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Abstract

We report on the electronic structure of cobalt (I1) tris-2,2’-bipyridine and cobalt (I11) tris-2,2’-bipyridine
in aqueous solution using resonant inelastic X-ray scattering (RIXS) spectroscopy at the Co L-edge and N
K-edge resonances. Partial fluorescence yield X-ray absorption spectra at both edges were obtained by
signal integration of the respective RIXS spectra. Experiments are complemented by calculations of the X-
ray absorption spectra for high and low spin configurations using density functional theory/restricted open
shell configuration interaction singles and time-dependent density functional theory methods. We find that
linear combinations of the simulated X-ray absorption spectra for different spin states reproduce the
experimental spectra. Best agreement is obtained for measurements at the Co L-edge, for both samples. For
cobalt (1) tris-2,2’-bipyridine our combined experimental and computational study reveals ~40% low-spin
and ~60% high-spin state components. Much stronger low-spin character is found for cobalt (I1l) tris-2,2’-
bipyridine, ~80% low spin and ~20% high spin. Prominent energy-loss features in the Co RIXS spectra are
indicative of d—d excitations and charge-transfer excitations due to strong mixing between metal and ligand
orbitals in both complexes. Analysis of N 1s RIXS data reveals the emission from metal dominated orbitals

in the valence region, supporting the strong metal-ligand mixing.
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Introduction

In the quest for earth-abundant materials for sustainable renewable energy applications, compounds with
cobalt-active centers have been extensively investigated over the past decades.! Applications ranging from
magnetic materials,? catalysts, and electrode materials, to specific photo-active centers functional in water
splitting and dye-sensitized solar cell systems use cobalt containing complexes as main ingredients.®*
Among those complexes, tris(2,2’-bipyridine) cobalt is of particular interest because it assumes two
oxidation states, [Co(bpy)s]** and [Co(bpy)s]**, serving as electron mediators in water splitting and in dye-
sensitized solar cell systems.®® This redox ability is directly linked to the metal-ligand bonding.® In a
broader context, the electronic structure of these materials characterized by hybridization, charge transfer
and spin-state, plays a crucial role in determining the chemical function in such a multi-component system.
Despite the large application potential of these materials, information on the electronic structure is rather
scarce, especially in aqueous phase which reasonably well mimics the ambient conditions that exist in a

working solar cell or a water-splitting catalytic reactor.®’

Co metal centers (Co*" and Co®") reported here are octahedrally surrounded by chelating 2,2’-bipyridine
ligands which can act as pi-acceptor and sigma-donor, thus forming a stable bond with the metal center.®
Due to the large ligand size, steric constraints'® will lead to some deviation from perfect octahedral
symmetry, and this can affect the overall stability of the complex. Upon an external stimulus the complexes
can switch spin, commonly referred to as spin cross-over.™* This spin effect is due to the details of the
valence electronic structure. The metal centers in the [Co(bpy)s]** and [Co(bpy)s]** complexes have d’ and
d® ground-state configurations with spin adjustability AS = +1 and AS = 2, respectively. It has been found
that structural changes are stronger in the case of AS = +1 spin change resulting from the strong Jahn-Teller

distortions, particularly for d’ low-spin configuration.*?

In the present study we analyze the various possible spin states of the [Co(bpy)s]** and [Co(bpy)s]**
complexes in aqueous solution by a combination of resonant inelastic X-ray scattering (R1XS) spectroscopy
13 and electronic-structure calculations. We report Co L-edge (2p3d) and N K-edge (1s2p) RIXS spectra,
and we also present the respective signal-integrated spectra as a function of excitation photon energy which
yields the so-called partial fluorescence yield X-ray absorption (PFY-XAS) spectra. The experimental
approach is similar to our recent RIXS studies from Co (I11) protoporphyrin 1X chloride* and hemin®® in
solution, where we provided a comprehensive interpretation of PFY-XAS and RIXS spectra with the
assistance of electronic structure calculations. Furthermore, and analogous to the previous works, we have
simulated the Co Ljz-edge XAS, RIXS, and N K-edge RIXS spectra using the density functional

theory/restricted open shell configuration interaction singles (DFT/ROCIS) method. We also simulated the
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N K-edge XAS spectra using time-dependent density functional theory (TDDFT) method provided by
ORCA' software package. This allows for an assignment of the spin character.

