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Abstract

X-ray absorption near edge structure (XANES) spectroscopy, coupled with ab-initio cal-
culations, has emerged as the state-of-the-art tool for elucidating the metal-ligand bonding
in f-element complexes. This highlight presents recent and on-going efforts in calculating
XANES spectra of lanthanide and actinide compounds with relativistic multiconfiguration
wavefunction approaches that account for differences in donation bonding in the ground
state (GS) versus a core-excited state (ES), multiplet effects, and spin-orbit-coupling. With
the GS and ES wavefunctions available, including spin-orbit effects, an arsenal of chemical
bonding tools that are popular among chemists can be applied to rationalize the observed
intensities in terms of covalent bonding.

1 Introduction

Research of the physico-chemical properties of compounds containing lanthanide (Ln) or actinide
(An) elements is rapidly evolving in response to the urgent need for exploring the extent of f-shell
chemical bonding in a variety of applications.'™!! With radially compact 4f orbitals, Ln chemistry
is dominated by the +III oxidation state, with +1I and +IV being important variations. !>~!3 Prior
to Cm, actinide chemistry is characterized by a large variety of oxidation states.

The more diffuse valence metal 5d/6d shell is responsible for most of the covalent bonding
in Ln/An complexes. Covalent bonding involving the Ln 4f orbitals has long been considered to
be of minor importance, but there are notable exceptions. The 4f orbitals contribute to covalent
bonding, e.g., in CeO,, Ce(CgHy),, and other Ce(IV) systems, '*2* NPrO,?* PrO,,%* TbO, and
PrO,,%¢ and (CsMes),Yb.?” 5f-shell bonding can be pronounced, especially for elements up to
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Cm. Along the Ln/An row, the 4f/5f orbitals contract and become lower in energy, as a result
of the incomplete nuclear charge screening among same-shell electrons. Toward the end of the
rows, the f shells are core-like.

In order to advance applications of f-element chemistry, it is extremely important to be able
to probe f- and d-shell covalency reliably by experiment and theory. X-ray absorption near-edge
structure (XANES) spectroscopy has emerged as a preferred tool for probing sensitively the local
electronic structure of coordinated Ln and An ions. When combined with ab-initio calculations,
XANES is able to reveal the metal oxidation state, the local coordination symmetry, and the extent
of covalent donation bonding. It is familiar to chemists that covalent bonding manifests itself in
calculations via the mixing of overlapping atomic orbitals (AOs) of neighboring atoms in the
molecular orbitals (MOs) in a way that is accompanied by constructive quantum interference and
energetic stabilization of the system.?®?’ Furthermore, it is textbook knowledge that the mixing
of AOs and the (de)stabilization of the (anti)bonding MO is larger when the AOs match well
energetically, as compared to the case when the AOs have very different energies. Because the
transitions probed in X-ray spectroscopy of metal complexes are out of strongly localized atomic
core shells, the pre-edge intensities can be very sensitive to the extent of donation bonding.

The relation of the observed spectra with bond properties was rationalized by Hedman,
Solomon and coworkers in a series of studies of transition metal complexes.?°* The same anal-
ysis is commonly applied to f-element complexes. Take, for example, a p-block ligand K-edge
XANES experiment for an An complex. The spectrum is dominated by electric dipole-allowed
transitions from the ligand 1s core orbital to virtual molecular MOs with ligand np character.
Pre-edge features may arise due to hybridized MOs with ligand np and metal 5f or 6d antibond-
ing character. The intensity and energetic splitting of the pre-edge peaks can then be rationalized
by the amount of metal-ligand AO mixing in the acceptor MOs, the ligand-field (LF) splitting,
and the extent of electron-electron repulsion between the added valence electron and existing
metal valence electrons. Examples of Ln and An systems interrogated so far by ligand K-edge
XANES are M(CgHg), (M = Ce, Th, U),?*3¢ MO, (M = Ce, Pr, Tb),2 [MCls]*” (M = Ce, Th,
U-Pu), 73738 an [MCls]>” (M = Ce, Nd, Sm—Gd, Am). 73 In the early f-block, metal valence f
and ligand valence AOs may become quasi-degenerate*’ while overlapping significantly. Conse-
quently, there is potential for an interesting interplay between the AO energies and their overlap
influencing the bonding for complexes of these elements. Much emphasis has in recent years
been placed on the degeneracy aspect, !!-*341=4% but it has also been pointed out repeatedly that
AO energy degeneracy alone is not associated with covalent bonding as commonly understood
by chemists. 465!

