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ABSTRACT: The electronic structure and dynamics of ruthenium
complexes are widely studied given their use in catalytic and light-
harvesting materials. Here we investigate three model Ru complexes,
[RuIII(NH3)6]3+, [RuII(bpy)3]2+, and [RuII(CN)6]4−, with L3-edge
2p3d resonant inelastic X-ray scattering (RIXS) to probe unoccupied
4d valence orbitals and occupied 3d orbitals and to gain insight into
the interactions between these levels. The 2p3d RIXS maps contain a
higher level of spectral information than the L3 X-ray absorption near
edge structure (XANES). This study provides a direct measure of the
3d spin−orbit splittings of 4.3, 4.0, and 4.1 eV between the 3d5/2 and
3d3/2 orbitals of the [RuIII(NH3)6]3+, [RuII(bpy)3]2+, and
[RuII(CN)6]4− complexes, respectively.

■ INTRODUCTION
Ruthenium complexes are extensively studied due to their
unique photophysical, photochemical, and catalytic proper-
ties1−3 and have found widespread use in light-harvesting
technologies, catalysis, and biological applications.4−6 The
modulation of the ground and excited state valence electronic
structure of Ru-complexes by varying their ligand environ-
ments determines their functionality and has been the focus of
numerous experimental and computational studies.1,7 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 extraction.8,9 In
other applications, such as photocatalysis, the formation of
excited metal-centered (MC) states governs excited state
reactivity.10 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 complexes. 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 exper-
imental tools with element and orbital specificity to understand
the electronic structure of transition metal complexes in greater
detail.11,12 X-ray absorption spectroscopy (XAS) is most often

used to probe unoccupied valence states 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.13,14 X-ray emission
spectroscopy (XES) is a complementary technique to XAS as
it reports on the occupied electronic states with element
specificity.15 These two techniques can be combined by
monitoring the XES spectrum 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.16

Recent L-edge RIXS studies have shown it to be an
extremely powerful technique for mapping transition metal
electronic structure.17,18 In particular, RIXS spectroscopy has
identified metal-centered excited states19,20 and illuminated
their role in ultrafast photochemical processes.20,21 However,
L-edge RIXS has been primarily focused on first-row transition
metal complexes with only a few examples of 4d22−25 and
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5d26,27 solid state systems. In this work, we use the Ru L3 2p3d
RIXS, illustrated in Figure 1(a), to investigate a selection of
model Ru complexes: [RuIII(NH3)6]3+, a RuIII complex with
primarily σ donating ligands; [RuII(bpy)3]2+, a photochemi-
cally relevant RuII complex with weak π accepting ligands; and
[RuII(CN)6]4−, a RuII 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 that 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 contribu-
tion from the 3d hole (RIXS final state) is less than that from
the 2p hole (RIXS intermediate state) (∼0.25 and ∼2 eV,
respectively).28 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 photoexcited states.

■ METHODS
Samples. The complexes tris(2,2′-bipyridyl)ruthenium(II) chlor-

ide hexahydra te [Ru I I (bpy) 3]C l 2 ·6(H2O) , po ta s s ium
hexacyanoruthate(II) hydrate K4[RuII(CN)6]·x(H2O), and
hexammineruthenium(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+.

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 nitrogen 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.29 The calibration of the spectrometer was performed with elastic
scattering measurements.

An in-vacuum 2-dimensional (2048 pixels × 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.29 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 (SI Figure 2) were then converted to the incident energy vs
energy transfer maps presented in this publication.

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 subchamber 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 (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 refeed 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.

Figure 1. (a) Energy level diagram depicting the two-step Ru L3-edge 2p3d RIXS process. Initially, a 2p3/2 electron is excited by an 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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■ RESULTS
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, 4, and 5, respectively. Projecting the 2D
RIXS spectra along the energy transfer axis, results in the
partial fluorescence yield (PFY) XAS measurements shown in
Figure 2 as solid lines. These spectra show three distinct pre-

edge features labeled A, B, and C, and assigned previously30,7

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 Figure 1(b)) with reduced
line widths 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.
The 2p3d RIXS measurement allows for the features in the

PFY spectra to be deconvoluted into numerous subpeaks 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 Figure 3(a). The map of the [RuII(bpy)3]2+ in Figure
4(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 (Figure 5(a)) contains both a
B feature with B1 and B2 peaks and a C feature with C1 and
C2 peaks. The subpeaks 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 observation of splitting due to 3d
spin−orbit coupling (see Figure 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 3−5. 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

Figure 2. Ru L3-edge XANES spectra for the model complexes
[RuIII(NH3)6]3+, [RuII(bpy)3]2+, and [RuII(CN)6]4−. Partial fluores-
cence 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.

Figure 3. (a) Ru L3-edge 2p3d RIXS map of [RuIII(NH3)6]3+. The following peaks are observed: A1 (2837.3 and 279.9 eV), A2 (2837.3 and 283.6
eV), B0 (2841.9 and 279.8 eV), B1 (2840.9 and 283.1 eV), and B2 (2840.9 and 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 SI Figure 3.
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lifetime broadening of the states involved, which could lead to
incorrect interpretations.16 By fitting a sum of Voigt profiles to
the CIE and CET cuts in Figures 3−5(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 1.
The energy splittings between subpeaks in a given feature, i.e.,
B2−B1, and subpeaks in different features, i.e., C1−B1, are
also given in Table 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 SI Figures 3−5. 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 1. In the following sections, the peak
positions and the energy splittings between the various features
are analyzed, allowing for information about the electronic
structures of these three Ru-systems to be extracted.

