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Abstract

We report the synthesis and characterization of a pair of homoleptic cerium tris(amidinate)

III

complexes, [Ce {PhC(NtBU)z}g] and [CeIV{PhC(NtBU)z}g] [Al(OC4Fg)4], containing cerium in both its

) and tetravalent (Ce") oxidation states. To the best of our knowledge, these represent

trivalent (Ce
the first examples of a lanthanide-amidinate system where both trivalent and tetravalent complexes
have been isolated and structurally characterized in such a congruent ligand coordination. With
electronic structure and bond analysis, we demonstrate that while the metal-ligand bonding in

both species is dominated by interactions involving Ce 5d valence orbitals, there is a measurable

participation of the 4f orbitals specifically within the ce'V homolog. Ce Ls-edge high-energy
resolution X-ray absorption near edge structure (HR-XANES) and valence band resonant inelastic
X-ray scattering (VB-RIXS) are employed to evaluate the bonding properties and are complemented
with quantum chemical calculations based on density-functional theory (DFT). Crucially, the high-
resolution nature of these spectroscopic techniques, coupled with theoretical modelling, enables
a quantitative deconvolution of the bonding interaction directly from the experimental data. This
approach allows us to partition the individual contributions of both the 4f and 5d electrons to
the metal-ligand interaction. Our findings highlight the increased role of 4f electron density
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in stabilizing high-valent lanthanide complexes, due to improved energetic and spatial overlap between

nitrogen donor lone pairs and the ce" acceptor manifold.
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ABSTRACT: We report the synthesis and characterization of a pair of homoleptic cerium tris(amidinate) complexes,
[Ce"{PhC(N'Bu)2}3] and [CeV{PhC(N'Bu)2}3][Al(OC4sFs)4], containing cerium in both its trivalent (Ce'") and tetravalent (Ce!V)
oxidation states. To the best of our knowledge, these represent the first examples of a lanthanide-amidinate system where
both trivalent and tetravalent complexes have been isolated and structurally characterized in such a congruent ligand coor-
dination. With electronic structure and bond analysis, we demonstrate that while the metal-ligand bonding in both species is
dominated by interactions involving Ce 5d valence orbitals, there is a measurable participation of the 4f orbitals specifically
within the Ce!V homolog. Ce Ls-edge high-energy resolution X-ray absorption near edge structure (HR-XANES) and valence
band resonant inelastic X-ray scattering (VB-RIXS) are employed to evaluate the bonding properties and are complemented
with quantum chemical calculations based on density-functional theory (DFT). Crucially, the high-resolution nature of these
spectroscopic techniques, coupled with theoretical modelling, enables a quantitative deconvolution of the bonding interaction
directly from the experimental data. This approach allows us to partition the individual contributions of both the 4fand 5d
electrons to the metal-ligand interaction. Our findings highlight the increased role of 4f electron density in stabilizing high-
valent lanthanide complexes, due to improved energetic and spatial overlap between nitrogen donor lone pairs and the Ce!V
acceptor manifold.

INTRODUCTION automotive catalysis®,and unique physical properties, such
as 4f covalency and hybridization of 4f states, resulting in
effects like temperature-independent paramagnetism and
intense color.”% 1 However, covalent contributions to
bonding have been reported in a number of publications in-
volving other lanthanide species in +II,1T +II,1% 13 +[V,8 14
and +V15 oxidation states. Bond covalency can be described
by the degree of mixing between metal and ligand valence
orbitals. This mixing increases with stronger orbital overlap
and/or a smaller energy separation between them.*
Thereby, both the formal oxidation state of the metal atom
and the makeup of the ligand coordination will play a role
in the contribution of covalency to bonding, though the two
influences are difficult to separate.1¢

One of the most controversial discussions has concerned
the electronic structure and bonding of cerocene (Ce(n®-
CsHs)2),17-1° with a large body of work involving Ce L3-edge
high-energy-resolution X-ray absorption near-edge struc-
ture (HR-XANES), Ce M4s-edge and C K-edge XANES, and ac-
companying theoretical calculations. This has shaped the
way we understand its electronic structure, the discussion
which has moved from controversy regarding the formal Ce

Understanding the nature of the chemical bond remains
a challenging goal in chemistry, tracing its origin back to the
pioneering work of Lewis,! whose theory of electron-pair
sharing emphasized the importance of bond covalency in
predicting the reactivity and properties of chemical species.
In this sense, bond covalency is traditionally understood as
an aggregation of electron density between two nuclei in
the form of sharing an electron (pair).? In coordination
chemistry, covalency plays an important role, as the degree
of orbital mixing between metal and ligand directly influ-
ence electronic structure, most easily visible in the applica-
tion of molecular orbital theory.? Covalency is not tradition-
ally understood to contribute to lanthanide (Ln) bonding.*
5 In contrast, it is generally understood that the lanthanide
elements form largely ionic bonds due to their core-like 4f
orbitals, while their heavier actinide analogues can partici-
pate in covalent bonding involving the more diffuse 5f or-
bitals, though not as extensively as the d-block elements.* 5
Some studies have called that understanding into question,
with tetravalent cerium being an object of particular inter-
est, in part due to its abundant application, e.g., in



oxidation state?® to the more recent interpretation featuring
a multiconfigurational ground state of Ce and covalent mix-
ing of Ce 4f orbitals with ligand C 2p orbitals.17-1%.21 A possi-
ble explanation for cerocene’s unique properties lies in the
energetic positions of the Ce 5d and 4f orbitals and the way
atoms in stable compounds distribute electron density in
order to avoid a large charge on a single atom of the mole-
cule, as described in Pauling’s electroneutrality principle.1*
22 The unique cerocene spectrum indicates that, instead of
utilizing covalency to reduce net charge, the Ce in cerocene
takes on a multiconfigurational ground state with a high
contribution of the Ce! to the wavefunction.!® A compound
with an isoelectric ligand, bis(permethylpentalene) cerium
(Ce(n8-CsMes)2), has also shown evidence of a multiconfigu-
rational ground state and a self-contained Kondo-effect,?3
which describes the formation of a magnetic singlet via po-
larization of conduction electrons by a local magnetic mo-
ment, and is an effect that has also garnered interest in ce-
rocene.?* Literature suggests that the multiconfigurational
ground state does not occur in all (formally) CeV com-
pounds, with an alternative explanation involving ligand to
metal donation bonding reported for example for Ce02!”
and hexahalide Ce!V complexes.”

A more limited body of research is available on the bond-
ing properties of CelV compounds involving sigma donations
from nitrogen lone pairs, in contrast to an aromatic system
with delocalized electrons that interact directly with the
central atom. Evidence suggests that such N-donor ligands
do not tend toward a multiconfigurational ground state and
the spectra can instead be modelled with a single ground
state with 4f/5d mixing in the bonding interactions.?> Mo-
reau et al. found a notable difference in the covalent behav-
ior of when comparing Ce-imido and Ce-oxo bonds in
Ce(IV) complexes supported by a tris(hydroxylaminato) lig-
and, with the oxo complexes showing evidence of a higher
level of ionicity.2> When looking into Ce!V-N coordinating
complexes, Ce Lz-edge XANES has been used to study a va-
riety of bonding motifs and gain varied insight into their
electronic structure and other bonding properties.10 26

Our work aims to provide insight into the influence of the
formal Ce!V oxidation state when compared to a Ce'" homo-
logue. This comparison will bridge a gap in the fundamental
understanding of how Ce in these two oxidation states
forms chemical bonds and the role of covalency in the chem-
ical bonds of Ce, N, and donor ligands.

We focus on characterizing differences in the Ce 4f and
5d contributions to covalent bonding interactions in
isostructural Ce" and Ce!V complexes with N-donor ligands.
Amidinate ligands provide a versatile platform for stabiliz-
ing cerium in formal oxidation states of +IIl and +IV and are
therefore well-suited for probing bonding trends in f-ele-
ment chemistry. Previous studies on tetravalent cerium
amidinate complexes have predominantly addressed neu-
tral complexes, in which changes to formal oxidation state
were accompanied by coordination environment variation
compared to their trivalent analogues.?’

We designed amidinate-based cerium complexes and
successfully isolated a cationic CeV-amidinate complex sta-
bilized by a weakly coordinating anion (WCA),
[Al(OC(CF3)3)4]~. The same ligand framework is preserved
around the metal center both for the trivalent complex
[Ce™{PhC(N'Bu)2}3] (Ph = [CeHs]; ‘Bu = [C(CH3)3]") and its
tetravalent, cationic counterpart

[CeV{PhC(N'Bu)z}3][AI(OC4sFs)4]. The bonding properties
and covalent contributions to metal-ligand bonding in this
pair of analogous cerium complexes are assessed using
state-of-the-art X-ray spectroscopic methods: Ce Ls3-edge
HR-XANES, resonant inelastic X-ray scattering (RIXS), and
valence-band RIXS (VB-RIXS), supported by quantum
chemical calculations. The homoleptic ligand coordination
enables the influence of the formal Ce oxidation state on
bonding to be investigated directly. In particular, Ce Lz-edge
HR-XANES provides a powerful probe of the overall elec-
tronic structure and bonding situation in lanthanide com-
pounds, while VB-RIXS allows the contribution of Ce 5d
electron density to the metal-ligand bond to be evaluated
through the analysis of peak energies and intensities asso-
ciated with occupied valence orbitals. This analytical ap-
proach has previously been used to assess 5d electron-den-
sity participation in bonding in a lanthanum-based interme-
tallic complex,** and its application here enables the first di-
rect quantitative comparison of Ce 5d participation in bond-
ing between isostructural Ce and Ce'V compounds.