XANES at the metal L; and M, 5 edges is also used in Ln and An chemistry research. 2365263
The L, edge probes dipole-allowed 2p — nd transitions. The (relative) intensity between the
spectral features, and the energy of the main edge, is very sensitive to the metal oxidation state
and f-electron count. The dipole-allowed transitions generating intensity in metal My 5 edges
are 3d — nf. In this case, the intensity and energy splitting between the spectral features bear
information on the LF splitting of the f-orbitals and thus, at least in theory, they provide direct
evidence of f-orbital covalency.*® In practice, spin-orbit (SO) coupling and multiplet effects lead
to broadening and re-distribution of intensity among the L, and M, 5 edge features to the extent
that rationalization of f-orbital covalency becomes a complex task even with support from ab-
initio calculations. Among the Ln and An systems that have been interrogated by metal L, and
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M, 5 XANES, CeO,,26:52:53:60.66-69 Ce(CyHyg), 70 and [MO,]*" (M = U-Pu)**7" are notable be-
cause they are representative of the intricate f-orbital covalent bonding scenarios that may occur
in general lanthanide and actinide compounds.

The experimentally observed intensities, in XANES and other types of electronic spec-
troscopy, probe the GS and the ES simultaneously, via the transition moments. Therefore, a
theoretical model is required for a useful interpretation of the spectra in terms of ground state
bonding. There has been significant progress in recent years, regarding the accurate calcula-
tion and interpretation of XANES spectra of f-element complexes by virtue of relativistic mul-
ticonfiguration wavefunction theory (MC-WFT). This is important because the aforementioned
interpretation of XANES spectra relies, implicitly or explicitly, on calculated MOs that are as-
sumed to be the same for the GS and an ES. This is an approximation that may or may not be
suitable, depending on the system. Furthermore, efficient one-electron theories used for XANES
simulations are inadequate to treat the multireference states encountered in much of f-element
chemistry, or the multiplet and SO effects in XANES, as discussed in the following section.

2 Computational tools for XANES calculations

There are a number of different computational approaches for XANES, some trading accuracy or
the level of insight that can be gained for speed, or vice versa. Finite difference methods and mul-
tiple scattering approaches’>7> proved to be fast and reliable in predicting spectra for a variety
of An complexes.>%3-6476-80 Qther techniques used for Ln/An XANES are the static-exchange
approximation,®~#3 the charge-transfer and atomic-multiplet model,?%*%34 and atomic multiplet
approaches with wavefunctions obtained self-consistently in four-component Dirac Hartree-Fock
calculations. >®3%86 Computationally feasible and much preferred by the chemistry community are
MO-based DFT approaches,?’ such as time-dependent DFT (TDDFT) or the GS transition-dipole
DFT approach. 333839838889 DET.based restricted open-shell configuration-interaction with sin-
gles (ROCIS) has also been used to calculate XANES of transition metal systems®’~° but, to our
knowledge, not yet for f-element XANES.

DFT approaches invoke two approximations that are important to mention regarding XANES
calculations for heavy element complexes. First, Kohn-Sham DFT uses a single Slater determi-
nant for the ‘noninteracting system’ to describe the GS. Second, the electron correlation in the
GS and a core-ES are prone to differ. This can be re-cast as an orbital relaxation upon excitation,
which means a compact description of the ES may need somewhat different orbitals than the most
compact description of the GS. Neither TDDFT, as commonly applied in XANES calculations,
nor transition-dipole DFT account for this orbital relaxation. At least in principle, both these
approximations may be severe. The electronic states of f-element complexes tend to be severely
multiconfigurational, and final state effects may dictate the spectral profile.26-3460.69.70

Approaches based on a multiconfiguration ansatz for the wavefunction, with orbital opti-
mization, are demanding of computational resources and typically not of a ‘black box’ type.
Nonetheless, this approach is attractive for calculating XANES spectra. Obvious reasons are
that multiconfigurational states and ES orbital relaxation can be treated. WFT, in principle, also
allows for a systematic improvement of the electron correlation treatment. The SO interaction can
either be treated variationally, by means of using two- or four-component orbitals from which the
configurations are built, or it can be treated via interaction of scalar relativistic, so-called spin-free
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Figure 1: Schematic illustration of the restricted active space selection for calculating (a) the C
K-edge of U(CgHg),,'' (b) the Pu M, 5 edges of PuO,™*,7" and (c) the Ce L, edge of CeO,.%