2p3d RIXS Map of [RuIII(NH3)6]3+. The ground state
valence electron configuration of the RuIII complex

[RuIII(NH3)6]3+ is 4d t2g5 eg0. Due to the vacancy in the t2g
orbitals, transitions into both the t2g and eg orbitals are possible
(A and B features, Figure 1(a)). Looking first at the full
[RuIII(NH3)6]3+ RIXS map in Figure 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 Figure 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
Figure 3(a), in which the A2 peak manifests as an asymmetric
broadening on the red edge of the B1 peak (∼2837 eV). The

Figure 4. (a) Ru L3-edge 2p3d RIXS map of [RuII(bpy)3]2+. The following peaks are observed: B1 (2840.3 and 282.6 eV), B2 (2840.3 and 286.6
eV), and C1 (2844.2 and 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 SI Figure 4.

Figure 5. (a) Ru L3-edge 2p3d RIXS map of [RuII(CN)6]4−. The following peaks are observed: B1 (2841.5 and 283.9 eV), B2 (2841.5 and 288.0
eV), C1 (2843.3 and 285.8 eV), and C2 (2843.3 and 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 SI Figure 5.
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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 Figure 3(b) and as reported in Table 1. This energy
difference reports on the energy splitting between the t2g and eg
orbitals and agrees well with previous measurements.7,31 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 ΔB‑A measured along
the incident or the energy transfer is discussed in further detail
in the discussion to follow.
Examining Figure 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 Figure 3(b). We tentatively
assign this feature as being due to multiconfigurational mixing
of 2p core excited states, i.e., 2p5 t2g6 eg0 and 2p5 t2g5 eg1, and is
discussed in further detail later. Similar phenomena has been
described in the context of 2p3d RIXS of 3d transition
metals.19

Finally, Figure 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 (Figure 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 Figure 2 as an asymmetric
shoulder to the blue.

2p3d RIXS Map of [RuII(bpy)3]2+. The RIXS map of
[RuII(bpy)3]2+, Figure 4(a), presents three 2D spectral
features: B1, B2, and C1. The valence configuration of this
RuII complex is 4d t2g6 eg0 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 Figure 4(b),(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.32 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, ΔC−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.

33,24 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.

2p3d RIXS Map of [RuII(CN)6]4−. The RIXS map of
[RuII(CN)6]4−, Figure 5(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 Figure 5(c). Similar to
[RuII(bpy)3]2+, the B features correspond to initial transitions
from 2p orbitals to 4d eg orbitals and the C features
correspond to transitions from Ru 2p orbitals to 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 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.

■ DISCUSSION
Branching Ratio of the Lα Emissions. One point of

interest concerning the subpeaks within a feature correspond-
ing to Lα1 and Lα2 emissions, i.e., B1 and B2 peaks, is that

Table 1. Tabulated Positions of the Peaks Labeled in Figures 3−5 as Found by Fitting Cuts Taken along the Maxima of the
Given Peaka

position, eV splittings, eV

molecule peak Einc.(Ω) Etrans.(Ω − ω) ΔB−A Einc. (Etrans.) ΔC−B Einc. (Etrans.) ΔB2−B1 ΔC2−C1

[RuIII(NH3)6]3+

A1 2837.3 279.9

3.6 (3.2) 4.3
A2 N/A N/A
B0 N/A 279.8
B1 2840.9 283.1
B2 2841.0 287.4

[RuII(bpy)3]2+
B1 2840.4 282.6

3.9 (4.3) 4.0B2 2840.3 286.6
C1 2844.3 286.9

[RuII(CN)6]4−

B1 2841.5 283.9

1.8 (1.9) 4.1 4.1
B2 2841.5 288.0
C1 2843.3 285.8
C2 2843.3 289.9

aPeak 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 resolution 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 SI Figure 3 for additional details.
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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,28,34 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 a total angular
momentum sum rule discovered empirically in 1924 by
Ornstein, Burger, and Dorgelo.35 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.”36 This
is represented pictorially for Lα1 and Lα2 transitions in SI
Figure 1. This intensity ratio holds well for all of the spin−
orbit split features in the three Ru complexes studied here.
Though the calculations of Scofield34,37 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.

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, then it may be that the
4d4d multiplet, 2p4d multiplet, 4d spin−orbit coupling, and 2p
spin−orbit coupling also influence the peak shapes and
identities.
As touched upon in the “Results” section, the splitting

between two features, i.e., ΔB‑A in [RuIII(NH3)6]3+ and ΔC−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 2p63d104dN, the differences in
splittings likely arise due to effects present (or absent) when
comparing the intermediate and final RIXS states:
2p53d104dN+1, and 2p63d94dN+1, respectively.
For [RuIII(NH3)6]3+, the ΔB−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 ΔC−B value is the
difference between the metal 4d and ligand π* orbitals in the
intermediate or final states, mainly due to changes in 3d4d

interactions. Interestingly, differences in these ΔC−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, intermediate, 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 result in small differences (0.1 eV) between
ΔC−B in either dimension. Complexes with weaker 4d−ligand
π* interactions such as [RuII(bpy)3]2+ have larger differences
(0.4 eV) between ΔC−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 t2g5
eg1 and t2g6 eg0 made possible by initial, intermediate, and final
state effects that modulate the B0 peak intensity as seen in SI
Figures 8 and 9. 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.19

■ 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 broad-
ening 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+, and [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 appears in the
[RuIII(NH3)6]3+ spectrum, 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
methodology38 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.30,32,39
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