RESULTS AND DISCUSSION

Synthesis and Structural Analysis. [Ce'{PhC(N'Bu)z}3]
was obtained by salt metathesis between three equivalents
of Li(*BuN)2CPh?8 with [Ce(BH4)3(thf)s]?° (thf = tetrahydro-
furane, C4Hs0) in 80% yield (Scheme 1) and was character-
ized using standard analytic/spectroscopic techniques. The
H NMR spectrum of [Ce'{PhC(NtBu)2}3] showed paramag-
netic shifts of the phenyl protons towards higher frequen-
cies, while the tert-butyl protons exhibited a singlet signal
at -2.81 ppm. Redoxreaction of [Ce™{PhC(N'Bu):}3s] with
one equivalent of [Ag(dcm)][AlI(OC(CF3)3)4]3° (dcm = di-
chloromethane) afforded [CeV{PhC(N'Bu)z}3][Al(OCsF9)4]
as dark blue crystalline material in 68 % yield. The 'TH-NMR
spectrum of [CeV{PhC(N'Bu)2}3][Al(OC4Fo)4], which was
also characterized, is well resolved. The synthesis and char-
acterization of the analogous compounds, which have me-
thyl groups instead of phenyl groups in the amidinate back-
bone, [Ce"{MeC(N'Bu)2}3] and its tetravalent, cationic coun-
terpart [CeV{MeC(N'Bu)2}3][Al(OCsFs)4)], can be found in
the Supporting Information (SI).

The molecular structures of [Ce"{PhC(NtBu)z}s] and
[CeV{PhC(N'Bu)z}3][AI(OC4F9)4] are depicted in Figure 1
and selected metrical parameters are summarized in Table
S2 in the SI. Both compounds crystalize in the triclinic space
group P-1.In each case, one molecule is present in the asym-
metric unit; however, the crystal structure of
[Ce™{PhC(N'Bu)2}3][Al(OC4F9)4] contains one molecule of
non-coordinating diethyl ether besides the cationic and an-
ionic complexes.

In both cerium complexes, the three n2-coordinated
amidinate ligands are arranged in a propeller-like fashion
around the metal center, resulting in an approximately Cs-
symmetric coordination environment. The presence of this
Cs-screw axis results in the chiral nature of both molecules.
However, as seen from the centrosymmetric space group,
both compounds crystallized as a racemic mixture. The av-
erage Ce-N bond length in [Ce™{PhC(NtBu)2}s] is 2.512 A
(range 2.539(2) to 2.484(2) A), whereas a shorter average
distance of 2.390 A (range 2.365(4) to 2.409(4) A) was ob-
served for [CeV{PhC(NtBu)z}3][Al(OC4sFo)4] (cf. SI, Table S2).
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Scheme 1. Synthesis of [Ce"™{PhC(NtBu)z}s] and its tetravalent, cationic counterpart [CeV{PhC(N'Bu)2}3][Al(OC4F9)4] (0-DFB

=1,2-difluorobenzene).

This contraction is attributed to the change in formal oxida-
tion state from Ce' to Ce!V. The average decrease of 0.123 A
is in good agreement with the change in the effective ionic
radii reported by Shannon for cerium at a coordination
number of six (Ar ~ 0.14 A).3! The average N-Ce-N bite an-
gle is 52.74° for [Ce{PhC(N'Bu):}3s] and 55.75° for
[CeV{PhC(NBu)z}3][Al(OC4Fs)4], which also agrees with the
differences of the bond lengths.3?

The torsion angles of the amidinate ligands relative to
the coordination plane are very similar for both complexes,
averaging 56.1° for [Ce{PhC(N'Bu):}3] and 55.1° for
[Ce{PhC(N'Bu)2}3][AI(OC4Fo)4], indicating only minor dif-
ferences in ligand orientation.

UV-Vis absorption spectra of [Ce{PhC(N'Bu)2}3] and
[CeM{PhC(NBu)2}3][Al(OCsFs)4] were recorded in THF at
1.12 mM and 0.56 mM respectively (Figure 2, (a)).
[Ce"{PhC(N'Bu)z}3] displays intense UV bands at
A(max) = ~255 and ~307 nm, accompanied only by a
weaker signal at 424 nm. In contrast, oxidation to
[Ce™{PhC(NBu)z}3][AI(OC4F9)4] leads to markedly stronger
UV absorption, despite the twofold lower concentration.
The positions of the maxima do not change significantly,
with  A(max)=~257 and ~305nm. Importantly,
[CeV{PhC(N'Bu)z}3][Al(OCsF9)4] exhibits a broad visible

absorption centered at ~667 nm, consistent with the pro-
nounced dark blue color of the solution, indicating an en-
hanced charge-transfer contribution.

Cyclic voltammetry was employed as a complementary
analytical technique to confirm the accessibility of the Ce!V
oxidation state. Measurements were performed in THF us-
ing 0.05 M BusNPF¢ as the supporting electrolyte and a
5 mM solution of [Ce™{PhC(N‘Bu)2}s], with an Ag/AgNO3
reference electrode (10 mM AgNOs in MeCN, 0.1 M
BusNPFs). The voltammograms display a distinct oxidative
response attributed to the Ce''/Ce" redox couple (Figure 2,
(b), and Figure S18). The observation of this electrochemi-
cal oxidation is consistent with the chemical oxidation of the
complex [CeV{PhC(NBu)2}3][Al(OC4F9)4] synthetically pre-
pared by using [Ag(dcm)][Al(OC(CF3)3)4] as an oxidizing re-
agent. The formal redox potential was estimated from the
midpoint of the anodic and cathodic peak potentials at low
scan rates, yielding a value of approximately +0.05 V vs.
Ag/AgNOs. While the redox potential exhibits quasi-reversi-
ble behavior with increasing peak separation at higher scan
rates, the electrochemical data unambiguously demon-
strates that oxidation from Ce!!' to Ce!V is readily accessible
under the applied conditions (see also Figure S19).

Figure 1. Molecular structures of (a) [Ce"{PhC(NtBu)z}3] and (b) [Ce!V{PhC(NtBu)2}3][Al(OC4F9)4] in the solid state. For both struc-
tures, hydrogen atoms were omitted for better clarity. For [CelV{PhC(NtBu)2}3][Al(OC4F9)4], the disorder of three OC4F9-groups and
one diethyl ether molecule are also omitted. Selected bond lengths and angles can be found in the SI, Table S2.
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Figure 2. (a) UV-Vis Spectrum of [Ce'{PhC(N'Bu)2}3] in a 1.12 mM THF-solution and [Ce!V{PhC(NtBu)2}3][Al(OC4F9)4] in a 0.55 mM
THF-solution recorded at room temperature. The THF contribution was subtracted. (b) Cyclovoltammetry of [Ce'l{PhC(NtBu)z}3]

recorded in THF containing 0.05 M BusNPFs

at 100 mV/s. Measurements were performed using a 5mM solution of

[Ce"{PhC(NtBu)2}3] with a Ag/AgNOs reference electrode (10 mM AgNOs in MeCN, 0.1 M TBAPFs). The anodic wave corresponds to

oxidation of [Ce"{PhC(NtBu)z}3] to its tetravalent form.

Ce L3 HR-XANES. HR-XANES of Ce at the L3-edge has
been used to probe the electronic structure and bonding of
Ce compounds. Due to its complex shape, the Ce L3-edge
HR-XANES spectrum of CeOz2, an air and irradiation stable
CeVreference, has been the object of multiple studies work-
ing towards an understanding and interpretation of its fea-
tures, in particular its doubled white line (WL), the most in-
tense structure following the absorption edge.'7 3334 In or-
der to facilitate a better understanding of the spectra of our
amidinate complexes, we will shortly discuss the spectrum
of CeO: here. Figure 3 (a) depicts a schematic view of the
prevailing electronic transitions involved in Ce L3-edge HR-
XANES/VB-RIXS as well as Ce Mss-edge XANES, the fluores-
cence (emission) that results from a specific relaxation of
electrons from an upper electronic level into the core-hole
in a lower level is monitored as a function of excitation en-
ergy across the absorption edge. This results in a spectrum
that is essentially a cut through a RIXS map at the chosen
emission energy. At the Ce Ls-edge, electrons are predomi-
nantly excited from the Ce 2ps,z orbital into unoccupied 5d-
dominated molecular orbitals (Figure 3, (a)), following the
dipole selection rules for the electronic transitions (Al=%1,
Aj=0, £1). This determines the intermediate state 2p'3/2 5d?
of the RIXS process while the final state 3d3s/25d! is selected
by the detected fluorescence transition. In both of these
states, a core-hole is present.

In the case of CeOz, a mixed valent intermediate state re-
sulting from ligand-metal orbital mixing is present. This
means that both 2p?3,24f’ and 2p’s324f'L intermediate states
play a role, in which the 2p'3/24f'L intermediate state in-
volves electron density originally stemming from the ligand
(L).Ithas been an object of discussion whether the presence
of these states is indicative of ground-state f-electron dona-
tion in bonding. Recent advances in the field indicate a di-
rect relationship between the presence of intermediate
states with 4f-ligand mixing (charge transfer from ligand to
metal) and 4f-electron donation to bonding in the ground
state, as the Ce Lz-edge spectrum of CeOz2 is theoretically re-
producible considering a single ground state configuration
(if the model assumes electron donation from the ligand to

the metal, i.e. covalent bonding interaction in the ground
state).l” It can also be described by assuming a mixed-va-
lence ground state, which involves hybridized 4 and 4f'L
ground states as reported in the literature,3> though this can
be transformed into the former situation and is computa-
tionally equivalent.'” For certain cerium compounds like ce-
rocene, the spectrum cannot be modeled by only consider-
ing covalent bonding interaction in the ground state (single
ground state electron configuration), therefore the ground
state is suggested to be multiconfigurational.l” The mixed
intermediate state of CeO2 results in two white lines (the
most intense absorption resonance): one at lower energies,
corresponding to the 4fL configuration, and one at higher
energies, corresponding to the 4 configuration, which is
the expected formal configuration for Ce!V compounds (Fig-
ure 3, (b)). The presence of more electron density in the 4f-
based orbitals of the 4f'L configuration leads to increased
screening of the core-hole from the viewpoint of higher-ly-
ing molecular orbitals. The resulting energetic stabilization
shifts the corresponding edge feature to lower excitation
energies, which in this case is visible as a separate WL in the
spectrum. Therefore, the presence of a double WL in Ce Ls-
edge spectra indicates the presence of electron donation
from the ligand to Ce 4f orbitals and, as a result, bond cova-
lency or a multiconfigurational ground state, such as in ce-
rocene.