(SF), many-electron states belonging to a given spin multiplicity. Such approaches, described in
detail in recent reviews, °*® met with significant success in calculations of XANES and resonant
inelastic X-ray scattering (RIXS) maps for a variety of transition metal complexes,?-113:113-115

3 An and Ln XANES with multiconfiguration wavefunction theory

MC-WFT XANES calculations for f-element systems have relied on the active space self-
consistent field (SCF) method!'"!!® with state-interaction treatment of the SO coupling. The
approach was recently also used for calculating uranyl 3d—4f RIXS. 12°

In the complete active space SCF (CASSCF) approach, a set of active orbitals is selected along
with a number of electrons. Full configuration interaction (CI) is then performed within this active
space, while keeping other orbitals and electrons inactive. SCF pertains to a minimization of the
state energy, or the average energy of a set of states in state-averaged CASSCEF, with respect to the
active and inactive orbitals. In the restricted active space (RAS) approach, there are three active
spaces, RAS1/2/3. The electron occupancy in RAS2 is unrestricted. RAS1/3 is characterized by
a maximum number of electron holes/electrons. Thus, RAS can be viewed as a restriction on a
CAS that spans the combined RAS1/2/3 spaces.

For XANES, an obvious setup is that the core orbitals with at most one electron hole allowed
constitute RAS1. Valence MOs that are relevant for the studied XANES process constitute RAS2
and RAS3. The computational demand of active space methods scales exponentially or worse
with the size of the active spaces. Thus, the number of valence and core-excited wavefunctions
that need to be calculated quickly become intractable with the number of electrons and MOs
correlated in RAS2 particularly, for which critical but relevant choices have to be made. Ex-
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Figure 2: From left to right, the coloring pattern of the torus indicates the nodal patterns for
orbitals with o, 7, 4, and ¢ symmetry, respectively, with respect to a symmetry axis.

amples of RAS choices that have been used to calculate various edges in Ln and An complexes
are illustrated in Figure 1. The state energies may be corrected for the dynamic correlation,
for instance via multireference second-order perturbation theory (PT2).!21-125 RAS state interac-
tion (RASSI)!?¢ is then used to introduce the SO coupling. Electric-dipole oscillator strengths,
and magnetic-dipole and electric-quadrupole contributions if necessary, needed to generate the
XANES spectrum, can be determined either from the SF or SO states, to assess the impact of SO
coupling.

With recent modifications of the RASSI property code!?”-13% of OpenMolcas, 3132 spin-
independent natural orbitals (NOs) and natural spin orbitals, and their populations, can be cal-
culated for any desired valence or core-excited SO state, which greatly facilitates the analysis of
the XANES intensities. Moreover, a Python code project recently developed by some members
of our group, eXatomic,'3* can generate input files for the popular natural bond orbital (NBO)'3*
program from both SF and SO RASSI wavefunctions, facilitating the analysis of XANES in-
tensities in terms of the metal-ligand bonding captured in natural localized molecular orbitals
(NLMOs), 134135 and in terms of bond orders and other analysis offered by the NBO algorithms.
Additionally, electronic states under the XANES peaks may be interpreted with the help of the
popular and compact natural transition orbital (NTO) representation, '3¢-13% which can be gen-
erated from multiconfigurational SF'*° and SO'%’ wavefunctions. Therefore, one can apply a
variety of popular chemical-bonding tools to the GS and ES wavefunctions, to rationalize the
complex X-ray near-edge structures of Ln and An complexes. In the following sections, we give
examples of metal and ligand XANES calculations for selected f-element complexes performed
by us.

4 Carbon K-edge XANES of actinocenes

In Reference 116, the C K-edge XANES spectra in An(CgHg),, An = Th'*! and U,'* (transi-
tions from 1s to valence p transitions) were calculated with RAS approaches and compared with
available experiments.** In addition to many other interesting electronic structure features of
these two actinocenes, 31437146 the interpretation of the C K-edge measurements with TDDFT
transition densities and GS Kohn-Sham orbitals was initially thought to provide evidence of ¢-
symmetry actinide-ligand covalency, in addition to the widely known 5f and 6d 6-symmetry
donation bonding mechanism. > The symmetry classification is in reference to the nodal patterns
of the metal and ligand orbitals with respect to the principal axis of symmetry, as sketched in Fig-
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Figure 3: C K-edge XANES in An(CgHg),, An = Th (panel a) and U (panel b). The active space
selection is shown in Fig. 1. Panels d (An = Th) and e (An = U) show isosurface plots of the
¢,-symmetry NOs and their occupations in the GS and in one of the most intense core ESs of the
shoulder/peak I features. Theoretical data from Ref. 116. Experimental data from Ref. 35.

