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ABSTRACT: Lanthanides are widely assumed not to form covalent bonds due to the
localized nature of their 4f valence electrons. This work demonstrates that the ionic
bond of Sm(II) with cyclononatetraenyl (°- GHy™) in [Sm(5’- GH,),] can be
modulated and becomes more covalent by photon-induced transfer of Sm 4f electrons
to Sm Sd orbitals. This photon- induced change in bonding properties facilitates a
subsequent reconfiguration o f[ Sm(7,- GH,),]. A sa r esult, S m—C b ond length

contraction is detected and the local Sm coordination environment exhibits more
extensive disorder. Both Sm 4f and 5d electrons have increased participation in covalent

Sm—ligand interactions. The Sm L;- edge valence band resonant inelastic X-ray
scattering (VB-RIXS), high-resolution X-ray absorption near-edge structure (HR-XANES), and quantum chemical computations
showcase a spectroscopic methodology for in-depth studies of bond covalency of lanthanide atoms.

INTRODUCTION

The lanthanide elements (Ln) have established technological
importance due to their magnetic, luminescence, electronic,
and catalytic properties. ~* Despite many advances, there are
still significant, fruitful areas in Ln chemistry and physics to
further develop.”® Ln 4f valence electrons are typically
described as localized, and Ln ions are stable predominantly
in their +III oxidation states and form ionic chemical bonds. In
the past decade, materials in which Ln exhibits intermediate
oxidation states, form covalent chemical bonds, or stabilize the
+II oxidation state across the entire 4f series have become
more accessible.” "> We recently reviewed some of the open
questions related to the chemical binding of lanthanide
atoms."”*

The classical definition of a covalent bond is the
accumulation of electron density between two bonding
atoms. In this case, the valence orbitals of the metal mix
with the valence orbitals of the ligand.16 For Ln, those are the
4f, 6s and, for some Ln, the Sd orbitals.”®'%"*'> Ce is one
prominent example of forming covalent bonds with its 4f and
Sd orbitals, leading to rich physical and chemical proper-
ties,”*'? such as the emission of luminescence with adjustable
wavelengths. Tunable emission can be accomplished when
binding Ce to different ligands, resulting in variable Ce—ligand
bonding properties. There are examples in the literature of
Ln(III) 5d orbitals being involved in covalent bonds.”* Those
are more readily accessible than 4f orbitals due to the extended
radial distribution of the 5d orbitals. It is also possible for most
Ln elements to access the +1I oxidation state by transferring an
electron from the ligand to the metal Sd orbitals and thus
obtaining Ln(II) with higher potential for forming covalent
bonds.” It was previously shown that irradiation with visible
light can enhance the reactivity of Sm(II) by inducing 4f° —

4£°5d" transition.'” ™"’ However, how these changes in the
valence electron configuration and reactivity are related to
changes in bonding properties of Sm(II) was not identified.
Tuning the electronic properties of Ln will provide
opportunities to better understand the degree of covalency
of their chemical bonds. As a result, enhanced reactivity and
novel chemical and electronic properties of Ln and their
complexes can become available.

Herein, we focus on the covalency of the Ln—ligand bonds
and demonstrate a way to modulate them. We specifically
probe Sm, which has nominally 4f, 6s, and no Sd electrons
(4f°6s* valence electron configuration for Sm in 0 oxidation
state). With careful synthesis, Sm can be stabilized as Sm(II), a
species of high interest in small molecule activation and
catalysis.20 Using a multitechnique spectroscopic approach, it
will first be demonstrated that Sm(III) forms covalent bonds in
the solid compound Sm,0;. We will then illustrate that the
molecular Sm(II) compound [Sm(7°-CoH,),]*" (cyclononate-
traenyl ligand, 7°-CoHy™)”' can be used as an electron pump,
driven by X-rays to pump valence Sm 4f electrons to Sd
orbitals, which can then participate in covalent bonding. The
large 7°-CyH, ring stabilizes the highly reactive Sm(II) center,
which facilitates the handling. Our study is the first example of
a covalent Sm(II) molecular compound with a 4£5d" valence
configuration. Finally, we will showcase the application of
valence band high-energy resolution resonant inelastic X-ray
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scattering (VB-RIXS) and high-resolution X-ray absorption
near-edge structure (HR-XANES) as probes of Ln—ligand
bond covalency.