When comparing the spectra of [Ce™{PhC(NtBu).}3] and
[Ce™{PhC(N'Bu)2}3][Al(OC4F9)4] with their reference com-
pounds CeCls and CeOq, the general spectral shapes of the
WLs of the complexes match those of the reference com-
pound with the corresponding oxidation state (Figure 4).
Because details like the intensity ratio and sub-features of
the 4f1L and 4f° WLs are similar, the spectra suggest that the
bonding situation in the Ce!V imine complex is similar to the
bonding situation in CeOq, i.e., 4f-electron density plays a
significant role in bonding in the form of ligand to metal do-
nation in a ground state involving a single electron configu-
ration. A shift of the absorption edge to lower energies be-
ginning with the oxide and [CeV{PhC(N'Bu)2}3][Al(OC4F9)4],

4
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Figure 3.(a) A simplified, qualitative molecular orbital electron transition scheme for the X-ray absorption edges and deexcitation
channels presented here and (b) cerium L3-edge HR-XANES spectrum of CeOz, a stable CelV reference, with features labelled with

dominant transitions in blue and electron configurations in green.

followed by the chloride, and then the [Ce™{PhC(NtBu)2}s],
can be observed. The shift to lower excitation energies for
compounds in lower nominal oxidation states is due to a
higher electron density, shielding the outer electrons from
the nucleus’ positive charge, the effective charge of which
formally increases in the presence of core-holes in the in-
termediate and final states of the excitation process. In the
case of the L3-edge spectrum, this affects both the pre-edge
feature(s), resulting from transitions into 4f~-dominated mo-
lecular orbitals, and the edge-feature(s) stemming from
transitions into 5d-dominated molecular orbitals. While
transitions into the 4f-dominated molecular orbitals at the
pre-edge are dipole-forbidden, these can become visible
due to quadrupole transitions and 4f/5d mixing occurring
in compounds lacking inversion symmetry, which may be
the case here, and can lead to multiple pre-edge features.
In previous work, the energy difference between the pre-
edge and edge features of Lanthanum Ls-edge HR-XANES
(AE(5d,4f)) was proposed as a measure of bond covalency
for trivalent compounds.!3 This energy difference reflects
the natural difference in energy between the 4f and 5d or-
bitals of the free atom in a given oxidation state; it is sensi-
tive to the effect of the spherical component of the ligand-
field potential on orbital energies, and is influenced heavily
by core-hole screening effects, which play a significant role
in HR-XANES.13 Due to the radial distribution of the orbitals,
4f orbitals are more influenced by core-hole screening-ef-
fects than 5d orbitals, leading to larger energy stabilization,
and because a larger core-hole screening effect (and in-
creased ligand-field effect) are indicators for ionic bonding
interactions, a larger AE(5d,4f) value is associated with ion-
icity in bonding as well.!3 In contrast, a smaller value hints
atincreased 5d-ligand mixing, thereby serving as an indica-
tor for higher bond covalency.!3> We were able to validate
this metric for La3* and assume the argumentation is valid
for trivalent Ln systems. Since certain effects that play into
the size of AE(5d,4f) are inseparable from the formal oxida-
tion state of the atom, this value is best compared within
groups of compounds with the same formal oxidation state,
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Figure 4. Ce L3-edge HR-XANES of [Cell{PhC(NtBu)z2}3] and
[CelV{PhC(NtBu)z}3] [AI(OC4F9)4)] and reference compounds of
the same formal oxidation state, CeCls and CeO2, with direct
comparisons of the pre-edge regions shown in the insets.

and use for compounds of a different oxidation state, like
Ce!Y compounds, need to be treated with caution due to in-
creased 5d hybridization. Energy differences were esti-
mated for all combinations of pre-edge and edges (cf. SI, Fig-
ure S22). The energy differences between pre-edge and
edge are smaller for the [Ce"{PhC(N'Bu)z}3] than CeCls for
both pre-edges present in both spectra (4.6 eV and 2.8 eV (*
0.2 eV) for [Ce"'{PhC(N*Bu)z}3], 6.6 eV and 5.0 eV (£ 0.9 eV)
for CeCls).

This indicates stronger interaction of the 5d orbitals with
ligand orbitals to form the bond, and therefore a stronger
covalent interaction in the complex than in the chloride salt,
which matches expectations. When comparing the energy
differences in the Ce(IV) compounds, which have one singu-
lar pre-edge but two main edges as described above, we no-
tice that both values are very similar, but the energy
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difference is slightly higher for the
[CeV{PhC(N'Bu)2}3][Al(OC4sF9)4] complex than for CeOs,
though this difference is more prominent for the expected
40 peak than the second peak from the charge transfer in-
duced 4f'L ground state (the values being 5.2 eV and 15.8
eV for [CeV{PhC(N'Bu)2}3][Al(OC4sFs)4] and 5.0 eV and 15.4
eV for Ce0z). Because the values are so similar and the met-
ric needs to be treated with caution in Ce!V compounds, this
result does not indicate differences in covalency. In total,
the observation of the pre-edge energy differences in com-
bination with the spectral features indicate that the Ce-lig-
and bond in CeCls is least covalent, followed by the Cel
Trisamidinate], and the Ce!V Trisamidinate and CeO: being
similarly covalent. It is interesting to note here, that these
spectra were taken recording the L3N4s emission line rather
than the LzMs emission line, which has been shown to result
in pre-edges and edges that are closer in energy to each
other, as well as slight differences in spectral features.3¢

Another easy-to-notice difference in the spectra of the
cerium compounds is the position of the first oscillation in
the post-edge. Often, a post-edge that is shifted to lower en-
ergies is a result of longer bond lengths in the first coordi-
nation shell. Because this resonance is shifted to lower en-
ergies for [Ce"{PhC(NtBu)2}s] (average Ce-N bond length of
251 A) by ca 10 eV in comparison to
[CeV{PhC(N'Bu)z}3][Al(OC4sF9)4] (average Ce-N bond length
of 2.39 A), supporting the experimental structure deter-
mined using X-ray crystallography (cf. SI, Section 3).

Further insight into bonding and its influences can be
gained by investigating the crystal field splitting in the ex-
perimental spectra (cf. Figure S23). Interestingly, in a com-
parative analysis between the compounds with the formal
oxidation state +IV, the crystal field splitting of CeO: is
larger than that of [CeV{PhC(N'Bu)2}3][Al(OC4F9)4]. This is
likely an effect of the change in geometry from cubic with
eight-fold square prismatic coordination3” to a distorted oc-
tahedral coordination with six N atoms (cf. SI, Figures S14
and S15), as well as a possible effect of increased electron
density on the central atom.

Ce Ls-edge VB-RIXS. In order to study the character of
the bonds from the perspective of the valence orbitals, Ce
Ls-edge VB-RIXS was employed (Figure 5). VB-RIXS spectra
were measured by setting the excitation energy to the max-
imum of the WL. For [Ce"{PhC(NtBu)z}s], the excitation en-
ergy was set to 5727.8 eV. For
[CeV{PhC(N'Bu)z}3][AI(OC4Fs)4)], spectra were recorded at
both the first WL (5728.4 eV) and second WL (5738.4 eV),
and then scanning over the emission energy towards lower
emission energies. This allows the observation of fluores-
cence that is energetically close to the edge, originating
from electron transitions from the valence band (see inset
in Figure 5). After normalization to the intensity of the 5s
signal (L301 emission line, 5685.6 eV, see discussion below,
Figure 6). We assume that the Ce 5s orbitals do not partici-
pate strongly in bonding, which makes this type of normal-
ization feasible. Next to the elastic peak for the
[Ce"{PhC(NBu):}3] complex we find the prominent signal
Al as well as its small satellite AIlL For
[Ce™{PhC(N'Bu)2}3][Al(OC4Fs)4], the spectrum taken at the
first WL excitation exhibits a prominent peak B.I and two
weak features B.II and B.III.
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Figure 5. NormalizedVB-RIXS of [Ce"'{PhC(NtBu)2}3] (4f! con-
figuration, A), [CelV{PhC(NtBu)z2}3][Al(OC4F9)4], when excited at
the 1st white line (412, B), and excited at the 2nd white line, (4f7,
C) of the Ce L3-edge HR-XANES (see also Figure 6, (d)). A sche-
matic representation of the processes underlying the measure-
ment is shown in the inset. The emission signals for each spec-
trum are labelled with roman numerals from highest to lowest
emission energy and the signal known as the Ce L301 emission
line is marked.

in Figure 5). After normalization to the integral intensity
of the 5s signal (L301 emission line, 5685.6 eV, see discus-
sion below, Figure 6), spectra were compared on the abso-
lute energy scale (Figure 5). In contrast, the spectrum taken
at the second white line (C) has two prominent features
next to the elastic peak (C.I and C.II) and that C.II is at the
same emission energy as B.1.

When comparing the spectra to angular momentum pro-
jected density of state (PDOS) computations performed us-
ing the Amsterdam Density Functional (ADF) code38, the
dominating contribution of final states with a 5s electron
hole to the emission at ca. -35 to -55 eV is confirmed (Figure
6, (a)-(c)). The calculation also suggests that the signals
close to the elastic peak are dominated by final states with
a 5d electron hole (5d1).