ure 2. Although it is uncontested that Th(CgHg), shows metal-ligand 5f ¢p-symmetry mixing, '# it
only appears in the unoccupied GS orbitals and was proven to have no influence on the chemical
reactivity of the complex.!#” [This is in contrast, for example, to An complexes with metalla-
cyclopropenes and metallacyclocumulenes (An=Pa—Pu) where ¢ back-bonding contributes to
lengthening of the An—C bonds from Pa to Pu.'*®] Consequently, the net ¢-symmetry effective
bond order (EBO)'#’ is strictly nil for Th(CgHg), in its GS. For uranocene, one unpaired electron
populates the two 5f, orbitals such that, at least in principle, GS ¢ back-donation becomes a
possibility. However, the U 5f;, shell is well separated energetically from the lowest unoccupied
ligand orbital combination of ¢, symmetry. Combined with relatively weak overlap, this means
that ¢» bonding in U(CgHy), is also essentially absent in the GS.

The MC-WFT calculations and analysis of the XANES established clear evidence of 5f ¢
bonding in the excited states of thorocene and uranocene, and more recently ®—more enhanced
yet—q¢ bonding in the core-ESs of [U(C;H5),]". Thorocene features a sharp intense low energy
peak in the carbon K-edge spectrum (peak I in Figure 3a) associated with core transitions into
¢, MOs with in-phase metal-ligand mixing. This peak becomes broader, loses intensity, and is
preceded by a shoulder in the uranocene spectrum (Figure 3b), which may indicate that the C 2p
weights in these ¢, MOs dropped significantly. Our study!!® confirmed the hypothesis that ¢-
symmetry covalent bonding in An(CgHg), with An=Th, U, should be regarded as a characteristic
of the spectroscopically probed core ESs governing the intensity of peaks I of the C K-edge
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spectra.

The isosurface plots of the metal-ligand in-phase bonding and out-of-phase antibonding NOs
of ¢, symmetry, extracted from the most intense core ESs of peaks I/shoulder of each complex,
are shown in panels ¢ and d of Figure 3. For thorocene, the NOs show that compared to the GS
the metal 5f - ligand 2p ¢ mixing is slightly enhanced in the core ES, and the bonding NOs are
occupied. This yields ES ¢ covalency with an EBO of 0.45. The ¢, NOs are even more inter-
esting for uranocene, because they show negligible metal-ligand mixing for the GS but sizable
mixing for the core ES (Figure 3d). An important aspect to notice from Figure 3c and 3d is that
the lower-energy ¢, MOs with in-phase metal-ligand mixing are ligand-centered in thorocene
but metal-centered in uranocene, which rationalizes the reduction of shoulder/peak I intensity
going from Th to U and is clear evidence of ¢ bonding in the uranocene ESs. Broadening in the
shoulder/peak I of uranocene is additionally caused by intra-shell Coulomb repulsion between
the added core electron and the existing 5f;b electron, and the intense core ESs under the whole K-
edge envelope are strongly multiconfigurational such that contributions from individual 5f-based
MOs cannot be singled-out for each peak.

In the case of thorocene, peaks I and I occur due to core transitions into the unoccupied ligand
¢, and ¢, combinations, respectively, split energetically by the presence of Th*'. This aspect was
confirmed in Ref. 116 by comparison with the peak-structure of a ligand-only (CgHg),” model.
Additional calculations that did not include the metal 5f basis functions produced peaks I and II,
but not peak III. Peak III rises in intensity due to metal-ligand antibonding ¢, combinations in
the full complex from ES ¢ bonding.

5 Actinide M, s-edge XANES of AnO;"

In Reference 71, the U M, edge of UO,”" and the Np and Pu M, edges of NpO;* " and PuO,",
respectively, were calculated with relativistic MC-WFT and analyzed. Experiments and other
types of calculations were previously reported by Vitova et al.’® The M edges probe actinide
centered 3d— 5f transitions.

