H -0.894794 -2.566047 -0.337601

H 0.701131 -2.575459 -0.587544

H -0.484599 0.811018 -2.565212

H 0.938883 0.049178 -2.572903

H 2.572443 0.882875 -0.330548

H 2.550310 -0.074187 0.981546

H -0.703031 2.575743 0.584198

H 0.893873 2.566103 0.340215

H -0.437089 -0.807854 -2.585405

H -0.122465 2.576935 -0.922843

H -2.572601 -0.883437 0.328618

H 0.126173 -2.577147 0.921727

H 2.586433 -0.726009 -0.494210

H 0.430997 0.810542 2.585697

A.6.4 [RuIII(NH3)5Cl]
2+

Ru 0.00000000 0.00000000 0.00000000

N 0.00297754 0.08041971 2.18686046
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N 0.07668638 2.15866666 -0.12546046

N -2.16249624 -0.01073447 -0.03353356

N -0.07084032 -2.16220111 0.03786778

Cl -0.00169038 -0.09105604 -2.31615160

N 2.16285810 0.00711800 -0.04596637

H -0.60099716 0.82102616 2.54226273

H -0.32777900 -0.77363466 2.63335637

H -2.61582260 0.81412253 0.35649504

H -2.45191234 -0.05311712 -1.01141117

H -0.90896523 -2.56831979 0.44997773

H -0.05249539 -2.48120188 -0.93143672

H 2.60699893 0.84722606 0.32057452

H 2.61836497 -0.77206265 0.42702491

H -0.72953010 2.65577033 0.25047399

H 0.88950962 2.59279163 0.30815462

H 0.11752489 2.40346011 -1.11552271

H -2.60303999 -0.80526717 0.42664664

H 0.71172975 -2.62241323 0.50062413

H 2.44476314 -0.05455604 -1.02496795

H 0.91956841 0.26708060 2.59099274

A.6.5 [RuII(CN)6]
4−

Ru 0.000000 0.000000 0.000000

C -1.999157 0.074465 -0.558178

N -3.127380 0.115747 -0.875238

C -0.067319 2.009341 0.523221

N -0.103331 3.143972 0.816958
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C -0.557376 -0.528044 1.929663

N -0.872294 -0.823528 3.019985

C 0.066417 -2.009027 -0.524763

N 0.096497 -3.143590 -0.819500

C 0.560349 0.527890 -1.928805

N 0.879132 0.827407 -3.016927

C 1.998971 -0.076462 0.558153

N 3.126858 -0.114606 0.876855
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Appendix B

DATA ANALYSIS CODES USED DURING XFEL BEAMTIMES

I worked to develop the data analysis code for three XFEL beamtimes which ranged from

code to process raw data as it came in, processing of this data, data reduction, and post

beamtime analysis. All of the code was written in python and resides in github repositories.

I want to acknowledge the tremendous help that Chelsea Liekhus-Schmaltz provided by

teaching me how to write good code for data analysis. She played a particularly large role

in the SwissFEL code, and I was able to expand on what I learned from her to write codes

for more complicated experiments.

B.0.1 SwissFEL 2019: Ru 2p3d RIXS

For the SwissFEL beamtime which measured the 2p3d RIXS of RuDimerACN, I primarily

wrote the code for the data reduction and post beamtime data analysis. The final version of

this code can be found at:

https://github.com/bpoult/SwissFELDataAnalysis/.

The data reduction code is found in the ”final scripts” branch of this repository. The

”RIXS Main.py” script can be ran to load in raw data, apply a variety of shot filters, and

perform bootstrapping for errorbar determination. This script calls multiple functions and

classes that are contained in other .py files found within the same branch of this repository.

The code is written in a way where it should be fairly straightforward to read and understand

the logic behind it after examining the underlying functions.

The code for post beamtime analysis is found in the ”Offline Analysis 2021” branch. The

scripts ”PlotRIXS.py” and ”Looking at XES offline.py” can be ran to process the reduced

data by applying spectrometer calibrations, converting the RIXS maps from emission vs
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absorption to energy transfer vs absorption, and outputs the resulting data as .mat files

which can then be worked up further in matlab and plotted.