1. Methods

1.1. Experiments
In order to achieve a sufficiently high concentration of the hydrophobic Co tris-bipyridine complexes®’ we
dissolved [Co(Il)(bpy)s]Cl. and [Co(lll)(bpy)s]Cls salts in water to obtain 100 mM and 200 mM
concentrations, respectively. Salts were purchased from Dyenamo Chemicals (purity > 95%). Aqueous
solutions were prepared immediately prior to the RIXS measurements by dissolving the salts in Milli Q
water.'® The RIXS measurements at the Co L-edge and N K-edge for both samples were conducted using
the LiXEdrom 2.0 experimental station at the U49-2 PGM1 beamline of the BESSY Il synchrotron light
facility in Berlin. Liquid samples were contained in a flow-cell equipped with a 150 nm thick SiC membrane
separating liquid from vacuum. The flow-cell was connected to a syringe pump (sample volume inside the
syringe was ca. 30 ml) operated in push-pull mode with a flow rate of 3 ml/min. Fresh liquid sample was
introduced for the Co and N edge measurements. The transmissivity of the membrane was approximately
10% for 400 eV photons, and 65% for 800 eV photons at 45 incidence angle with respect to the beamline.
A continuous circulation of the liquid inside the flow-cell is maintained by the syringe pump which
minimizes sample damage upon X-ray irradiation. The LiXEdrom 2.0 setup consists of an X-ray
spectrometer with two high-resolution variable-line-spacing (VLS) gratings optimized for 200-500 eV
(1200 lines/mm) and 500-1200 eV (2400 lines/mm) energy range, respectively. The detector consists of a
combination of a microchannel plate (MCP)/ phosphorous screen/ CCD camera assembly. The scattering
geometry is set to 90° angle with respect to the incident light direction. Detailed description of the

experimental setup can be found elsewhere.®

1.2. Computation

We used ORCA software package for the calculations.*® M06% density functional method along with
def2-TZVP(-f) basis set?* was used for molecular geometry optimizations. Transition energies and
moments for the Co L-edge were calculated with DFT/ROCIS using the same basis set and
B3LYP#*? functional. For the N K-edge, TDDFT method was employed, again using the same
functional and basis set. For DFT/ROCIS calculations, we applied the B3LYP functional with the

parameters ¢;=0.18, ¢,=0.20, and ¢3=0.40.* During the calculations, the resolution of identity?>2°
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approximation was used employing the def2-TZV/J auxiliary basis set.*® Numerical integrations
during the DFT calculations were performed on a dense grid (ORCA grid 4). L-edge and K-edge
absorption spectra were obtained by applying a 0.8 eV Gaussian-type broadening on each transition
moment respectively. The geometry calculations had no symmetry constraint. In all calculations,
the relativistic effects were taken into account using zeroth order regular approximation (ZORA).**
The solvent effects were accounted for using the conductor-like polarizable continuum model
(CPCM water) in ORCA.*

2. Results and discussion

2.1. Experimental
Geometry optimized molecular structures for both complexes are demonstrated for the low-spin case in
Figure 1. The small deviations from octahedral symmetry are quantified by the bond angles and bond lengths
shown in Table SI-1 of the Supporting Information (SI). Figure 1 also presents the electronic levels of 3d®
and 3d’ valence configurations for high spin (HS) and low (LS) spin states. Judged from the Co—N distances
and the respective bond angles (Table SI-1), we observe that LS (S=0) case of the [Co(bpy)s]** has the
highest degree of local octahedral symmetry. Largest deviations from octahedral symmetry are observed for
the LS (S=1/2) case of [Co(bpy)s]** and for the intermediate spin-state (IS, S=1) case of the [Co(bpy)s]*",
not included in Figure 1. LS case of [Co(bpy)s]** has the valence occupation ta’eg’, i.e., with an uneven
occupation in the eq level, causing strong Jahn-teller distortion. In the IS case of the [Co(bpy)s]** the ground-
state configuration is t,g°e4" with uneven occupations in both tog and ey levels which also causes a significant

distortion.

Figure 2 presents the experimental Co L-edge (Figures 2a, 2¢) and N K-edge (Figures 2b, 2d) PFY-XAS
spectra of 100 mM [Co(bpy)s]** and 200 mM [Co(bpy)s]** aqueous solutions. All spectra are obtained by
integrating the individual RIXS spectra signal intensities as a function of excitation photon energy; the
actual RIXS spectra will be discussed separately. We first consider the Co 2p PFY-XAS spectra. In the
[Co(bpy)s]** case (Figure 2a) the spectrum exhibits five noticeable features: a small pre-peak at 776.4 eV
(label Az), a split main peak at 778.4 eV (A;) and 779.4 eV (As), a shoulder near 781.2 eV (A4), and a broad
featureless peak at 793.6 eV (As). In contrast, the Co XA spectrum from [Co(bpy)s]** (aq) (Figure 2c)
exhibits a strong single main absorption peak at 780.6 eV (labeled As) which is at almost the same energy
as A; for [Co(bpy)s]** (ag). Two small absorption pre-peaks occur at 776.6 eV (A1) and 779.2 eV (A2), a
small post-edge peak is seen at 783.4 eV (As), and a stronger band is found at 794.8 eV (As). As and As
correspond to the L, edge of the XAS spectra; note the slightly higher energy and smaller peak width of As.
4