RESULTS AND DISCUSSION
Bond Covalency in the Crystalline Solid Compound
Sm,0s. Sm Lz-edge HR-XANES of Sm,0;. We first probe the

electronic structure of Sm in crystalline Sm,O; by Sm L;-edge
HR-XANES (process described in Figure 1).”*7° Figure 2
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Figure 1. Schematic representations of the electronic transitions
involved in the Ln Lj-edge HR-XANES (left) and VB-RIXS (right)
experimental techniques following selection rules Al = + 1, A] = 0,
and +1.

depicts the experimental Sm L;-edge HR-XANES compared to
the computed spectrum (a) and the calculated Sm d, s, and f-
density of states (DOS) (b). Sm(III) is present in Sm,O;,
resulting in 4£6s°5d° electron configuration. The HR-XANES
spectrum probes the unoccupied d-DOS of Sm, following the
dipole section rule Al = + 1, A] = 0, and +1 obeyed by the
electron transitions (2p — 5d/6s, cf. Figure 1). The pre-edge
feature, resolved only due to the high experimental energy
resolution applied here, corresponds to the energy position of
the 4f orbitals in the DOS. This transition is weak but gains
intensity in HR-XANES due to hybridization of 4f and 5d Sm
orbitals because of the lack of local inversion symmetry.

The calculated spectrum describes all experimental spectral
features with only minor deviations in the energy positions and
broadening. It has intensity in the pre-edge region only when
dipole transitions are considered (peak A in Figure 2a),
confirming the mixing of 5d/6s and 4f orbitals. The intensity of
peak A increases when quadrupole transitions to 4f orbitals are
also considered (2p — 4f). Mixing of the O 2p and Sm 5d/6s
states, including a small 4f contribution, is evident for the
unoccupied and occupied orbitals, suggesting a major
participation of 5d/6s orbitals in Sm—O covalent bonding in
Sm, 0.

Sm Ls-edge VB-RIXS of Sm,03. We applied Sm L;-edge VB-
RIXS as an experimental probe of the 5d and 6s electron
density of Sm in the occupied valence band and their
participation in Sm—O bonding.”” The principle of this
experimental technique includes excitation of 2p electrons to
the unoccupied 5d states and the subsequent X-ray emission
caused by 5d and 6s Sm electrons from the valence band filling
the 2p core-hole, which is detected with high experimental
energy resolution using a spectrometer (cf. Figure 1). The
intense peak of the VB-RIXS spectrum is due to an excitation
process, where the excited electron fills the created core—hole
(elastic peak). The first peak B at 0 to —5 €V arises from the
Sm 6s and 5d electron density in the valence band (cf. Figure
2c). Given that Sm(III) formally has the electronic
configuration 4£6s°5d’ if Sm—O bonding was wholly ionic,
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Figure 2. (a) Sm Lj-edge HR-XANES experimental and computed
spectra of Sm,0;. (b) Selected computed angular momentum
projected density of states (DOS) for Sm and O. All calculations
are performed with the FDMNES code. (c) Sm L;-edge VB-RIXS
spectrum of Sm,0;. The vertical line divides the occupied states from
the unoccupied states.

no intensity would be observable in this energy region as there
is no 6s or 5d electron density in the valence band. However,
there is a clear peak in the VB-RIXS spectrum of Sm,QO;, which
provides evidence that the Sm—O bonds have some covalent
character with participation of 5d and 6s electrons, resulting in
the 5d and 6s electron densities observed in peak B.