B.0.2 LCLS 2021: X-ray Pump X-ray Probe

This beamtime was the X-ray pump X-ray probe experiment on solution phase molecular

complexes. It involved measuring the spectrum of the FEL both before and after interaction

with the sample using two different spectrometers. The final results from this experiment

are detailed in [175]. The code can be found at:

https://github.com/bpoult/LCLS LV 27 Data Analysis/tree/beamtime

There are three main scripts that were ran during the beamtime for on the fly data

processing and analysis. These scripts make use of many functions that are contained in the

”Functions” folder.

First, is the ”auto-process-raw.ipynb” script which was used to take raw .xtc files and

reduce them to more manageable sizes and formats. This script was written in such a way

that once it is started, it will identify and begin processing the raw data as it comes in. The

first two input boxes need to be executed for the script to begin running.

Second, the ”analysis BIP.ipynb” script takes the data from the above script and pro-

cesses it in a variety of ways such as converting the resolution of both spectrometers such

that they match, applying shot filters, and calibrating the energy axes of the spectrometers.

Addititionally, there are some input boxes that plot this processed data for quick analysis.

Finally, the ”plotting processed data BIP.ipynb” script is a dedicated script for plotting

and comparing the processed data from the above script. It allows for plotting of the average

or shot by shot data, the inclusion or exclusion of certain spectrometers, and for bootstrap-

ping to estimate error bars.

B.0.3 LCLS 2021: N K-edge at ChemRIXS

This was the first user experiment at the ChemRIXS beamtime, and ran into several difficul-

ties that when compounded likely resulted in an unsuccessful experiment. The format of the
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data was changed between the early science beamtime, I initially based the code on, and the

our beamtime. Because of this, most of the code had to be rewritten during the beamtime

and is a bit messy. The code can be found at:

https://github.com/bpoult/LCLS LV15 2021.

The script to look at would be ”Offline Analysis Ben-TheFinalStretch.ipynb” in the

”Beamtime Work” folder. This script uses a few other functions to load raw data, pro-

cess signals from various detectors, and filter the shot-by-shot data. The different portions

of this script can be ran to process the data and get out nitrogen K-edge spectra. Like I

mentioned, the code is messy, and likely some portions of it are out of date as the ChemRIXS

beamline has learned more reliable ways to extract I0 values from their upstream detectors.

That being said, it should be readable, and it should provide a starting point for someone

to write a new batch of code for ChemRIXS experiments.
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Appendix C

SYNTHETIC PROCEDURES FOR RU MIXED VALENCE
COMPLEXES

The purpose of this appendix is to collect all of the procedures for the synthesis of Ru

containing mixed valence complexes in one place. Some of the procedures come directly

from journals, though notes on modifications to the syntheses that I made are also provided.

All of the following procedures give examples of volumes and masses to use, but I have had

decent success scaling up almost all of the reactions to produce samples on the gram scale.

C.1 [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(L)]X2/3

The complexes that I targeted in this synthesis were:

1. [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)](PF6)3

2. [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(Cl)]Cl2

though there are L = −NCS and DMAP derivatives reported in the reference paper as well.

The six step reaction is as follows:

RuCl3 → Ru(tpy)Cl3 → [Ru(tpy)(bpy)Cl]Cl → [Ru(tpy)(bpy)CN)]PF6

Ru(bpy)2Cl2 → Ru(bpy)2CO3

Ru(bpy)2CO3 + [Ru(tpy)(bpy)CN)]PF6 → [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(OH)](PF6)2

[RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(OH)](PF6)2 → 1 or 2

C.1.1 Ru(tpy)Cl3

See reference [176].
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Using a 200 mL round bottom flask, dissolve 262 mg of RuCl3 and 233 mg of 2,2’,2”-

terpyridine in 125 mL of absolute ethanol. The RuCl3 is often times staticky, so reserve some

of the ethanol to rinse the weigh paper into the flask. Reflux this mixture for three hours

while maintaining strong stirring. After the reflux, cool the flask to room temperature and

filter to collect a fine brown powder. Wash with three portions of 30 mL ethanol followed by

three portions of 30 mL diethyl ether. ∼80-90% yield on average.

C.1.2 [Ru(tpy)(bpy)Cl]Cl

See reference [177].