The striking differences between the Co 2p PFY-XA spectra from [Co(bpy)s]** (aq) and [Co(bpy)s]** (aq)
can be primarily assigned to the differing 3d-3d coulomb repulsions whereas spin mixing due to spin orbit
coupling and the various degrees of valence 3d splitting are arguably playing roles. In the [Co(bpy)s]** case,
the possible spin states are S = 0.5, for LS, and 1.5 for HS. For the [Co(bpy)s]**, S can assume values 0
(LS), 1 (IS) and 2 (HS), and yet the IS is less probable. Previous studies®*=* report the occurrence of IS when
an external stimulus, such as temperature variation is applied.®* For IS to occur, the eq level has to split
strongly enough to overcome exchange interactions which requires considerably large deviation from the
octahedral symmetry, but this is rarely encountered for the ground state.’® A detailed quantitative

interpretation of the spectra based on electronic-structure calculations will be provided in section 2.2.

We next discuss the measured N 1s PFY-XAS spectra from [Co(bpy)s]** (aq) and [Co(bpy)s]** (aq) which
again provide insight into the metal-ligand interaction, but now directly probing the ligand. Results are
shown in Figures 2b, 2d. Unlike the Co 2p XAS spectra, the N 1s XA spectra are very similar for the two
oxidation states and hence there is negligibly small sensitivity to above-observed Co spin behavior; we will
make a very similar observation in our electronic structure calculations. In both cases, a strong narrow
absorption band appears near ~400 eV excitation energy, accompanied by two smaller post-peaks and a
broad absorption band with maximum near 406 eV. For [Co(bpy)s]** (aq) (Figure 2c) the specific positions
are: 396.5 eV (B1), 397.4 eV (B2), 400.0 eV (Bs), 401.8 eV (B.), and 406.2 (Bs). Absorption bands for
[Co(bpy)s]** (aq) (Figure 2d) are: 396.4 eV (Bs), 398.0 eV (B.), 399.4 eV (Bs), 402.2 eV (B), and 406.2
eV (Bs). Bz and B; bands are the N 1s—n* transitions characteristic for the bipyridine ring, specifically of
the C=N m* unoccupied orbitals.®” The broad Bs and Bs bands are attributed to the * resonance.*® Bands
Bs, B4, B3, Ba correspond to the 1s—mt* higher-order orbital transitions, possibly exhibiting some metal
character. In contrast, the small B1, B1 bands are argued to exhibit considerable metal character as we show
in 3.2. Notably, a similar feature has been reported for lanthanide quinoline molecule,® in a case where
cobalt is not the central metal, where this feature was argued to be due to Co-N bonding states. A full

spectral analysis based on computations will be presented in 2.2.

Although the XAS spectra presented in Figure 2 can be considered characteristic fingerprints of each
molecule, it is equally instructive to analyze the underlying RIXS spectra from which the XAS spectra are
obtained. We first look at the Co 2p data from the two solutions. The full RIXS maps — presenting signal
intensities on the excitation photon energy versus emitted photon energy grid — are shown in Figure 3a for
[Co(bpy)s]** (ag), and in Figure 3¢ for [Co(bpy)s]** (aq). Few selected RIXS spectra, which are horizontal
cuts through Figures 3a, 3c, from both solutions are presented in Figures 3b, 3d, respectively. In order to

obtain reasonably good signal statistics, the individual RIXS spectra were separately measured for longer



acquisition times (approximately 30 min) as compared to the fast sweeps (approximately 1 min) that lead to
the maps presented in Figures 3a and 3c. Note that intensities of the RIXS spectra (Figures 3b, 3d) are

normalized to maximum intensity for better visualization of spectral features.