For a more detailed discussion of the spectra of
[CeV{PhC(NBu)z}3][AI(OC4sFs)4], when excited at the 15t and
2nd white line, the different intermediate and final states
need to be taken into account. As discussed above, excita-
tion at the 15t white line corresponds to a 2p>4f! intermedi-
ate state. We then attribute feature B.I to a 5d-14f! final state,
with the L301 emission corresponding to a 5s5-14f! final state.
Features B.II and B.III are less straight forward. A possible
explanation for these observed features lies in the unique
electronic structure of Ce!V, which leads to a double white
line in the HR-XANES and may also lead to additional inten-
sity here. However, we note that signals B.II and B.III also
increase in intensity as a function of irradiation with X-rays
(cf. SI, Figure S24) and it cannot be ruled out that these sig-
nals are caused by beam induced changes. For excitation at
the 2nd white line, a 2p°4f’ intermediate state is assumed.
The L301 emission then corresponds to a 554/ final state,
which only shifts slightly in emission energy and broadens
as compared to excitation at the 15t white line. Likewise, fea-
ture C.II corresponds to a 5d4f final state, only slightly
shifted in emission energy and broadened as compared to B.I
for excitation at the 15t white line. Finally, C.I is at the same
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loss energy as B.I and thus corresponds to the same final
state as B.I, i.e.,, 5d-14f.

To draw conclusions about the ground state, an addi-
tional process must be regarded. Because excitation at the
left peak of the first WL is at the lowest energy, it is arguable
that itis mostlikely to have little to no secondary/multielec-
tron excitations, while excitation at the left peak of the sec-
ond WL is likely to include both excitations from the ground
state into an intermediate 4/’ state and multi-electron exci-
tations. The measured fluorescence is then likely to be a re-
sult of relaxation from several different intermediate states.
In Sergentu et al’s theoretical study on the electronic be-
havior of CeOz2 in both its ground and excited states, a reor-
ganization of the population of molecular orbitals upon ex-
citation is evident.!” With excitation at higher energies, the
amount of electron density in the binding molecular orbit-
als involving 4f orbitals of cerium decreases.!” In conclu-
sion, we argue that, in order to have a comparable gauge on
the d electron density in bonding, the excitation at the low-
est energy WL maximum (spectrum B) is closest to the
ground state.
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Assuming little to no participation of the Ce 5s levels in
boding, the occupation of the 5d levels can be estimated by
comparing the intensity (area) of the valence transitions to
that of the emission involving 5s. For this purpose, the re-
spective areas were determined in the VB-RIXS spectra us-
ing least-square fits using Fityk®® (as described in the SI).
We derive the following area ratios between the transitions
involving 5d electrons and those involving 5s as follows:
0.68+0.12 for [Ce'(PhC(N'Bu)2)3], 1.65+0.15 for
[CeV(PhC(N'Bu)z2)3]*[Al(OC4F9)4] excited at the 15t WL, and
2.48+0.24 for [CeV(PhC(N®Bu)2z)3]*[Al(OC4F9)4]- excited at
the 2nd WL. This indicates more participation of 5d electron
density in bonding, and therefore more prominent covalent
contribution to  Ce-ligand bonding, for the
[Ce{PhC(N'Bu)z}s][AI(OC4F9)4]  complex than the
[Ce™{PhC(N'Bu)2}3] complex.

Theoretical calculations of HR-XANES and VB-RIXS
spectra. In order to verify that the assignment of the peaks
performed by comparing the experimental spectra to
ground states DOS (see Figure 6), we calculated the VB-RIXS
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Figure 6. Normalized VB-RIXS spectra of (a) [Ce'{PhC(NtBu)z}3] and (b) [CelV{PhC(NtBu)2}3][Al(OC4F9)4], when excited at the 1st
white line or (c) the 2nd white line, compared to projected density of state calculations done with density functional theory (DFT)
and Amsterdam density functional (ADF)38 code based on theoretically optimized structures, as well as (d) HR-XANES spectra with
the energies at which the excitation for the VB-RIXS took place referenced. VB-RIXS are shifted by the value of the edge of the corre-

sponding HR-XANES.
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of the Ce(I1l) compound using LFDFT. Figure 7 shows the
Ce Ls-edge HR-XANES and VB-RIXS experimental spec-
tra for [Ce™{PhC(N'Bu),}] together with the corresponding
calculations used to corroborate their spectral interpretation.
The theoretical VB-RIXS data is obtained by using a single-
particle approximation based on TDDFT in ADF and the
Kramers-Heisenberg formalism. In the XANES, we in-
cluded only transitions that have GS (2p32°4f') — IS (4/'5d")
characters, allowing us to assess how the peak distribution
in the absorption profiles govern the subsequent VB-RIXS
decay channels. The calculated absorption spectrum shows
three oscillator strengths reflecting the ligand-field splitting
of the 5d orbitals under the local coordination environment.
In D3 point group, the 54 manifold splits into a;, e and e ir-
reducible representations. The total energy span of this split-
ting is calculated to be approximately 2.3 eV. However,
upon broadening (to account for the core-hole lifetime
broadening and instrumental energy resolution), the individ-
ual transitions merged into a broad band, which is in a good
agreement with the measured HR-XANES spectrum. It

should be noted that the VB-RIXS spectrum can be de-
scribed using the inelastic X-ray scattering formalism. The
calculated VB-RIXS map represents the GS (2p32°4f') — IS
(4'5d") transitions, followed by the decay channel IS
(41'5d") — FS (5d'L). The FS corresponds to valence exci-
ton states that result from excitation from occupied ligand-
dominated orbitals with finite Ce 5d characters. This pro-
duces weaker inelastic scattering features at transfer energy
close to 0 eV. In addition, decay channel IS (4f'5d') — FS
(55'5d") transitions are also included to reproduce the high
transfer energy features that are observed in the experiment.
This produces stronger inelastic scattering features at trans-
fer energy about 50 eV. The calculated VB-RIXS spectrum
is obtained as vertical cross section of the map at excitation
energy that correspond to the maximum intensity of the
XANES signal, and compared with the experiments. The
calculated and experimental VB-RIXS data of the
[Ce™{PhC(N'Bu),}3] complex depicted Figure 7 are in very
good agreement confirming the qualitative description for
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Figure 7. Comparison between the calculated (calc.) and experimental (exp.) Ce L3-edge VB-RIXS results of [Cell{ PhC(NtBu)2}3].
(top) Calc. versus exp. Ce L3-edge HR-XANES (black and orange traces) are presented. Calculated data is presented as oscillator
strengths (gray bars) and their broadening with a Lorentzian function of HWHM = 0.80 eV (black trace); (bottom-left) calc. Ce Ls-
edge VB-RIXS maps, obtained with the Kramers-Heisenberg formula. Solely intermediate states with 2p55d! electronic configuration
are included, while the final state corresponds to low-lying excited states with 5d'L and 5s15d! electron configurations (cf. SI Theo-
retical Methods). Broadening of the VB-RIXS signal with a Lorentzian function of HWHM = 0.80 eV (IS) and 0.40 eV (FS); (bottom-
right) calc. versus exp. Ce L3-edge VB-RIXS spectra (black and orange traces). The calculated VB-RIXS spectra are obtained as vertical
cuts of the VB-RIXS maps (black dashed line) at an excitation energy of 5727.7 eV. These energies correspond to the maximum of the
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the origin and intensity of the spectral features. The intensity
of the peak resulting from transitions to 5s orbitals is higher
in the theory than in the experimental result. This could be a
result of differing broadening effects for the semi-core 5s
orbitals and the valence-band 5d orbitals, which can influ-
ence experimental results. The same broadening was applied
for both signals in the theoretical calculation.

Since the Ce!V system exhibits substantial charge-transfer
character, leading to a ground state that cannot be adequately
represented within the present TDDFT method, the corre-
sponding VB-RIXS spectra was not included in the calcula-
tion. A quantitative description would require explicit inclu-
sion of ligand-to-metal and metal-to-ligand charge-transfer
configurations in the effective Hamiltonian analogous to ap-
proaches previously developed for mixed-valence and
strongly covalent transition metal systems.** Such treat-
ments are, in principle, feasible and have been successfully
applied using empirical charge-transfer multiplet models for
Ce'V systems.* 4! Extension of the LFDFT method*? toward

0.0030

non-empirical account of the charge transfer electronic
structure is currently under development by some of us, but
requires additional paradigm and computational advances
beyond the scope of the present work.

X-ray induced changes to the electronic structure
and bonding of Ce. During measurement, noticeable
changes in the spectra of the cerium complexes upon irra-
diation with X-ray photons occurred (Figure 8). Stabilizing
the compounds sufficiently long for recording of HR-XANES
and VB-RIXS spectra was possible by adjusting the intensity
of the incident X-ray beam and cooling the samples to -95°C
(cf. SI for details). However, spectral changes observed out-
side of the stable window of 20 ([Ce""{PhC(N'Bu)z}3]) or 24
([CeV{PhC(N*Bu)2}3][Al(OC4Fs)4]) minutes, can give us in-
sight into how the electronic structure of these compounds
is changed by photochemical effects. Figure 8 depicts Ce Ls-
edge HR-XANES spectra of the Ce and CeV compounds
measured using high-energy resolution and low photon flux
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Figure 8. In every part of the figure (a-d) a set of ten Ce L3-edge HR-XANES spectra, each measured for 4 minutes, are displayed.
Spectra of (a) [Ce™{PhC(NtBu)2}3] and (b) [Ce!V{PhC(NtBu)2}3][Al(OC4F9)4] are recorded with a photon absorber and a vertically de-
focused X-ray beam, which leads to reduced photon-induced spectral changes and increased experimental resolution (compared to
horizontal defocusing. Spectra of (c) [Ce'{PhC(NtBu)2}3] and (d) [Ce!V{PhC(NtBu)2}3][Al(OC4sFs)4] recorded with no absorber and a
horizontally defocused beam, which allow to clearly observe photon-induced spectral changes with reduced experimental resolu-

tion, respectively.