Using a 500 mL round bottom flask, dissolve 2 g of [Ru(tpy)Cl3], 0.71 g of 2,2’-bipyridine,

0.2 g of LiCl, and 1 mL of triethylamine in 400 mL of 3:1 ethanol:H2O. Reflux this mixture

for four hours while stirring. After the reflux, filter the solution while it is still hot, and then

rotovap the solution until ∼100 mL volume remains. Chill this on ice overnight and filter to

collect the solid which is then washed with two portions of 10 mL 3 M HCl followed by 30

mL of acetone and 200 mL of diethyl ether. ∼60-70% yield on average.

C.1.3 [Ru(tpy)(bpy)CN)]PF6

See reference [77].

In a 100 mL round bottom flask, dissolve 197 mg of [Ru(tpy)(bpy)Cl]Cl and 230 mg of

KCN in 50 mL of basic water. Prepare the basic water by dissolving 0.2 g of NaOH. Reflux

this mixture for 2 hours while stirring, and then add 79 mg of KPF6 to the hot solution.

Cool to room temperature and then chill on ice for 2 hours. Filter this to collect a purple

solid, and wash with two portions of 3 mL of basic water. Purify this solid by recrystallizing

with acetonitrile. ∼60-70% yields on average.

Be sure to both setup and clean up this reaction with someone else in the lab with you as

KCN is a highly toxic compound. Be sure no acids come in contact with the solution at any

time, or the waste that is generated. Be sure to wash all glassware used with water followed
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by a dilute bleach solution, and dispose of the rinsings into a designated CN containing waste

container.

C.1.4 [Ru(bpy)2CO3]

See reference [78].

In a 250 mL round bottom flask, dissolve 2 g of [Ru(bpy)2Cl2]*2H2O in 150 mL of de-

aerated water. Reflux this mixture under nitrogen for 15 minutes with stirring. Then, add

6.6 g of sodium carbonate to the hot solution (add this slowly or the reaction will boil over)

and reflux for an additional two hours with stirring. This solution was then cooled to room

temperate and filtered to yield purple, needle shaped crystals. Wash these crystals with

three portions of 10 mL of H2O. ∼65-80% yields on average.

I found that having fresh (opened at maximum 6 months prior to doing the reaction)

[Ru(bpy)2Cl2]*2H2O was vital in the success of this reaction.

C.1.5 [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(OH)](PF6)2

See reference [65].

In a 250 mL round bottom flask, dissolve 150 mg of [Ru(tpy)(bpy)CN)]PF6, 125 mg

of [Ru(bpy)2CO3], and three drops of trifluoroacetic acid in 150 mL of deaerated acetone.

Reflux this mixture for two hours under nitrogen with stirring. AFter the reflux, add 86 mg

of KPF6 to the hot solution dissolved in 15 mL H2O. Rotovap this solution until only the

water remains and then cool to room temperature. Filter this solution to collect a brown

solid which is then washed with three 5 mL portions of H2O. ∼50-70% yields on average.

C.1.6 [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(CH3CN)](PF6)3

See reference [65].

In a 100 mL round bottom flask, dissolve 50 mg of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(OH)](PF6)2

in acetonitrile. Reflux this mixture for two hours while stirring, and then rotovap the solu-
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tion to dryness. Purify this solid by recrystallizing with 1:1 acetonitrile:water. I found that

two recrystallizations were required to achieve a sufficiently pure sample. ∼80-90% yields on

average.

C.1.7 [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(Cl)]Cl2

See reference [65].

In a 50 mL round bottom flask, dissolve 50 mg of [RuII(tpy)(bpy)(µ-CN)RuII(bpy)2(OH)](PF6)2

and 3 mL of concentrated HCl in a 30 mL of 1:1 acetone:water. Reflux this mixture for two

hours while stirring. Evaporate the solvents to dryness and the resulting solid was loaded

onto a Sephadex LH-20 size exclusion column (length = 60 cm and diameter = 4 cm) and

eluted with methanol. The second brown-red fraction was collected and rotovapped to dry-

ness. The resulting solid was then recrystallized with 1:1 acetone:water. ∼50-70% yields on

average.

Removing the HCl solution can be difficult, I tried a few different ways and found the

best was to rotovap the solution taking care to fully clean the rotovap apparatus with water

both before and after rotovapping.