The RIXS maps (Figures 3a, 3c) are found to be fairly similar for the two species but few important
differences should be pointed out. In both cases a constant-energy emission in the 765 - 785 eV region is
observed for excitation energies from 775-782 eV. This is the 3d—2p fluorescence channel. The band
maxima correspond to the absorption bands A: to As and A: to A4 (of Figure 2a and 2b), respectively.
Several weaker photon signals, although barely noticeable in the RIXS-map presentation, identify the
resonating energy-loss features, known as Raman emission channels or local excitations.*® ** These include
the d—d excitations and charge transfer excitations of the Raman scattering. Main differences between the
two RIXS maps is the larger signal from the Raman channels, responsible for the low-energy tail, most
clearly seen at the As excitation in Figure 3c. For a more quantitative analysis of the actual RIXS features,
which also includes assignment of the elastic peak (the recombination due to elastic transitions to the ground
state), we need to consider the actual RIXS spectra (Figures 3b, 3d) in order quantify these contributions.
These spectra are presented on the energy-loss scale where zero energy corresponds to the elastic peak
(black dashed line). Such representation permits an effortless way of displaying final state effects (Raman
features). The Raman features occur at constant energy losses with respect to the elastic peak. Hence,
aforementioned d-d excitations and charge transfer (CT) excitations occur at the same loss energy,
respectively. The former emissions appear within the blue-shaded energy region (at approximately ~1-4 eV
energy loss), and the latter contribute within the red-shaded region (between ~7-11 eV in Co®" and ~5.5-12
eV in Co®* systems) marked in Figure 3b, 3d. The larger width of the CT band in Co** (Figure 3d) results
from a larger number of probable transitions compared to the Co** case. This is due to the higher charge
state of the Co®" complex causing a stronger Coulomb attraction between the metal center and the ligands
than for the Co®" case. Hence, larger orbital overlap will lead to stronger metal-ligand bonds which
manifests by more intense CT transitions. This interpretation would be in agreement with theoretical UV-
Vis studies on [Co(bpy)s]**** in acetonitrile and in the gas phase,*? where the larger width has been attributed
to ligand-to-metal electron transfer. Arrows in Figures 3b, 3d mark the positions of the fluorescence (3d—2p

channel) which are the features that move with the excitation energy (compare Figures 3a, 3c).

The RIXS spectrum from the Co?* complex measured at the A; (776.4 eV; red spectrum) resonance, Figure
3b, shows the main emission at ~1 eV. This band exhibits a weak shoulder at ~2 eV which is the d—d
excitation (within blue shade). In addition, a small band is seen at ~8.4 eV loss energy (red shade) which is

due to CT excitations. Upon increasing the excitation energy to A, (778.4 eV, green spectrum) the spectrum



exhibits a broad structured asymmetric tail between ~0.9 and 3.4 eV, again identifying the d—d transitions.
As for A; excitation, a small CT band occurs although at the slightly larger loss energy of ~9 eV. Excitation
at Az (779.4 eV; blue spectrum) results in a similarly asymmetric peak. However, the elastic peak (dashed
line) is now more separated from the d—d emission occurring between ~1 and 4 eV. The small CT peak is
seen to appear at ~9.4 eV. Excitation A4 (781.8 eV; magenta spectrum), i.e., above the main resonances,
exhibits the same principle energy-loss behavior although the overall spectral shape appears to be quite
different, characterized by an increased fluorescence emission near 4 eV relative to the d—d emission at ~2.5

eV, and by a tail structure which is due to CT excitations, at ~9 eV.

For the Co®" system (Figure 3d), resonant excitation at A; (776.4 eV; red spectrum) results in a spectrum
with maximum intensity centered at ~1 eV, resembling the one at A; excitation of Co®*, except for the CT
band (red shade) now extending to higher loss energies. Also, the d—d feature at ~2 eV (blue shade) is less
prominent compared to the Co®* system. The spectrum measured at A, (778.8 eV) excitation exhibits
pronounced d—d loss signal between ~1.5 and 4.5 eV. CT bands are responsible for the long low-intensity
tail (within the red shade). At excitation As (780.4 eV; blue spectrum) the d—d signal intensity, centered at
~3 eV, is seen to increase relatively to the other bands. Also, the CT signal contribution, now observed
between ~6 and 9 eV, is found to increase in intensity. Finally, the RIXS spectrum measured at excitation
A4 (783.4 eV; magenta trace) exhibits a d—d double peak, at 2.8 and 4.5 eV. A strong CT feature is observed
in the 5 - 12 eV loss region. Summarizing Figure 3, we make the following conclusions and comments: (i)
the experimental assignment of spectral regions to d-d and CT transitions is rather tentative (based on
previous results from similar systems'* ), and there is no clear-cut boundary between these contributions.
This requires theoretical calculations as we will discuss below. (ii) Also based on previous works,***> we
expect that both cobalt complexes studied here adopt two different spin states which correspond to different
valence electron occupations (compare Figure 1). This will be indeed corroborated by our computations.
(iii) The lower-energy tails of the individual RIXS spectra gain in intensity as the excitation energy increases
which can be associated with the opening of favorable electron delocalization channels (especially
intramolecular electron transfer to the ligands) when populating higher-lying d states. (iv) Larger signal
intensities of the CT tails observed for Co** species as compared to their Co?* counterparts would be in
accordance with the higher charge on Co**, and aforementioned accompanying stronger metal-ligand orbital

mixing.