(aand b) and low-energy resolution and high photon flux
(c and d). The Ce L3-edge HR-XANES of [Ce"'{PhC(NBu)z}3]
reveals only a very slight increase in intensity of the spectral
feature at about 5740 eV (Figure 8, (a)). It is in the same en-
ergetic position as the 4f signal (second white line) of the
[Ce{PhC(N'Bu)z}3][Al(OC4F9)4)] spectrum (Figure 8, (b)).
The spectrum of the Ce complex does not show changes in
the WL shape or intensity and the position of the first post-
edge resonance does not change (Figure 8, (a) and (c)).
While the changes to the first post-edge feature start earlier
than changes in the spectrum of the Ce!V, they are much less
significant and progress more slowly. This indicates a
change in electronic structure in which the make-up of the
5d-dominated unoccupied molecular orbitals varies, but
without a change in atomic geometry or bond length involv-
ing the Ce atom. Interestingly, the higher photon flux, but
lower experimental resolution and the same irradiation
time did not lead to any significant changes in the Ce'l spec-
trum (Figure 8, (c)). This demonstrates that the high-energy
resolution is necessary for detection of small spectral
changes.

For the Ce!V complex, multiple staggered changes are vis-
ible (Figure 8, (b) and (d)). The changes begin with a rise in
intensity of the lower energy feature in the 4fI.L WL at ca
5728 eV. Until the intensity of the lower energy feature
reaches that of the higher energy split, the 4/ WL does not
show significant changes. Once the intensity of the lower
energy split exceeds that of the higher energy split, the in-
tensity of the 4/ WL at about 5739 eV begins to sink (Figure
8, (b)). These changes occur with initially unchanged post-
edge features, indicating a changed electronic structure
with an intact Ce!V local atomic structure and Ce"-ligand
bond length. In a third step, visible later, the post-edge po-
sition begins to move to lower energies, indicating a col-
lapse of the physical structure and the lengthening of first
coordination shell bonds, towards the post-edge position
(and bond length) of the Ce!" complex (Figure 8, (d)). The
change in the position of the first post-edge resonance, and
thus the disintegration of the structural integrity of the
complex, specifically the local environment of the Ce central
atom, being a separate process from the changes in the WL
regions is particularly interesting, indicating a level of coor-
dination stability beyond changes in electronic structure. It
appears that damage to the outer regions of the complex
takes place before the structure and geometry of the local
environment of the Ce atom change.

The VB-RIXS signal patterns of both complexes also
change with increased irradiation time and intensity (cf.
Figure S24), though this seems to be delayed or less sensi-
tive, as small changes in the splitting of the 4f/.L WL in the
HR-XANES of [CeV{PhC(N'Bu)2}3][Al(OC4F9)4)] do not result
in differences in the VB-RIXS when excited at the energy of
the 4fIL WL (Figure S24, (b)). Once the changes become
more prominent, feature B.I decreases in intensity, while
features B.II and B.III increase in intensity (Figure S24 (d)).
Interestingly, [Ce"{PhC(NBu)z}3] shows only barely visible
changes upon a much longer irradiation time with the same
intensity of irradiation (Figure S24 (c)). Signals A.l and A.ll,
which are energetically in the same position as B.Il and B.III,
decrease in intensity. Additionally, the separation between
the elastic peak and A.I decreases due a shoulder appearing
at the lower energies of the elastic peak, indicating an in-
crease in intensity at the energy where B.l is for the Ce!V
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Figure 9. Changes in the Ce Mas-spectrum of

[CeV{PhC(NBu)z}3][Al(OC4F9)4], measured via total electron
yield, after increasing amounts of irradiation. Prominent spec-
tral features are labelled with lowercase letters a through i.

complex (Figure S24 (c)). This suggests that the elec-
tronic structure underlaying the 5d electron density partic-
ipating in bonding shifts toward that of the opposite formal
oxidation state, particularly once HR-XANES show signifi-
cant changes. However, it is obvious that this effect is signif-
icantly stronger and occurs more rapidly for the Ce!Vamidi-
nate than the Ce'' amidinate.

These findings are complemented by soft X-ray measure-
ments at the Ce Mys-edge of [CeV{PhC(N'Bu)2}s]
[AI(OC4F9)4)] (Figure 9), where significant changes are visi-
ble upon irradiation. Measurements at the Mss-edge are
useful in probing the Ce 4f states of compounds. These
states are very local, and the spectra are dominated by 4f
multiplet structures,!8 42-44 which makes the method very
sensitive to the 4f occupation. The measured spectrum of
[CeV{PhC(N'Bu)z}3][AI(OC4F9)4] is very similar to the re-
ported spectrum of Ce0O2,*> indicating very similar configu-
rations for these two compounds, also corroborating the
findings of the hard X-ray measurements. Therefore, these
spectra also show sensitivity to electron donation from the
ligand to the metal through covalent bonding interaction
and a mixed 3d°4f’L and 3d°4f! final state configuration is
necessary to also reproduce features d and i of the spectra.6
When observing how the spectrum changes, a gradual
change towards features present in the spectrum of the Ce!!
amidinate is visible (cf. Figure S28). This matches results at
the Ls-edge and is especially obvious in the intensity in-
crease in features a, b, e, f and g. Spectral changes at these
edges indicate changes in electronic structure involve both
5d and 4f electron density. The time scale at which changes
take place is much smaller at these energies than at the Ce
Ls-edge, which is aresult of a higher radiation dose rate, due
to a higher flux, a higher cross section, and lower attenua-
tion length for the soft X-ray measurements taken at X-
SPEC.

In summary, these observations suggest an electronic
structure that is modulated under photon influence long be-
fore significant geometric structural changes close the Ce
central atom occur, in each case growing closer to the elec-
tronic structure of the respective sister complex. Notably,
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the Ce!V compound shows pronounced sensitivity to this [Ce™{PhC(N'Bu)z}s]*. Note that in the optimized structures

type of change. (Table S9 and Table S10), single symmetry-equivalent Ce-
N bond length, single N-C bond length within the amidinate

Ce local coordination environment. Finite difference ligand (where the central carbon atom bridges the two ni-
method near edge structure (FDMNES) calculations based trogen donors), and one N-C-N bond angle are obtained as
on experimental structures determined using X-ray diffrac- results of the symmetry restrictions (D3 point group). In
tion (XRD) were used to model the transitions in the HR- contrast, the experimental XRD structures display slight
XANES spectra of the complexes (Figure 10). For distortions from the ideal symmetry, leading to six individ-
[Ce™{PhC(NtBu)z}s], the calculation is able to model the fea- ual Ce-N distances, six N-C bond lengths, and three inde-

tures of the spectrum well, with the underlying splitting of pendent N-C-N angles. For [Ce"™{PhC(NtBu)z}s], the calcu-
the WL clearly visible, and both the first feature after the WL lated Ce-N bond length of 2.502 A agrees well with the ex-
and the first post-edge resonance in the correct position perimental values ranging from 2.488 to 2.536 A (average
(Figure 10, (a)). For the Ce!V complex, the calculation, when 2.513 A). Likewise, the computed N-C bond length of 1.329
shifted to the first WL (Figure 10, (b)), is able to model the A closely matches the experimental range of 1.328-1.336 A

splitting of the first WL (4f1L) feature well, though the inten- (average 1.332 A), while the calculated N-C-N angle of
sity ratio differs. The position of the first post-edge reso- 114.55° is consistent with the experimental values of
nance is not modelled correctly and the second (4f%) WL fea- 113.4-114.3° (average 113.89°). A similarly good agree-
ture is completely absent. These discrepancies were ex- ment is obtained for [CelV{PhC(N'Bu)2}3]*. The calculated
pected and are due to the limitations of the multiple-scat- Ce-N bond length of 2.374 A reproduces well the experi-
tering theory of modelling the multiconfigurational elec- mental distances ranging from 2.363 to 2.403 A (average
tronic structure involved in Ce!V-spectroscopy. When shift- 2.392 A). The calculated N-C bond length (1.331 A) and N-
ing the calculations to higher energies for alignment with C-N bond angle (113.13°) are also consistent with the ex-
the 4P WL (Figure 10, (c)), the position of the first post-edge perimental averages of 1.341 A and 113.0°, respectively. Im-
resonance aligns with the calculated spectrum, though this portantly, both experiment and theory show a clear con-
is more visible when comparing longer-range conventional traction of the Ce-N bond upon oxidation from Ce" to Cel,
spectra (cf. SI, Figure S29). The good agreement of the post- reflecting the increased effective nuclear charge on the Ce
edge features for both Ce!'" and Ce!V (4/%), including longer center, and also smaller ionic radius of tetravalent Ce (0.87
energy range conventional spectra, provides additional A (Ce") versus 1.01 A (Ce™) in sixfold coordinated sys-
confirmation that the compounds studied with HR-XANES tems32), which strengthen the interaction with the amidi-
have not undergone any decomposition during the sample nate nitrogen donors.
transfer. Results of calculations that take quadrupole tran- The frontier molecular orbitals of the amidinate ligand,
sitions into account compared to results of dipole-only cal- which are primarily responsible for the metal-ligand inter-
culations show that quadrupole transitions mainly play a actions, are shown in the SI (Figure S32). The highest occu-
part in the pre-edge region, though this region is still largely pied molecular orbitals (HOMOs) consist of three distinct
dominated by dipole transitions (cf. SI, Figure S30). This is types: the HOMO corresponds to the delocalized m frame-
likely a result of 4f/5d mixing and dipole transitions into re- work of the N-C-N unit and is largely composed of nitrogen
sulting molecular orbitals. This energy region of the density 2p orbitals, which will be oriented perpendicular to the
of states calculated in the FDMNES process is dominated by metal-nitrogen bond axis, giving rise to an anisotropic -
f and d contributions, which supports this assumption (cf. donor character. In contrast, the HOMO-1 and HOMO-2 or-
SI, Figure S31). bitals are predominantly nitrogen-centered lone pairs and
thus constitute the o -donor framework. These two sets of
Quantum chemical studies of bonding interactions. lone-pair orbitals differ in their internal phase relationship
Geometry optimizations were performed for the amidinate within the ligand, corresponding to the in-phase symmetric
ligand and the two complexes [Ce"{PhC(N'Bu)z}3] and and the out-of-phase antisymmetric combinations of the ni-
trogen lone pairs.
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Figure 10. Experimental Ce L3-edge HR-XANES spectra compared FDMNES calculations. The calculations are based on the deter-
mined XRD structure of (a) [Ce"'{PhC(NtBu)2}3] and (b) and (c) [Ce!V{PhC(NtBu)2}3][Al(OC4F9)4]. In (a) and (b), the calculation results
are shifted to match the most intense absorption peak (WL), in (c) the calculated spectrum is shifted by 9.5 eV in comparison to (b)
to match the second WL feature. The calculations are scaled (2x in (a); 0.7x in the pre-edge and WL region and 2x in the post-edge
region in (b) and (c)) to make the comparison more visible.