The DFT-based finite difference method for near-edge
structure (FDMNES) calculations of the angular momentum-
projected DOS reveals O 2p and Sm 5d, 4f and 6s states within
a similar energy region, indicating mixing of these orbitals. The
overlap of orbitals evaluated with the FDMNES code (Coop
tool) confirms this notion (cf. Supporting Information (SI)
Figure S1). This tool integrates the number of electrons
between two bonding atoms in specific orbitals and thus gives
a quantitative measure of the bond covalency. Considering the
theoretical and experimental results, we conclude that there is
electron redistribution between the 4f, 6s, and 5d orbitals of
Sm, resulting in covalent Sm—O bonding.

Bond Covalency in [Sm(;°-CoHo),]. Given the novel
results of investigations into Sm,0; we then studied the
mixing of Sm Sd/6s and O 2p orbitals in the Sm(II) molecular
compound [Sm(7’-CoH,),]. Sm Lj-edge HR-XANES spectra
of [Sm(#’-CyHy),] from both FDMNES calculations and
experimental measurements are depicted in Figure 3a and the
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Figure 3. (a) Sm L;-edge HR-XANES experimental and computed
spectra of [Sm(#°-CyH,),]. (b) Selected computed angular
momentum projected density of states (DOS) for Sm and O. All
calculations are performed with the FDMNES code. (c) Sm L;-edge
VB-RIXS spectra. The vertical line divides the occupied from the
unoccupied states.

theoretical DOS in Figure 3b. The calculation once again
reproduces all spectral features (Figure 3a). The shoulder on
the high energy side of the main peak at 6714.34 eV is visible
in the d-DOS but not resolved in the theoretical spectrum after
broadening of the spectral features. This is the first example of
an experimental Sm(II) L;-edge HR-XANES spectrum
recorded with sufficiently high energy resolution that the
pre-edge peak A is resolved. This pre-edge peak is not present
when we include only electric-dipole transitions (2p — 5d/6s)
in the calculation of the Sm L;-edge HR-XANES spectrum,
which suggests that the pre-edge feature is predominantly
caused by transitions to 4f orbitals (2p — 4f), i.e., electric-
quadrupole transitions. This result shows that no substantial
mixing of 5d/6s and 4f orbitals occurs due to the high
symmetry structure of [Sm(77°-C4H,),] belonging to either the

Dy, or Dygg point groups (cf. Tables S2 and S3). The calculated
occupied DOS in Figure 3b also shows a small d contribution
and only a minor mixing of metal with ligand orbitals. This
result is confirmed by the Sm and C DOS calculated for the
ground and excited state with the Amsterdam Density
Functional Theory (ADF) code®” presented in the SI Figure
S2a. The Sm L;-edge VB-RIXS spectrum depicted in Figure 3¢
has an intense elastic scattering peak and no noticeable
intensity in energy region B, in contrast to Sm,03, confirming
that no significant Sd/6s contribution is present in the Sm—C
bonds. The molecular orbital scheme of [Sm(#’-CoHy),] is
shown in SI Figures S3 and S4.

The orbital population analyses performed with ADF are in
accordance with the DOS and the VB-RIXS results. The
occupied valence orbitals have predominantly ligand character
with up to 6% Sm 4f and up to 7% Sm Sd participation (cf.
Figure S10, Tables S4, and SS). We define bond covalency in
terms of mixing coefficients between ligand orbitals and Sm 4f
and 5d valence orbitals, which is in theory proportional to the
overlap integrals and inversely proportional to the energy
difference between Sm 4f/5d and C 2p, valence orbitals.'® All
findings reveal the ionic character of the Sm—ligand chemical
bond, as previously reported by Xemard et al.*'