Before examining the respective N 1s RIXS spectra a short comparison of the above Co 2p RIXS spectra
with our previous studies on Co (l11) protoporphyrin IX chloride (Co L-edge) and hemin (Fe L-edge) in

solution is beneficial.'** In both earlier studies, the RIXS spectra are dominated by constant-energy



emission (fluorescence) features, and contributions from Raman-type emission are minor. Possibly, this
difference is due to the closed-shell valence-structure character. It would thus appear that in the case of
open-shell systems (where the unpaired electrons are localized on the metal center) in the present study, at
least for [Co(bpy)s]** where both possible spin states are expected to be open-shell, the energy-dispersive
channel becomes quite favorable. Arguably, for the [Co(bpy)s]** case, this may imply that the spin state is
not purely LS (zero spin) but rather mixed with a HS component. This is indeed in accordance with our
spin-state analysis to be presented below. It is not clear though what exactly causes the increased probability
of the Raman channel, an effect that seems to not have been explicitly addressed in the literature. Note that
for the same open-shell system N 1s (ligand) core-excitation exhibit only minor Raman-type features.
Another noteworthy observation is the relatively strong CT spectral contribution for the cobalt bipyridines
as compared to cobalt protoporphyrin IX. This is indicative of strong metal — ligand orbital mixing and will

be also detailed later.

We next address the N K-edge RIXS planes and selected RIXS spectra shown in Figure 4. The former data
are presented in Figures 4a and 4c for the two Co complexes, respectively, and the individual spectra are
shown in Figures 4b and 4d. Unlike in the case of the Co L-edge RIXS spectra, the RIXS spectra in Figures
4b, 4d are displayed on the same energy scale as the RIXS maps, i.e., as a function of the actual emission
energy. The RIXS maps from [Co(bpy)s]** and [Co(bpy)s]** are seen to be very similar in agreement with
our expectation that the ligand is rather insensitive to the metal spin state. Both maps exhibit two main
emissions (fluorescence) at the constant energies 390.0 and 393.0 eV for excitation photon energies larger
than 400 eV. In addition, there is a single sharp absorption at 397.0 eV excitation energy, and the emission
is slightly red-shifted as indicated by the red-dashed lines in Figure 4a and 4c; this is seen between excitation
energies B (397.4 eV) and B4 (401.8 eV). Unlike the Co 2p spectra the N 1s RIXS spectra exhibit minor
Raman-type features; this is the reason why Figures 4b and 4d are not presented as energy losses. Analogous
to our analysis of the Co L-edge RIXS data (Figure 3) we now consider several selected RIXS spectra, at
the resonance energies B (397.4 eV), B4 (401.8 eV), Bs (406.4 eV) in Figure 4b, and B, (398.0 eV), B.
(402.4 eV), Bs (406.2 eV) in Figure 4d as this is more suitable to detail spectral differences. Each spectrum
has been acquired over longer time, as explained before, and intensities are displayed to yield same heights
at maximum. Note that the resonance energies considered in Figure 4 are the same ones already mentioned
in Figure 2. In addition, two non-resonant X-ray emission spectra obtained at 420.0 eV for Co?** (Figure 4b)
and 410.0 eV for Co®" are presented. Arrows in Figures 4b, 4d now (unlike in Figures 3b, 3d) mark the
position of the elastic peaks (corresponding to direct filling of the N 1s core hole).” As already expected
from the RIXS map of [Co(bpy)s]** the RIXS spectra are almost the same for the energies B, to Bs,