11



When coordinated with the Ce center, the amidinate
frontier orbital sets generate symmetry-adapted linear
combinations (SALC) that transform to a: and e irreducible
representations of the D3 point group (Figure S33 and S34).
These ligand-based SALCs form the basis for interaction
with the cerium valence orbitals, where the o-donor lone
pairs primarily overlap with Ce 5d orbitals to establish the
bonding framework, while the higher-lying m orbitals inter-
act more weakly and anisotropically, contributing to the
high-lying HOMOs of the complexes, and also enabling lim-
ited ligand-to-metal pi donation in [CeV{PhC(NBu)z}3]*.

Figure 11 presents the calculated MO energy diagrams of
[Ce™{PhC(N'Bu)2}3] and [CeV{PhC(NBu):}3]* in D3 sym-
metry, with energies relative to the HOMO that is set to 0 eV
in both systems. The [Ce{PhC(N'Bu)z}3] calculation was
performed in a spin-unrestricted formalism, resulting in
two series of orbitals corresponding to alpha and beta spins.
The singly occupied MO (SOMO) of [Ce™{PhC(NtBu).}s] is
primarily characterized by Ce 4forbitals (4fy(3x2-y?)) (cf. SI,
Figure S34). The higher-energy occupied orbitals in both
[Ce"{PhC(N'Bu)2}3] and [CeV{PhC(N'Bu)z}3]* are predomi-
nantly ligand-centered and consist largely of nitrogen 2p or-
bitals. These orbitals correspond to the m-orbital frame-
work SALC of the N-C-N backbones of the amidinate ligands.
In [Ce™{PhC(N'Bu)z}3], the empty 4f orbitals are distributed
close to the energy range of the 5d orbitals, whereas in
[Ce™{PhC(N'Bu)2}3]*, the empty 4f orbitals are stabilized at
lower energy value, reflecting the increased effective nu-
clear charge in the tetravalent state.

In [Ce™{PhC(NtBu)2}3] and [CeV{PhC(N'Bu):}s]*, the
metal-ligand bonding is dominated by o-donation from the
amidinate N atoms, with negligible m contribution. In
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[Ce™{PhC(N'Bu)2}s]* we observe slight mixing between the
ligand 1t SALCs and the 4fz2x and 4fz%y orbitals, whose lobes
are oriented to interact with the nitrogen m framework. This
weak interaction gives rise to small metal character to the
HOMO (< 5%), leading to stronger Ce-N bond covalency
without significantly perturbing the delocalized m network
of the ligand. Simultaneously, the o-framework remains
strongly stabilized in both formal oxidation states due to ef-
fective overlap with Ce 5d (and 6s/6p) orbitals.

We observe that the redistribution of electron density in
[Ce™{PhC(N'Bu)2}s]* where part of the ligand m density is
delocalized onto the metal lowers the energy of the HOMO
relative to the isolated ligand orbitals. This stabilization ex-
plains the observed shorter Ce-N bond distances and
greater covalent character in the tetravalent complex. In
contrast, in [Ce"'{PhC(NtBu):}s], with its localized m HOMO
and largely ionic 4f-centered SOMO, remains primarily sta-
bilized by o-donation, resulting in longer bond length and
weaker covalency. Overall, the MO diagrams reveal that for-
mal oxidation state modulates both the participation of
metal orbitals in bonding and the delocalization of the elec-
tron density from the ligand m network.

Bonding Analysis. To understand the mechanism of the
metal-ligand interaction in the complexes, we have per-
formed two different bond analyses. This includes natural
bond order/natural localized molecular orbital
(NBO/NLMO) methods*” and quantum theory of atoms in
molecules (QTAIM).*® The calculations were carried out
with DFT and hybrid PBEO functional. Figures 12 and 13
display the NLMOs for [Ce"{PhC(N*Bu)z}s] and
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Figure 11. Energetic positions of molecular orbitals in [Ce!'l{ PhC(NtBu)z}3] and [Ce!V{PhC(NtBu)2}3]* relative to their highest occu-
pied molecular orbitals (HOMO); color indicates the predominant atomic orbital involved in the molecular orbitals. The relative Ce
4f and 5d contributions are marked and the singly occupied molecular orbital (SOMO) in the Celll complex is noted.
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[Ce{PhC(N'Bu)2}s]*, respectively, illustrating the primary
sigma and pi bonding interactions between Ce and the
amidinate ligands. The figure also shows the percent char-
acter for Ce atomic orbitals, which reveal a significant shift
in orbital composition. That is the contribution from Ce
doubles from [Ce{PhC(N'Bu)z}3] to [CeV{PhC(N'Bu)2}s]*
which suggests a more covalent interaction in the latter. Ta-
ble 1 summarizes the topological properties of the electron
density at the bond critical point for the Ce-N interaction.
Transitioning from [Ce"{PhC(NtBu)z}3] to
[Ce{PhC(N'Bu)2}s]*, the electron density (p(r)) increases
by 37%, accompanied by a 53% raise in the delocalization
index ((8), signaling a strengthening of the Ce-N bond. The
total electronic energy density (H(r)) becomes significantly
more negative (-140%), while shifting the |V|/G ratio down-
ward by 17%. Furthermore, the bond ellipticity (€) in-
creases by 160%, reflecting a substantial gain in pi-charac-
ter and anisotropy in [CeV{PhC(NtBu)2}s]*.

Oxidation from Ce!" to Ce!V induces significant changes in
the electronic structure and bonding metrics of the Ce-N in-
teractions. As stated earlier, the Ce-N bond distances con-
tract from 2.502 A in [Ce™{PhC(N‘Bu)z}s] to 2.374 A in
[Ce{PhC(N'Bu)2}s]*, representing a 5.1% decrease in bond
length, consistent with the smaller ionic radius and greater
effective nuclear charge of Ce!V. This contraction facilitates
improved metal-ligand orbital overlap and is reflected in
the NLMO analysis, which shows that cerium participation
in the nitrogen donor orbitals increases from approxi-
mately 2-4% in [Ce™{PhC(NtBu):}3] to 7.5-8.0% in
[CeM{PhC(N'Bu)2}3]*. In both oxidation states, the metal
contributions derive from hybridized orbitals with

dominant 4f/5d character, although the greater overall
metal contribution in [Ce!V{PhC(N'Bu):}3]* indicates en-
hanced orbital mixing upon oxidation.

Inspection of the NLMO compositions provides further
insight into the origin of the enhanced covalency in
[Ce{PhC(NtBu)z}s]*. In both complexes, the Ce acceptor hy-
brids involved in Ce-N bonding contain substantial admix-
ture of both 4f and 5d character; however, the Ce!V analog
exhibits not only greater overall metal participation within
the donor NLMOs, but also a higher fractional contribution
from 4f orbitals within the metal hybrid acceptor set. Spe-
cifically, whereas the Ce-centered donor acceptor hybrids in
[Ce"{PhC(N®Bu)z}s] contain approximately 40-60% 4f
character, the analogous hybrids in [Ce!V{PhC(N'Bu)z}3]* ex-
hibit 58-63% 4f composition. This finding indicates that the
enhanced orbital mixing in [CeV{PhC(N'Bu)2}3]* is not
solely attributable to greater participation of diffuse 5d or-
bitals, but also reflects measurable engagement of the for-
mally vacant Ce!V 4f manifold in bonding.

The increased 4f contribution upon oxidation is notable
given the traditional view of lanthanide 4forbitals as largely
core-like and nonbonding. However, cerium represents a
unique case among the lanthanides due to the compara-
tively diffuse nature of its early-series 4f orbitals and the ac-
cessibility of a formal 4/° oxidation state in Ce!". Oxidation
from Ce! to Ce!V lowers the energy of the metal-centered
acceptor orbitals while simultaneously contracting the Ce-
N bond distances from 2.502 to 2.374 A, thereby improving
both energetic and spatial overlap between the nitrogen do-
nor lone pairs and the Ce acceptor manifold. As a result, the
vacant 4f orbitals become sufficiently accessible to

Figure 12. Selected NLMOs showing the main interactions responsible for the Ce-N bonding in [Ce!ll{f PhC(NtBu)z}3].
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Figure 13. Selected NLMOs showing the main interactions responsible for the Ce-N bonding in [CelV{PhC(NtBu)z}3]*.

Table 1. Selected QTAIM metrics for [Ce"{PhC(N‘Bu)}3] and [Ce"V{PhC(NtBu)2}s]*: electron density (p(r) in eA-3), potential
energy density kinetic energy density, total energy densities (V(r), G(r), H(r) in kcal mol-*A-3), ratio V/G, ellipticity (), and

delocalization index (8(r)).

Bond p(r) V() G(r) H(r) V/G H/p(r) Ellipticity  §(r)
Celll-N 0.3742 -1038.7 858.5 -180.2 -1.2 -481.5 0.086 0.344
CelV-N 0.5130 -1628.6 1195.8 -432.8 -1.4 -843.7 0.224 0.528

participate in donor-acceptor interactions, contributing to
the enhanced covalent character observed in
[Ce™{PhC(NtBu)2}s]*.

Consistent with the NLMO results, QTAIM analysis re-
veals substantial strengthening of the Ce-N bonding inter-
action in [CeV{PhC(N'Bu)2}s]* relative to
[Ce"{PhC(NBu)2}s]. The electron density at the bond criti-
cal point increases by 37%, while the potential energy den-
sity becomes significantly more negative, indicating
stronger attractive interactions. Most notably, the total en-
ergy density H(r) becomes 140% more negative, supporting
greater bond stabilization and enhanced covalent character
in the Ce!V complex. The |V(r)|/G(r) ratio increases from 1.2
to 1.4, while the delocalization index increases by 53%, fur-
ther indicating greater electron sharing between cerium
and the nitrogen donors in [CeV{PhC(N'Bu)z}s]*. Collec-
tively, these data demonstrate that oxidation to CelV
strengthens the Ce-N interaction not only through in-
creased electrostatic attraction but also through greater or-
bital-mediated covalency.