The electronic structure of the linear actinyl systems is particularly interesting because the 5f
o and 7 AOs form short bonds with the 2p AOs of the axial (‘yl’) oxygens. The strong bonding
is acknowledged in particular for uranyl, where it is enhanced by a ‘pushing from below’ mech-
anism. 1%%133 The latter implies an electrostatic repulsion of the uranium 6p, semi-core AO by
the electron-rich bonding environment, leading to hybridization with 5f in the ¢ U-O,, MO and
and pushing it energetically above the 7 U-O, MOs. The An-O axial bonds contract slightly

from UO,*" to PuO,*". The contraction was proven to be driven by the decrease in the ionic ra-
dius. '>*1% Other studies indicated increasing 5f covalency in the An—O, bonds toward Pu. 171>

Calculated and experimental XANES spectra are shown in Figure 4. The agreement is ex-
cellent. The U M, edge shows a main peak assigned to transitions to nonbonding 5f ¢» and 6, a
shoulder from transitions to U-O antibonding orbitals with 5f z character, and a satellite assigned
to transitions to 5f ¢ antibonding orbitals. Going from U to Pu, the 5f ¢, 6 and = transitions merge
under a single peak, and the energetic separation to the 5f ¢ satellite becomes smaller. If the main
peak-satellite splitting reflects the o-c* splitting of the MOs in the GS and thus the magnitude of
the o bond covalency, and if the merging of z transitions into the main peak reflects a decreasing
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Figure 4: Metal M, /s-edge XANES in An022+, An =U (a), Np (b) and Pu (c). (d) Isosurface plots
of representative 6(An—0) NLMOs, and their %5f weights, in the GS vs. the most intense core ES
of the f, peak for each system. The NLMOs shown are those of PuO,™*. (e) Calculated spin-free
Pu M-edge spectrum. The ‘sticks’ represent oscillator strengths scaled by the population of the
different NOs with An 5f character in the core ESs. For better visual separation only, the 5f z
indicators are drawn with negative sign. (f) Mayer bond orders calculated for the GS vs. intense
core ESs generating intensity in the spin-free Pu M edge spectrum. Theoretical data from Ref. 71
and present work. Experimental data from Ref. 58.

-7 MO splitting in the GS, then the trends in the spectra must be interpreted as decreasing 5f
GS covalency from U to Pu, especially for the ¢ bonds. Our analysis of the GS and ES wave-
functions shows that 5f covalency increases from U to Pu in the GSs, in agreement with several
previous studies. ’"1% However, 5f covalency decreases from U to Pu in the ¢* core-ESs that
cause the satellite peak’s intensity. This means that the decreasing energy offset of the satellite
peak informs about the 5f covalency trend in the 6* ESs and not in the GSs. The conclusion is
supported by NLMO metal-ligand bonding analyses of the relevant wavefunctions (see Figure 4,
panel d).

Figure 4e additionally shows the SF spectrum of PuO,*" and its assignment in terms of core
transitions into the metal 5f orbitals. The Pu—O Mayer bond order (MBO) for each state is com-
pared with the GS MBO in Figure 4f. For the states under the ¢* satellite, the MBO is reduced by
0.35 on average, reflecting the occupation of the ¢ orbitals in the excited state as well as orbital
relaxation. In other words, because the GS plutonyl(VI) ¢ bonds are so strongly 5f bonding,
when the strongly antibonding orbitals become occupied in the ES, the system can stabilize by a
reduction in the 5f covalency. Results like these depend on the specific system being studied and
should not be generalized. For example, very recent calculations of the Pu M, 5 edges of PuO,
suggested quite localized Pu 5f orbitals without significant changes between the GS and the core
ESs. 86
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the orbital lobes are hidden. Theoretical data from Ref. 69. Experimental data from Refs. 26 and
54.

6 Ce L;-edge XANES in CeO, and Ce(CgHyg),

Cerium L;-edge XANES (2p—5d transitions) MC-WEFT calculations were reported in Ref. 69.
Solid ceria (CeO,), and cerocene [Ce(CgHg),], have long been used as representatives for the
different appearances of the double-peaked L, edge shown in Figure 5, and its interpretation
in terms of the controversial +I1I vs. +IV cerium oxidation number (ON),26:36,34.70,146,160-168 The
calculations for CeO, were performed with a charge-embedded [CeOg]'* cluster model. As seen
in Figure 5, the MC-WEFT calculations reproduce the L, edge peaks very well.