exhibiting the two emissions at 390.0 and 393.0 eV, and the spectral energy shift of the emission band (at
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389.0 and 391.4 eV) for B, excitation is now clearly visible. We observe a peak at 393.3 eV for B, excitation,
which moves to 394.5 eV for subsequent excitations from Ba, Bs and at 420.0 eV (blue dotted line in Figure
4b), a similar pattern can be observed in Co** case, but is less distinct and only appears as a weak shoulder
(blue dotted line in Figure 4d). RIXS spectra of [Co(bpy)s]** in Figure 4d exhibit broader spectral features
compared to [Co(bpy)s]**. Most notable is the double-peak structure occurring at emission energies 390.0
eV and 391.7 eV (marked by the pink dotted lines) for the resonant excitation at B, (398.0 eV). Excitation
at B4 (402.4 eV) shifts the peak to 390.2 eV and 393.0 eV, exhibiting the similar resonance behavior as B.
excitation in [Co(bpy)s]**. Excitation at Bs (406.2 eV) results in a spectrum which is very similar to the off-
resonant X-ray emission spectra measured at 410.0 eV. To both the high and the low-energy side all RIXS
spectra exhibit long tails. We also note that the small signal at slightly lower energies of the elastic peaks
(red arrows in RIXS maps) are due to vibronic excitations,*“* which are however not resolved here. The
two intense emission channels (pink lines) can be attributed to emissions from ligand 2p—N 1s transitions.
Low-energy tail signal, below 388.0 eV, can be assigned to ligand p —N 1s transitions and s —N 1s
transitions;*® these assignments are supported by our non-resonant X-ray emission spectra calculations (see
Figure S2). Those calculations also help in identifying the high-energy peaks marked by blue dotted lines.
Our computations suggest that the high-energy section of the emission originates from hybridized Co 3d

(t2g)-ligand 2p orbitals, with ~53% metal character for Co?* and ~30% for Co** to be detailed below.

2.2. Computations

We used DFT/ROCIS and TDDFT level of theory to generate the Co L-edge and N K-edge XAS spectra
using first principles calculations for a detailed interpretation experimental PFY-XAS spectra. Our aim is
to trace the origin of peaks observed in Figure 2. This section starts with a summary of the various
computational aspects that we will consider. Our approach enables to calculate XAS spectra with varying
constraints such as calculation for different spin states, inclusion of spin orbit coupling and solvent effect.
These are the parameters that can be readily accessed within ORCA. Both Co L-edge and N K-edge XAS
spectra for different oxidation states were calculated with different spin configurations (LS and HS, also an
intermediate spin (IS) for oxidation state +3), shown in Figures 5 and 6. In Figure 7, the doubly/singly
occupied candidate (ground state) orbitals obtained from single point DFT calculations for resonant/non-
resonant emissions are presented. These orbitals exhibit Co 3d character with varying degrees, some having
considerable metal-ligand mixed character. Note that the orbitals displayed in Figures 7, selected due to
their significant cobalt character based on Loéwdin® population analysis, correspond to the highest

absorption/emission probabilities.



We also applied the DFT/ROCIS* method in an attempt to calculate the RIXS planes of LS configurations
of [Co(bpy)s]** and [Co(bpy)s]**. Although the results, presented in Figure S3 and Figure S4, do reasonably
well reproduce a pre-peak in Co?* and an extended Raman feature in Co** across the resonance we note that
due to the high computational demand not all the MOs which would play a role in the core-hole deexcitation
could be included. Hence, the complete range of RIXS spectra including both d—d and CT transitions cannot
be obtained. Nevertheless, in a future study, we intend to calculate the RIXS planes of such complexes with
a more comprehensive set of MOs using the new and more efficient PNO-ROCIS/DFT method.*°

Figure 5 presents the comparison of different computed Co L-edge XAS spectra of [Co(bpy)s]** (Figure 5a)
and [Co(bpy)s]** (Figure 5b). In each figure the top tier shows the experimental spectra (red). Then, in
Figure 5a, from top to bottom, we present computed (DFT/ROCIS) XA spectra, for mixed spin-state (black),
S = 1.5 (green), and S = 0.5 (blue). For the Co** case, Figure 5b, we show computed XA spectra for S = 2
(green), S =1 (purple), and S = 0 (blue). Note that all the calculated XA spectra are normalized according
to their highest intensity peaks, and shifted equally to higher energies (12.17 eV for [Co(bpy)s]** and 10.7
eV for [Co(bpy)s]*") in order to match the energies of the experimental spectrum; this is a common

procedure to bypass DFT issues with absolute transition energies.?* It

is immediately seen that none of the
pure-spin-state calculations matches the experimental spectra. However, rather good agreement is obtained
for mixed spin states. For [Co(bpy)s]** case a close match to the experimental spectrum (except for the Lz
edge) is obtained when summing up 43% of low spin (S = 0.5) and 57% of high spin (S = 1.5) computed
spectra (the relative intensities of the computed spectra are preserved during the summation). The situation
is similar for [Co(bpy)s]** where the experimental spectrum is reasonably well reproduced by summing up
80% of low-spin (S = 0) and 20% of high-spin (S = 2) computed spectra. It is noted that in the case of
[Co(bpy)s]** the highly improbable intermediate spin state (S=1) has not been considered in the analysis.
We conclude that the electronic ground state is in a single quantum chemical state consisting of mixed spin