CONCLUSION

In this work, we successfully synthesized and character-
ized a pair of homoleptic complexes of Ce'" and Ce!V ions.
Advanced X-ray spectroscopic techniques provided insights
into their electronic structures and bonding interaction,

while theoretical modeling allowed us to quantitatively as-
sess bonding properties and accurately characterize the X-
ray spectral features. This work establishes a direct spec-
troscopic correlation between formal oxidation state and
metal-ligand bond covalency and demonstrates that formal
oxidation state decisively modulates bonding in isostruc-
tural cerium tris(amidinate) complexes, with the Ce!V com-
pound exhibiting enhanced 4fand 5d participation in bond-
ing covalent interactions relative to its Ce!! analogue.

Ce Ls-edge HR-XANES provide insight into the unoccu-
pied 4f- and 5d-derived states and their energetic differ-
ences, as well as intermediate-state effects such as the mul-
ticonfigurational character of the Ce!V intermediate state.
Indirect information about Ce 4f and 5d participation in
bonding can be derived from these spectra. Analysis of the
energy shift between the pre-edge (4f-derived) and main
edge (5d-derived) transitions, AE(5d, 4f), of Ce Lz-edge HR-
XANES spectra indicates increasing bond covalency in the
order CeCl3 < [Ce™{PhC(N'Bu)z}3] <
[CeV{PhC(NBu)z}3][AI(OC4sF9)4] ~ CeO2. These findings are
further validated by theoretical modeling by carrying out
bond analysis and natural localized molecular orbitals com-
putation. Results show that both Ce' and Ce!V complexes
have measurable interaction with the ligand via the 5d or-
bitals. This results from an orbital-overlap driven bond co-
valency mechanism. The extent of mixing between Ce 5d
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and N Zp orbitals increases from Ce!' to Ce!V complexes,
which is primarily due to the shortening of the Ce-N bond
length in the series. Furthermore, we establish that the Ce
4f orbitals play important role in the Ce!V complex, modulat-
ing its electronic structures to exhibit a strong ligand-to-
metal charge transfer effect. This results from an energy-de-
generacy driven bond covalency mechanism where the Ce
4fand N 2p orbitals are found at very close energy levels. In
that, the HR-XANES spectra show double WL features that
are very characteristic of CeOz and other reported Ce'V com-
plexes. Going a step further, we have collected VB-RIXS
spectra of the two complexes, and show for the first time for
Ce thatitis possible to probe the occupied 5d-derived states
and quantitatively compare participation of Ce 5d electron
density in bonding for excitation at different energies. Com-
parison of spectra most closely reflecting the ground-state
electronic structure shows that
[CeV{PhC(N'Bu)z}3][AI(OC4F9)4] exhibits greater b5d-elec-
tron participation in bonding than [Ce™{PhC(N'Bu)2}s], re-
inforcing the conclusion that the Ce complex has weaker
covalent bonding contributions than the Ce!V complex.

Electronic and geometric structure changes were ob-
served upon irradiation with X-rays for both Ce" and CeV
complexes. It was demonstrated that the intensity distribu-
tion of the CeV 4f'L double-peak white-line structure of the
Ce Lsz-edge HR-XANES spectrum changes first, followed by
changes in the VB-RIXS spectra and the local geometric
structure around the Ce atoms. The final step is reduction
to Ce', Moreover, it was found that the Ce!V complex is in-
fluenced and reduced to a significantly greater extent than
the Ce!' compound is oxidized. These results clearly suggest
that photon-induced charge transfer occurs within the com-
plexes while the compounds remain structurally intact
within the local Ce atomic environment, at least during the
initial phase of the irradiation process.

We presented the first combined Ce L3-edge HR-XANES
and quantitative VB-RIXS study, complemented by Ce Mas-
edge XANES, directly comparing bonding properties and co-
valency for isostructural Ce!" and Ce!V metal-N-donor lig-
ands compounds. These findings provide detailed insight
into oxidation-state-dependent bonding in molecular lan-
thanide systems and inform strategies for tuning electronic
structure and physicochemical properties through redox
control.

EXPERIMENTAL SECTION

Synthesis of the Ce" compound. For the synthesis of
[Ce"{PhC(N'Bu)z}3], [Ce(BH4)s(thf)s] (841 mg, 2.10 mmol,
1.0 equiv) was combined with Li(*BuN).CPh (1.50g,
6.29 mmol, 3.0 equiv) in THF (30 mL) and the reaction mix-
ture heated to 80 °C for 24 h. Over the course of the reac-
tion, the colorless solution gradually turned bright yellow,
accompanied by the formation of a LiBH, precipitate. Fol-
lowing removal of the solvent under reduced pressure, the
residue was taken up in n-heptane (40 mL) and filtered hot
through a P4 silica frit. The clear filtrate was concentrated
to approximately 20 mL and reheated until homogeneity
was achieved. Slow cooling of the solution to -30 °C over-
night yielded [Ce"{PhC(NtBu)2}s] as yellow crystalline ma-
terial (1.41 g, 80%). 'H NMR (400 MHz, THF-ds) § = 13.84
(s, 6H, Ar-H), 9.78 (s, 6H, Ar-H), 9.14 (s, 3H, Ar-H), - 3.00 (s,
54H, tBu-H). 13C NMR (75 MHz, THF-ds) & = 137.77 (Ph),
131.54 (Ph), 131.05 (Ph), 31.30 (‘Bu).

Synthesis of the Ce!V compound. In order to synthesize
[Ce{PhC(N'Bu)z}s][AI(OC4sF9)4], a cooled mixture of
[Ce™{PhC(N*Bu)z}3] (100 mg, 0.120 mmol, 1.0 equiv) and
[Ag(dcm)] [Al(OCsFo)4] (139 mg, 0.120 mmol, 1.0 equiv)
was brought to -89 °C. Addition of o-difluorobenzene
(10 mL) to the solids immediately induced a color change
from yellow to dark green-blue. The suspension was then
allowed to warm to room temperature and stirred for 72 h.
Afterwards, the reaction mixture was filtered through a P4
silica frit, and the filtrate concentrated to ca. 3 mL. The con-
centrated solution was carefully layered with n-heptane
(10 mL) and left undisturbed for several days, resulting in
the crystallization of [Ce!V{PhC(N'Bu)2}3][Al(OC4Fs)4] as
dark-blue material which was afterwards washed with n-
heptane (147 mg, 68%). 'H NMR (400 MHz, THF-ds) 6 =
7.60 - 7.43 (m, 15H, Ar-H), 1.35 (s, 54H, ‘Bu-H). 13C NMR (75
MHz, THF-ds) & = 130.28 (Ph), 34.97 (‘Bu).

HR-XANES and VB-RIXS Experiments. HR-XANES and
VB-RIXS of cerium at the L3-edge were measured at the SUL-
X beamline of the KIT Light Source Karlsruhe, Germany. The
beamline’s radiation source is a 27-pole wiggler and the in-
coming beam is then monochromatized by a fixed-exit
Si(111) double-crystal monochromator. Using slits and hor-
izontally and vertically focusing bending mirrors (a Kirk-
patrick-Baez focusing system), the incoming beam size was
adjusted to ca 0.2 mm horizontally by 1.2 mm vertically.
Measurements were performed using a single analyzer
crystal X-ray emission spectrometer in focusing horizontal
Rowland circle geometry involving detection of a photoe-
mission energy chosen using a striped spherically bent
Si(211) crystal analyzer with a 0.5 m bending radius at the
422 reflection. A two-point calibration was performed us-
ing the Cr KM23 emission line of a Cr metal foil (PyMCA
5946.7 eV%) and the Mn KM23 line of a Mn metal foil
(PyMCA 6490.4 eV#°) Detection took place using an ava-
lanche photodiode (FMB Oxford, APD Detector HD 5X5C)
with a 70 pm Kapton window at the maximum of CeL3Nas
emission line (PyMCA 5613.4 eV#9, Bragg angle of 85.01°).
The sample, crystal and detector were positioned so that
the angle between the incoming beam and the crystal sur-
face is 180° and the Rowland circle is tilted 8° against the
beam plane in order to allow it to pass beneath the crystal,
through the holder, to reach the sample, which results in an
overall 172° o (“backscattering”) geometry, o referring to a
geometry in which the polarization vector of the incoming
photons is (close to) linear and lies in the synchrotron plane
while being perpendicular to the surface normal of the scat-
tering plane.>® Measurement took place under high vacuum
(10-> mbar) to minimize absorption of X-ray radiation by air
molecules. The measurement of an elastic line of an Au foil
at 5614.3 eV (value after calibration) showed a spectrome-
ter resolution of 0.9 eV. For measurements of
[CeV{PhC(N'Bu)2}3][Al(OCsFo)4]and [Ce™{PhC(N'Bu):}s] a
0.5 mm graphite absorber was used to reduce beam inten-
sity instead of the standard 0.1 mm graphite absorber used
for reference samples. Parallel to high resolution measure-
ments, conventional measurements were taken using a 7-
element silicon drift detector (type Sirius, RaySpec) with
the ROI set to measure the L3:Ms emission line (PyMCA
4840.1 eV#?). Samples were cooled to ca -95°C using a lig-
uid-nitrogen based cryo set-up. Modified cryostat cells from
CAT-ACT were used for measurement.5!
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Samples were drop-casted onto the anodized Al surface
using dry toluene for [Ce™{PhC(N'Bu).}3] and dry tetrahy-
drofurane for [CeV{PhC(N'Bu)2}3][Al(OC4sFs)4] and Sml,
which was added to the cell as an indicator due to its stark
color change from black to white upon contact with air.
Transportation and preparation of samples took place un-
der Ar atmosphere. Radiation damage tests were per-
formed by collecting a series of HR-XANES spectra (eight 30
second scans, followed by ten four-minute scans and moni-
toring the spectral profile for changes with increasing time
exposed to radiation. Subsequent measurements were then
performed on fresh sample spots and limited to stable time
frames to ensure data quality. Calibration of the excitation
energy was performed using the first maximum of the first
derivative of repeated XANES transmission measurements
of a Vanadium foil at the K-edge (calibration to PyMCA lit-
erature value at 5465.1 eV49). The emission energy was cal-
ibrated using the reference (metallic Ce containing Flint-
stone) Ce L3Nas emission line (PyMCA 5613.4 eV#°). VB-RIXS
were calibrated by shifting the maximum of the elastic peak
to the energy at which excitation took place.