C.2 Na[(CN)5Fe
II(µ-CN)RuIII(NH3)5]

See references [57, 178].

This is a single step reaction with multiple, extensive purification steps. It is best to split

the reaction and purification steps into three different days, as they all steps take a significant

amount of time to complete. One can stagger the synthesis such that three different syntheses

are being worked up at a time: starting the reaction for one of the syntheses, running the

first column for purification on a second, and running the final column for purification for

the third. These steps can all be ran together in the same day, and this is the most efficient

way to synthesize large amounts of the FeRu sample. I found that this reaction sometimes

worked quite well, and other times failed completely even though identical procedures (to

the best of my ability) were used.
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C.2.1 Day 1: Reaction

In a 250 mL round bottom flask, dissolve 0.53 g of [RuIII(NH3)5Cl]Cl2 in 70 mL H2O and

heat to 60 degrees C, stir until dissolved. In a beaker, dissolve 0.83 g of K4[Fe
II(CN)6] in 30

mL H2O. After the Ru complex has completely dissolved, add the solution of the Fe complex.

Maintain the solution at 60 degrees C (do not let vary more than +/- 2 degrees) for two

hours while stirring. After this, filter the hot solution and collect the green liquid and let it

cool to room temperature. After cooling, add 200 mL of methanol and chill on ice overnight.

C.2.2 Day 2: Filtration and Ion Exchange Column

Filter the solution from Day 1 using a fritted filter. Decant as much of the top layer off as

possible, and then swirl the flask to mix up the precipitate. In small portions, filter this

slurry. The filtration will slow down as more of the solution is added. You can stop adding

the solution and wait for the solid on the filter to dry out, then move the filter over to a new

filtration flask and add water to the filter to dissolve the solid. Collect this aqueous solution

in the new filtration flask, and move the filter back to the first flask. Repeat this until all of

the solution has been filtered.

After the filtration, rotovap the aqueous solution until only a few mL are left. This is

then ready to run through the ion exchange column.

Prepare the ion exchange column by loading a 30 cm length, 2 cm diameter column with

Dowex 50W X8 (hydrogen form). Run H2O through this until the pH turns neutral, and then

run three column volumes of 1.5 M NaCl. Before using the column, run through with two

column volumes of H2O. The solution from above can then be loaded onto the column, run

this and elute with water at at rate of 1 drip every ∼5 seconds. Collect the colored solution

that makes it through the column. Rotovap this solution until only a few mL remain.

The column can be reused until the entire column media turns blue, which is when it will

need to be repacked with new material. Before reuse, run through with two column volumes

of 1.5 M NaCl and let sit overnight with the NaCl solution.
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C.2.3 Day 3: Size Exclusion Column

Prepare the size exclusion column by loading Bio-Gel P2 in water into a 60 cm length, 4 cm

diameter column. Run the solution from the ion exchange column through the size exclusion

column eluting with water at a rate of 1 drip every ∼10 seconds. Collect the bottom, blue-

green fraction and rotovap to near dryness. Sometimes, pure crystals will precipitate from

this solution. If crystals do not form after 1-2 days, rotovap to dryness to get a blue powder.

Check purity with FTIR.

The size exclusion column can be reused until inadequate separations start to occur. Be

sure to run water through the column after you collect the product until there are no more

bands left on the column. Otherwise, this will compromise the column.

C.3 X4[(CN)5Fe
III(µ-CN)RuII(L4)(µ-(NC)FeIII(CN)5]

See references [161,179].

The complexes that I targeted in this synthesis were:

1. X4[(CN)5Fe
III(µ-CN)RuII(py4)(µ-(NC)Fe

III(CN)5]

2. X4[(CN)5Fe
III(µ-CN)RuII(4-methoxypyridine4)(µ-(NC)Fe

III(CN)5]

though there is an L = 4-tert-butylpyridine derivative reported in the reference paper as

well. X is either P(Ph)4 or Na where the initial product is in the P(Ph)4 form, though can

be converted to the Na if water solubility is desired.

This is a two step reaction that should be split into three days to accommodate the

purification steps at the end. Like FeRu, multiple syntheses can be staggered to optimize

the efficiency.