configurations.*

Analogous results are shown for the experimental and computed N 1s XAS spectra for the two cobalt
complexes in Figure 6. Reasonable matches with experimental spectra for both [Co(bpy)s]** (Figure 6a) and
[Co(bpy)s]** (Figure 6b) are found for the computed spectra when the same spin components from the Co-
analysis are being summed according to the above scheme. As pointed out in the experimental PFY-XAS
section of the nitrogen K-edge, the experimental spectra for both species are nearly the same. We make the
same observation for the computed spectra: neither the oxidation nor the spin states create significant

differences. This insensitivity of the ligand nitrogen atoms toward the oxidation and the spin-state can be
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rationalized by the fact that molecular charge and spin are largely governed by the Co-3d originating orbitals
which are significantly localized on the central metal atom.

We next assign the XAS features in Figures 5 and 6 with the help of our calculations but we restrict to the
most important transitions relevant for LS and HS configurations. Assignment is based on analyzing the
DFT/ROCIS output for XA transitions.”* Note that DFT/ROCIS is capable to account for 2p — 3d and 3d —
3d multiplet structure and incorporation of spin orbit coupling by configuration interactions.>*

[Co(bpy)s]** Co 2p XAS spectra: According to our computational model absorption bands A; and A,
originate from the HS state, and Az from the LS state. The pre-edge feature A; is associated with the 2p—3d
(t2g) transition. This part of the spectrum is hence sensitive to the singly occupied molecular orbital (SOMO)
of the molecule in HS configuration. The most intense peak A: is associated with 2p—3d (eg) transitions;
the 3d (eg) orbitals are singly occupied in the HS ground state. Absorption Az arises mainly from the LS
state of the Co?* (blue spectrum in Figure 5a). In LS configuration, this transition is associated with 2p—3d
(eg) transitions. The small band A4, also reproduced in the same computed LS spectrum, can be assigned to

metal-to-ligand charge transfer (MLCT) transitions.

[Co(bpy)s]*" Co 2p XAS spectra: The strong As band originates mainly from the LS configuration,
corresponding to 2p—3d (ey) transitions. The small low-energy features A: and A, are absent in the
calculated LS spectrum, and are suggested to only occur for the HS state of the complex. Indeed, the
calculated spectrum for the HS configuration (green spectrum in Figure 5b) reproduces absorptions A; and
A. They can be attributed to 2p—3d tag, g transitions. The HS calculation also reproduces the main feature

Az with a weak intensity. Asis the MLCT transition, already mentioned for the Co®* complex.

[Co(bpy)s]** and [Co(bpy)s]** N 1s XAS spectra: Nitrogen 1s absorptions By to B4 and B; to B, are
dominated by the mt-electron system of 2,2’-bipyridine, leading to 1s—m* transitions. The broad features Bs
and Bs are assigned to transitions into 6* shape resonance, a quasi-bound level caused by a hump in the

potential shape.®

Our calculations for LS (S = 0.5) show that the characteristic ©* resonance at B is due to the promotion of
the N 1s electron to the ligand dominated orbitals of the molecule. In molecules with a pyridine ring
structure, the intense m* peak arises from C=N bonds.37 Our Léwdin*” analysis for both spin states suggests
that the absorbing orbital is formed from the hybridized Co (eq) and N 2p orbitals with a Co 3d type orbital

contribution of approximately 3%.
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The small absorption feature B, (396.4 eV) arises from the HS component only; the LS XAS calculation
(blue) does not reproduce the pre-edge feature. This feature corresponds to a transition from N 1s to the
SOMOs, with main contribution from Co 3d ey (=65%) orbitals. Both LS and HS XAS calculations
reproduce the intense peak B». Both our LS and HS XAS calculations identify the B, feature as occurring
from the N 1s to ligand dominated orbitals with ~95% contribution by N and C atoms.