HR-XANES data was processed by merging and normal-
izing using ATHENA from the DEMETER program package
and exporting the normalized, not flattened spectrum.>2
Further data analysis was performed in OriginLab’s
OriginPro 2025.53 VB-RIXS data was prepared for fitting in
OriginPro 2025, where background subtraction was per-
formed (cf. SI, Figure S25).

Soft X-ray XANES experiments at the Ce M5 edge were
performed at the X-SPEC beamline5* at the KIT Light Source.
Spectra were recorded in the total electron yield mode us-
ing the drain current of the samples and normalized to the
incoming photon flux measured with a gold mesh upstream
of the experimental chamber. For fast measurements, con-
tinuous energy scans (as opposed to step scans) were per-
formed, which requires a simultaneous movement of soft X-
ray monochromator and the undulator light source of the
beamline.5>

Theoretical Calculations, Computational Details. Cal-
culations were performed with density functional theory
(DFT) by using the Amsterdam Density Functional (ADF)
code in the Amsterdam Modelling Suite (AMS).38 The gener-
alized gradient approximation (GGA) as a Perdew-Burke-
Ernzerhof (PBE) formulations¢ and the hybrid PBEO func-
tional>” were used. All-electron Slater-type orbital (STO) ba-
sis sets of triple-zeta quality widened with two polarization
functions plus an extra {-STO (TZ2P+) for Ce and with a sin-
gle polarization function (TZP) for C, N and H were used to
expand molecular orbitals.38 The Zeroth-Order Regular Ap-
proximation (ZORA) of the Dirac equation was used to im-
plement relativistic corrections in both the scalar and spin-
orbit levels of theory.>® Dispersion forces were taken into
account via the Grimme correction in its Becke-Johnson
parametrization and its D3 formulation.>®

Geometry Optimization. Molecular geometries of
[Ce"™{PhC(N'Bu)2}3] and [CeV{PhC(N'Bu)2}3]* were opti-
mized using GGA PBE5¢ and PBE057 DFT functionals and sca-
lar relativistic level. The complexes have identical struc-
tures, with 121 atoms, optimized geometries are available
in the SI, Table S8, Table S9 and Table S10. The calculations
were carried out by using Density-Functional Theory (DFT)

as implemented in the ADF program package,?® employing
the hybrid PBEO exchange-correlation functional®® together
with scalar relativistic corrections using the ZORA formal-
ism®! and all-electron Slater-type orbital functions, by using
the triple-zeta plus polarization TZ2P+ and TZP basis sets
for Ce and the other elements, respectively.®? The amidinate
ligand and [CeV{PhC(NBu):}3]* complex were optimized
using restricted self-consistent field (SCF) approaches con-
sistent with their closed-shell electronic configuration,
whereas [Ce{PhC(NtBu)z}3] was calculated using an unre-
stricted spin-polarized SCF procedure with a spin multiplic-
ity of two (doublet). The molecular symmetry was con-
strained to the D3 point group for [Ce!"{PhC(N*Bu):}s] and
[Ce™{PhC(N'Bu)z}3]* during the geometry optimizations.
For the ligand, the symmetry was constrained to Cz. The re-
sulting electronic structures were checked to ensure the ab-
sence of fractional or non-Aufbau orbital occupations. In the
geometry optimization, the standard gradient algorithm
was employed with two times tighter convergence criteria
than the default ADF values.38 To verify that the optimized
structures correspond to minima on the potential energy
surface, additional geometry optimizations were carried
out at the PBE level of theory, followed by analytical vibra-
tional frequency calculations. This approach was adopted
because analytical second derivatives are available for PBE
in ADF,3® whereas frequency calculations at the hybrid
PBEO level require numerical differentiation and become
computationally demanding for molecular systems of this
size. The PBE frequency analyses confirmed the absence of
imaginary modes, indicating that the optimized structures
correspond to stable minima in the potential energy sur-
face.

Electronic structures of both complexes were calculated
by using DFT via the ADF code.3® The hybrid PBEO func-
tional, scalar ZORA relativistic effect was used in the calcu-
lations. Optimized geometries as described above were uti-
lized as input. The results were analyzed through molecular
orbital diagrams (Figure 11) and total and partial density of
states (DOS and PDOS) (Figure 6).

Ce Ls-edge XANES and VB-RIXS of [Ce™{PhC(N‘Bu)z}s]
were modelled using time-dependent DFT (TDDFT) via the
ADF program package.?® TDDFT allows us to simultane-
ously acquire explicit treatment of core-to-valence (2ps;2 =
5d) transitions, and to evaluate the transition dipole mo-
ment (TDM) matrix elements necessary for both XANES and
VB-RIXS modelling. Calculations were performed by using
the PBEO DFT functional at the spin-orbit level of theory.58
The optimized structures obtained with the PBEO DFT func-
tional were used for the calculations. By including the spin-
orbit coupling, the Kohn-Sham orbitals are treated as
spinors and core and valence shells are split according to
total angular momentum, which results in a separation of
the lanthanide 2p core shell into the twofold degenerate
2p1sz2 and fourfold degenerate 2ps/2 spinor manifolds. Only
the 2p3/2 core level was considered in the excitation space.

For the Ce Ls-edge XANES calculation, excitation energies
and TDM associated with the ground state (GS, Ce 4f), and
intermediate state (IS Ce 2p3/234f15d') were obtained using
a single-particle method based on Kohn-Sham spinors. The
average-of-configuration (AOC) type calculations was
used.** Here, open-shell electrons were evenly distributed
across the core Zps/2 and valence 4f and the 5d spinors by
using fractional occupation numbers.®3 This allowed us to
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preserve near spherical symmetry while avoiding artificial
symmetry breaking, which may cause complications in re-
sponse calculations.®* As a consequence, multiplet splitting
due to 4f-5d coulomb interactions could not be resolved,
and therefore the calculation does not reproduce fine mul-
tiplet structures. For the GS electronic structure, 1 electron
was evenly distributed over the fourteen-fold 4fs,2 + 4f7,2
spinors. For the IS, 3 electrons were distruvuted over the
fourfold 2ps,2 spinors, 1 electron over the 4fs;2 + 4f72
spinors and 1 additional electron within the ten-fold 5d3,2 +
5ds,2 spinors. The ADF keyword “SelectExcitation” was used
to generate the excited sates by defining an active space of
Kohn-Sham spinors and the resulting manifold was re-
stricted with the “UseOccupied” and “UseVirtual” key-
words.3® The “UseOccupied” space included the 2ps,2 core
shell, and the “UseVirtual” spaced included the 5d spinors.
In order to generate the Ce L3-edge spectrum, the calculated
oscillator strengths were broadened with Lorentzian func-
tion with half-width at half maximum (HWHM) parameter
of 0.8 eV to simulate the finite core-hole lifetime broadening
effects.

For the Ce Ls-edge VB-RIXS calculation, we also used
TDDFT and the ADF program package.3® A single-particle
method based on Kohn-Sham spinors were used to obtain
excitation energies and TDM associated with the ground
state (GS, 4f1), intermediate state (IS, 2p3/234f15d?), and final
state (FS, 5s1/214f15d* and 4f15d'L) of the VB-RIXS process.
Here, L signifies a valence exciton formed by excitation from
predominantly ligand-based occupied spinors with sizeable
Ce 5d characters, which results in excited states with mixed
ligand/5d character. Compared to the XANES calculations,
an additional manifold representing the intermediate state
was included as a logical result of the VB-RIXS process. To
approximate the relevant electronic configurations, the
AOC type calculations were used.** “UseOccupied” included
the Ce 2ps,2 core shell, the Ce 551/2 semi-core orbitals (to ac-
count for high-energy transfer decay channels), and occu-
pied valence spinors dominated by ligand character with
larger-than-zero Ce 5d participation. The “UseVirtual” ac-
tive space was restricted to the Ce 5d valence orbitals only,
which enforced an electron excitation in which all transi-
tions reflected the VB-RIXS process at a lower computa-
tional cost, while excluding superfluous excitations into un-
related virtual states. The Kramers-Heisenberg formalism
was used to compute VB-RIXS intensities,®s which requires
an explicit evaluation of the TDMs of the GS—IS and IS—FS
processes. The “ESESTDM” keyword in ADF was used to ob-
tain the excited-state-to-excited-state TDMs. A Lorentzian
function was applied to both IS (HWHM 0.8 eV) and FS
(HWHM 0.4 eV) within the Kramers-Heisenberg formula to
simulate lifetime broadening effects.5>

Bond analysis. QTAIM analysis was performed with
DFT using the PBEO DFT functional. The electron density p,
potential V, and the delocalization index & metrics were re-
ported. Natural localized molecular orbital (NLMO) anal-
yses were also with DFT (PBEO functional). The method is
based on natural bond order (NBO) formalism, which trans-
forms the canonical Kohn-Sham orbitals into as set of local-
ized ones that best describe Lewis-type electron pairs, lone
pairs and delocalized interactions within two atoms.
NLMOs corresponding to the Ce-N interactions were identi-
fied. And projection of each NKMOs in terms of atomic

orbital contributions and the occupancy of the bonding or-
bitals were reported.
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