Photon-Induced Bond Covalency in [Sm(;°-CgHy),l.
Sm Lsy-edge HR-XANES of [Sm(°-CoHo),]. Upon X-ray
irradiation, the intensity of the Sm(II) main absorption peak
in the HR-XANES spectrum reduces, and at the same time, a
strong absorption feature starts to appear at about 6722 eV,
which has a similar energy position to the main absorption
peak of Sm,0;. This observation shows that the Sm 2p core—
hole created in the excitation process is poorly screened,
compared to the ground state, since the electron density from
Sm 4f orbitals is transferred to either 5d/6s-based orbitals or
the ligand (cf. Figures 4a and 7a, peak D). Calculated
excitation energies of [Sm(n’-CoH,),] in Figure S show that
the 4£°5d" multiplets of Sm(II) are overlaying the 4f° states,
indicating that electron transfer from 4f to Sd states is
energetically possible in [Sm(’-CyHy),]. More energy is
required for ligand-to-metal charge transfer (LMCT), and
thus, LMCT is less probable (cf. Figure S). It has been
reported previously that 4f — 5d transitions are present in
Sm(II) crown ether compounds using photoluminescence
experiments. Here, the Sm 4f° and 4£5d' multiplets were
obtained by applying the ligand-field density-functional theory
(LFDFT) method in ADF.*® In addition, we used the time-
dependent DFT (TDDFT) formalism in ADF for calculating
excitation energies that belong to LMCT as well as metal-to-
ligand charge transfer (MLCT) and ligand 7—z* following a
similar methodology that is already detailed elsewhere®” (cf. SI
Sections 3 and 6). The ADF calculations report —0.06 A
shorter Sm—C,yH, bond length going from Sm 4f° to Sm 4£°5d’
electronic configuration (cf. Figure 6a and Tables S2 and S3).

Note that when exposed to an ambient atmosphere, [ Sm(’-
CoHy),] oxidizes to Sm,O; (cf. Figure S6). Photoinduced
activation of Sm 4f° — 4£°5d" followed by reaction with oxygen
is unlikely to occur since the sample was sealed in a
borosilicate glass capillary. We also repeated the experiments
at different beamlines and synchrotrons measuring multiple
samples, and these results were repeatable. The reaction of Sm
with a small amount of moisture or oxygen present in the
sample can be excluded as demonstrated by the Sm L;-edge
HR-XANES spectra in Figure 4. The trend in the changes of
the postedge features upon X-ray irradiation of the compound
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Figure 4. Sm L;-edge HR-XANES experimental spectra of [Sm(r’-
CoHy),] for Sm 4%, and a mixture of Sm 4f® and 4£5d" configurations
as well as a linear combination of 80/70% Sm,0O; and 20/30%
[Sm(5>-CoHy),] 4f° spectra. Panel (a) shows the complete spectra
and panel (b) depicts only the postedge region of the spectra.
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Figure 5. Calculated ground and low-lying excited states of [Sm(s’-
CoH,),] obtained from the LEDFT and TDDFT methods. Note that
energy levels are shown in a bar diagram: multiplet structure and
ligand-field interaction of Sm 4f° (in blue) and Sm 4£°5d" (in red)
configurations, as well as charge transfer energies corresponding to the
ligand-to-metal (LMCT in cyan), metal-to-ligand (MLCT in orange),
and ligand 7—7* singlet (S) and triplet (T) states (in gray).
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Figure 6. (a) [Sm(#’-CyHy),] structural scheme before and after X-
ray irradiation. (b) Selected double occupied Kohn—Sham molecular
orbitals of [Sm(n’-CoHy),], showing the change of Sm Sd and 4f
contributions in the molecular orbitals when going from Sm 4f° to Sm
4£5d" electron configuration.

is not characteristic for Sm,0; (cf. Figure 4b). In order to
demonstrate this more clearly, we simulated Sm L;-edge HR-
XANES spectra, which are linear combinations of [Sm(n’-
CoHy),] 4f° and the Sm,0; spectra (cf. Figure 4). It is clearly
visible that the change in the simulated spectra is at different
energy position compared to the spectral change going from
[Sm(7’-CoHy),] 4f° to [Sm(;>-CoHy),] 4£5d" configuration.
The photoinduced change of electron configuration from
[Sm(7°-CoHy),] 4f° to [Sm(5>-CoHy),] 4£5d" is partial and is
independent of the irradiation time. We found that the Sm
4£5d" configuration contributes up to 20% considering the
intensity of peak D characteristic for the Sm 4f°5d'
configuration. The process is not reversible by turning off
the X-ray beam and keeping the sample for about three months
in the dark. This demonstrates that the electron density
transferred from 4f to 5d orbitals activated Sm and led to an
irreversible follow-up reaction.