Conclusions

Our combined experimental and computational (soft-X-ray) RIXS study at the Co 2p and the nitrogen 1s
edges from the cobalt electron-mediator complexes, [Co(bpy)s]** and [Co(bpy)s]**, enables a good
guantification of the mixed metal-ligand valence orbitals that are crucial for electron delocalization and
thus intramolecular charge transfer. Our DFT/ROCIS calculations of Co 2p X-ray absorption spectra for
different spin states are capable to well reproduce experimental spectra; the latter are obtained from the
signal integration of the RIXS spectra. In particular, we can reasonably quantify the relative metal-to-ligand
character of the most relevant orbitals in the RIXS process by linear combinations of calculated XA spectra
for different pure-spin states. The observed stronger low-spin character (80% versus 20% high spin) for the
[Co(bpy)s]** complex, compared to [Co(bpy)s]** (43% low-spin, 57% high-spin), can be understood in terms
of the relative stability of a low spin 3d® configuration. An important aspect of the present study is that our
analysis of the electronic structure explicitly involves the detailed interpretation of the actual RIXS spectra.
This provides additional information on the specific molecular states involved, fully based on experiment.
With that we determine for instance that the larger signal intensities of the CT tails (in the RIXS spectra)
observed for Co** species as compared to their Co** counterparts are in accordance with the higher charge
on Co**, which is connected with stronger metal-ligand orbital mixing. We also quantitatively interpreted
the measured N K-edge XAS spectra assisted by theoretical calculations. As expected for the large
bipyridine ligands, the differences in metal charge and spin state are not reflected in the respective ligand-
based excitations. Both experimental and computed spectra (for the various spin states) are almost the same
for the two Co complexes. In summary, we have demonstrated the large potential of RIXS, specifically of
RIXS-inferred XAS spectra and actual RIXS spectra, for the investigation of transition metal (metal center)
complexes with large sensitivity to spin states. We also discussed challenges in the computations,
exemplified here by the limitations of DFT/ROCIS calculations to reproduce all prominent details of the
RIXS maps.
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Figure 1

DFT (def2-TZVP(-f)/M06/CPCM water) optimized geometries of (a) [Co(bpy)s]** and (b) [Co(bpy)s]**.
Pink, blue, and light grey colors represent Co, N and H atoms, respectively. Possible spin configurations in
the valence 3d orbitals, both high spin (HS) and low spin (LS) are also shown.
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Figure 2

Experimental (a) Co L-edge spectra from 100 mM [Co(bpy)s]** and (c) and 200 mM [Co(bpy)s]** aqueous
solutions; N K-edge PFY-XAS spectra from the same solutions: (b) 100 mM [Co(bpy)s]** and (d) and 200
mM [Co(bpy)s]**. Prominent spectral features are labeled A; to As, A1 to As, B; to Bs and By t0 Bs.
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Figure 3

(a) Co L-edge RIXS map and (b) selected RIXS spectra from 100 mM [Co(bpy)s]** aqueous solution. (c)
RIXS map and (d) RIXS spectra from 200 mM aqueous [Co(bpy)s]** solution. Individual RIXS spectra in
(b) and (d) have been collected for longer times; see main text. RIXS spectra, (b) and (d), are presented on
the energy-loss axis; in this presentation the fluorescence features (marked by arrows) are not a constant
energy. Intensities are shown such that the respective maxima have the same peak heights for each tier.
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(a) and (b) present the N K-edge RIXS map and RIXS spectra from 100 mM [Co(bpy)s]** aqueous solution.
(c) and (d) show the RIXS map and RIXS spectra from 200 mM aqueous [Co(bpy)s]** solution. As in Figure
3, RIXS spectra were collected for longer times, and intensities are displayed to yield same heights at
maximum. The slanted dotted lines in the RIXS maps highlight the position of the elastic peaks; they are

marked with arrows in the individual RIXS spectra.
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Figure 5

Computed Co L-edge XAS spectra of (a) [Co(bpy)s]** and (b) [Co(bpy)s]*" complexes using DFT/ROCIS
with different possible spin and mixed-spin configurations; the various spin states used in the calculations
are explained by the color codes. Aqueous environment is implemented by enabling the conductor-like
polarizable continuum model (CPCM). Experimental spectra are shown for comparison on the top, in red.
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Figure 6

Computed N K-edge XAS spectra from (a) [Co(bpy)s]** and (b) [Co(bpy)s]** complexes using TDDFT with
different spin configurations. Labels and color codes are analogous to Figure 5. Also, the mixed-state
spectrum (in black) has been obtained with the same spectral ratios as in Figure 5.
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Figure 7

Candidate orbitals for RIXS with significant Co 3d and ligand 2p contributions obtained from ground state
single point DFT calculations employing B3LYP functional with def2-TZVP(-f) basis set for [Co(bpy)s]**
and [Co(bpy)s]** in LS configuration.
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We report on the electronic structure of cobalt (I1) tris-2,2’-bipyridine and cobalt (I11) tris-2,2’-bipyridine
in aqueous solution using resonant inelastic X-ray scattering (RIXS) spectroscopy at the Co L-edge and N
K-edge resonances. For cobalt (I1) tris-2,2’-bipyridine our combined experimental and computational study
reveals ~40% low-spin and ~60% high-spin state components. Much stronger low-spin character is found
for cobalt (I11) tris-2,2’-bipyridine, ~80% low spin and ~20% high spin.
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