The reaction scheme is as follows:

[RuII(dmso)4Cl2] → [RuII(L)4Cl2]

[RuII(L)4Cl2] + K3[Fe(CN)6] → (P(Ph)4)4[(CN)5Fe
III(µ-CN)RuII(L4)(µ-(NC)Fe

III(CN)5]
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C.3.1 Day 1: [Ru(L)4Cl2]

[RuII(py)4Cl2]: In a 100 mL round bottom flask, dissolve 300 mg of [RuII(dmso)4Cl2] in

40 mL of pyridine. Reflux this mixture for 2.5 hours with stirring. After the reflux, rotovap

this solution until only ∼3 mL remains; orange crystals will precipitate during this. Filter

to collect the solid and wash with three 10 mL portions of ethanol and three 10 mL portions

of diethyl ether.

[RuII(4-methoxypyridine)4Cl2]: In a 50 mL round bottom flask, dissolve 969 mg of

[RuII(dmso)4Cl2] in 25 mL of ethanol and then add and 8.73 g of 4-methoxypyridine. Reflux

this mixture for three hours with stirring. After the reflux, let the reaction cool to room

temperature and filter to collect the fine orange crystals. Wash with three 10 mL portions

of ethanol.

C.3.2 Day 2: (P(Ph)4)4[(CN)5Fe
III(µ-CN)RuII(L4)(µ-(NC)Fe

III(CN)5]

In a 100 mL round bottom flask, add either 975 mg of [RuII(py)4Cl2] or 1.22 g of [RuII(4-

methoxypyridine)4Cl2] and 13.17 g of K3[Fe
III(CN)6] to a 50 mL of a 4:1 water:methanol

mixture. Reflux this for four hours with stirring. After the reflux, cool to room temperature

and add 100 mL methanol to precipitate excess K3[Fe
III(CN)6]. Wash the yellow solid with

two 10 mL portions of methanol. Rotovap the green solution until ∼10 mL remains. Add

another 100 mL of methanol and repeat the filtration. After this second filtration, rotovap

until only a few mL of the solution remains. Add excess P(Ph)4Cl, ∼ 3 g, and swirl the flask

until a thick slurry forms. Chill overnight on ice.

C.3.3 Day 3: Filtration and Size Exclusion Column

Filter the slurry from day 2 to collect a green solid. The filtration takes a while as it will

slow down significantly after the slurry is added. This can be worked around by adding small

amounts at a time, letting the solid dry, and then moving the filter to a new filtration flask

and rinsing with methanol to dissolve the solid. After the solid has been cleared from the
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filter, the filter can be moved to the initial flask and another portion of the slurry can be

added.

After all of the slurry has been filtered, rotovap the green solution until only a few mL

remain. This is then ready to be loaded onto the size exclusion column.

Prepare the size exclusion column (60 cm length, 4 cm diameter) loading with Sephadex

LH-20 that has been soaked in methanol for ∼2 hours. Load ∼1-2 mL portions of the solution

onto the column and elute with methanol at a rate of 1 drop per ∼10 seconds. Collect the

dark green fraction. Be sure to keep running methanol through the column until no colored

fractions remain, if this step is ignored, the column will be compromised. The column can

be reused for a long time, and can be repacked if air bubbles form.

Combine dark green fractions from the column and rotovap until only a few mL remain.

Divide this solution into multiple vials such that there is ∼1 mL in each. To a jar, add

∼10 mL of diethyl ether and place the vials inside, closing the lid. Let this sit undisturbed

overnight and fine green crystals should form. Filter to collect these crystals and wash with

two 10 mL portions of diethyl ether. Do individual filtrations for each vial.

If the water soluble form (Na4[(CN)5Fe
III(µ-CN)RuII(L4)(µ-(NC)Fe

III(CN)5]) is desired,

dissolve the desired amount of (P(Ph)4)4[(CN)5Fe
III(µ-CN)RuII(L4)(µ-(NC)Fe

III(CN)5] in

acetonitrile and add 1.2 equivalents of NaClO4. Filter this to collect the green solid, wash

with three 10 mL portions of acetonitrile. Dissolve this solid in water, and filter again. The

resulting green solution can then be rotovapped and the water soluble solid can be collected.
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