Sm Ls-edge EXAFS. Recently, we showed for Ln(III) bound
to n-Pr-BTP [2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)-pyridine]
that the Ln L;-edge HR-XANES postedge spectral features are
very sensitive to changes of the coordination environment,
including bond angles and bond lengths, and thus to structural
changes due to potential bond dissociation.”> In the current
study, there is reduction of amplitudes of the oscillations in the
postedge region of the Sm L;-edge HR-XANES spectrum,
which is an indication for reduced coordination numbers and
structural disorder but dissociation of the molecule is unlikely
(cf. Figures 4, 7a, S6, and S7). We recorded Sm L-edge
EXAFS spectra for [Sm(#’-CoH,),] 4f° and a mixture of
[Sm(7’-CoH,),] 4f° and [Sm(n°-CyH,),] 4£5d" configurations
to study in detail the changes in the local coordination
environment of Sm. The first coordination sphere of Sm was
modeled considering one or two Sm—C scattering paths. The
model including two Sm—C scattering paths is more realistic
since the crystal structure contains 18 C first neighboring
atoms of Sm at distances within 2.87—2.96 A (2.90 A average
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Figure 7. (a) Sm L;-edge HR-XANES spectra of [Sm(#’-CoH,),],
showing systematic changes from the Sm(IT) 4f° to Sm(II) 4£5d’
electron configuration upon X-ray irradiation. Each spectrum is
measured for 20 s on the same sample spot. The Sm L;-edge VB-RIXS
(b) experimental and (c) computed spectra with the ADF code of
[Sm(#n’-CyHy),] representative of the two different valence electron
configurations are displayed. The experimental spectra are measured
for two experimental energy resolutions and energy ranges. The
intensities of both experimental and computed spectra increase upon
X-ray irradiation (spectra in magenta). The calculations reveal 14%
higher intensity, corroborating that the electron transfer from 4f to 5d
orbitals takes place.

bond length). The best fit to the experimental Sm L;-edge FT-
EXAFS spectrum of the mixed configuration (including both
[Sm(5>-CoHy),] 4f° and [Sm(n’-CoH,),] 4£5d') reveals
shorter Sm—C bond lengths (Sm—C1-0.9 + 0.05 A, Sm—
C2—0.4 + 0.02 A), reduced coordination numbers for the C1
atoms (Sm—C1-5 + 1, Sm—C2—1 + 1), and increased
Debye—Waller factor compared to the EXAFS results for
[Sm(n°-CoHy),] 4f° supporting the DET results and
suggesting structural disorder for the mixed configuration
containing [Sm(n’-CoH,),] 4f° and [Sm(n’-CoH,),] 4£5d’
(cf. Table S6, Figures S8 and S9).

Sm Ls;-edge HR-XANES Simulations. The FDMNES
calculations of the Sm L;-edge HR-XANES spectra for variable
Sm—CyHy bond lengths and for only one Sm—CyH, bond
support the EXAFS results that the Sm—CyH, bond length
shortens and structural disorder leads to reduced C
coordination numbers (cf. Figures S11). The postedge spectral
features slightly shift to higher energy for shorter bond lengths
(Figure S11ab) and the amplitude of the peaks reduces when
the coordination number decreases (Figure S11d). Both
changes are observed in the experimental Sm L;-edge HR-

XANES spectrum for the mixed configuration [Sm(#’-CoH,), ]
4f° and [Sm(5-CoHy),] 4£5d" (cf. Figures 4, 7a, S6, and S7).
Bending of the molecule from 180° to 150° does not lead to
substantial changes of the spectrum (cf. Figure S1lc).

Sm Liyedge VB-RIXS of [Sm(n’-CoHg),]. VB-RIXS can
further elucidate the change in bonding in the [Sm(7’-
CoH,),] molecule upon X-ray irradiation. The VB-RIXS
spectra measured by selectively exciting only the Sm(II) 4f°
configuration are shown in Figures 3c and 7b (green
spectrum). This is achieved by tuning the excitation energy
to the most intense absorption feature, peak C, of the Sm(II)
4f° L;-edge HR-XANES (cf. Figure 7a). The VB-RIXS spectra
in Figure 7b are recorded with two different experimental
energy resolutions (3/1.8 eV) and illustrate that there are no
significant 5d and 6s contributions in the occupied valence
orbitals of [Sm(7°-CoH,),]. However, the peak probing the Sm
5d and 6s electron density in the valence band increases in
intensity when electrons are selectively excited from the
Sm(II) 4f° to the Sm(II) 4£5d" electron configuration. This
was recorded by setting the excitation energy at the maximum
of peak D characteristic for the Sm(II) 4£5d' electron
configuration (cf. Figure 6a).

The increase of intensity in the occupied valence band for
the VB-RIXS maps of Sm(II) 4£5d' shown in Figure 8b
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Figure 8. Sm L;-edge VB-RIXS maps and cross sections at constant
excitation energy at the energy position of peak D shown in Figure 7a
of Sm,0; (a) and [Sm(#°-CyH,),] for Sm 4£5d" (b).

demonstrates that upon X-ray radiation, the electron density
transfers from 4f to Sd orbitals, which then participate in the
binding and are involved in covalent bonding interaction with
the ligand. The computed VB-RIXS spectra show about 14% of
total increase of 5d/6s intensity in the occupied valence band
corroborating the experimental result (cf. Figure 7c). The
specific occupied valence band orbitals and the change in
relative Sm f/d contributions are listed in Figure 6b. It is also
remarkable that in the Sm(II) 4£d' configuration, the 4f
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contributions in the e,” occupied orbitals increase by 300% (cf.
Figures 6b and S10). This Sm 4f contribution is also visible in
the occupied valence DOS calculated by ADF for the Sm(II)
4£d" configuration shown in Figure S2.

SUMMARY AND CONCLUSIONS

We probed the electron density in the Sm 4f/5d/6s
unoccupied and occupied valence states of the [Sm(’-
CoH,),] molecule and Sm,0; solid compound by performing
Sm Lj-edge HR-XANES and VB-RIXS spectroscopy and
computations. It was demonstrated that Sm(III) forms
covalent bonds with O in Sm,0; induced by mixing of Sm
6s, 5d, minor 4f and O 2p valence orbitals. Using our
spectroscopic and theoretical approaches, we confirmed that
[Sm(7°-CoH,),] exhibits ionic binding previously reported by
quantum chemical computations. However, we showed that
upon X-ray irradiation, Sm(II) pumps 4f electrons to Sd
orbitals (Sm(II) 4f° — 4£°5d"), triggering increased covalency
of Sm—C bonds. In addition, Sm 4f electrons become
substantially involved in covalent chemical bonding, as
suggested by the ADF calculations. This theoretical prediction
can be probed experimentally in further studies, applying Sm
M, s-edges VB-RIXS spectroscopic technique sensitive to the
Sm f electron density in the occupied valence band.

This drastic change in the Sm electronic structure in
[Sm(#n’-CoH,),] occurs without dissociation of the chemical
bond. A small change of —0.06 A in Sm—C bond lengths was
calculated by ADF for Sm(II) 4£5d" compared to Sm(II) 4f°.
We showed experimentally that this Sm 4f° — 4£5d' charge
transfer activates [Sm(#’-CoHy),], which is a robust Sm(II)
compound, leading to a follow-up reaction. Sm L;-edge EXAFS
and HR-XANES analyses suggest that the resulting compound
comprises about 20% of the probed sample and its geometric
structure is very similar to [Sm(n°-CoH,),] but with increased
structural disorder and shorter Sm—C bond lengths. This
compound has detectable covalency of the Sm—C chemical
bonds with 5d and 4f participation. Further studies will reveal
if different ligand environments can fine-tune this charge
transfer mechanism, leading to unusual Sm(II) bonding
properties and reactivity.
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