The interpretation of the spectra, and indeed the assignment of the metal ON, ' is fraught with
complications because of three aspects. First, there are varying degrees of donation bonding, in
particular in formal Ce(IV) systems, which blurs the distinction between the +III and +IV ONss.
Second, in MC-WFT calculations, the degree of donation bonding in a given cerium or any other
complex may show up in the form of metal-ligand AO hybridization in the MOs of the active
space, or by the presence of charge-transfer configurations in the wavefunction expressed in a
basis of localized active-space orbitals. Third, the GS wavefunctions of cerium complexes may
be genuinely multiconfigurational regardless of the active-space orbital basis in which they are
expressed.

The spectroscopic assignment of the ON relies on the assumption that peak A (refer to Figure
5) represents comparatively clean Ce(I11) 4f' sub-configurations of the 2p— 5d excited states, split
by the 5d LF, whereas peak B represents comparatively clean Ce(IV) 4f° sub-configurations. If
this were the case, then a clean 4f! or 4f° GS would give intensity only for peak A or B, but not
for both. The intensity ratio of the peaks can then be used to assess 4f'/4f° GS configurational
mixing which effectively determines n , the 4f shell occupation, and by extension the ON.

9
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When we analyzed the relationship between the peak A and B states with the help of ‘hole’ and
‘particle’ NTOs, as shown in the insets of Figure 5(a,b), an astonishingly clear picture emerged:
Going from an ES under peak A to its counterpart under peak B, the NTOs give a clean 4f to
ligand transition. For cerocene there were in fact 3 groups of states, each group related to the
next group at higher energy by a 4f to ligand transition, such that the lower energy part of peak
A is assigned to formal 4f> Ce(IT) sub-configurations.

Relevant 4f' and 4f° ESs and the GS are characterized in Figure 5(c,d) in terms of configu-
rations arising from a common active space of metal or ligand localized MOs. In the basis of
these MOs, most of the states are strongly multiconfigurational. For cerocene, 4f! dominates in
the GS and in the intense Peak A ESs, rationalizing the A:B intensity ratio of roughly 90:10. The
resulting spectroscopic 4f-shell occupancy (n,) of 0.9 supports the now accepted Ce" assign-
ment. We confirmed in our calculations previous findings by Dolg and coworkers '61:162167 that
no orthogonal transformation among the active space orbitals gives a single-configuration state.
The GS of cerocene is multiconfigurational.

For CeO,, the A:B peak intensity ratio is about 60:40, i.e. the spectroscopic n, is 0.6, 26360168
To rationalize these intensities, the system has been argued to exhibit an intermediate-valent GS
with nearly equal admixture of 4f' and Ce'" 4f° configurations. %"!® We emphasize that such an
assignment depends on the chosen orbital basis and the assumption that the ESs are clean 4f'
and 4f° sub-configurations, respectively. As seen in Figure 5(c), the GS in the maximally local-
ized MO basis is a mixture of a dominant 41 (67% weight) with a secondary 4f' configuration
(32%). Unlike cerocene, an orthogonal transformation among the active space orbitals produces
a single-configurational GS in which the ligand-centered orbitals (L) are doubly occupied but
display significant in-phase mixing with the 4f AOs, especially in the a,, species. (For details
please see Ref. 69.) In other words, the 32% weight of the 4f! configuration in the GS of CeO,
comes from donation bonding and can alternatively be represented by a single-configuration state
with valence ligand orbitals that are delocalized onto the metal. Both in the localized and in the
a delocalized MO basis, the core-ESs have multiconfigurational character, which ultimately ra-
tionalizes the nearly equal A:B intensity ratio. It is also clear that the peak intensity ratio has its
origin in the extent of donation bonding. The spectroscopic value n, of about 0.6 is consistent
with GS 4f shell populations extracted from quantum chemical calculations.

7 Outlook

Wavefunction theory methods for calculating core-valence transitions, determining the associ-
ated absorption and emission wavelengths & intensities, and analyzing the relevant electronic
states in terms of chemical bonding, are producing important new insights in f-element chem-
istry. Itis preferable to extract this insight by using a multiconfiguration ab-initio electronic struc-
ture method that treats the ligand field, the orbital relaxation upon excitation, and the spin-orbit
coupling, and that is able to reproduce the experimental spectra satisfactorily. In this way, the
calculation has a direct connection with the experimental data used to extract chemical bonding
information. The type of calculation highlighted herein produces ground and excited state wave-
functions, which can be subjected to a variety of analyses aimed at extracting bond orders, metal
charges, f- and d-shell populations, the electron density topology, and other properties for each
state, as well as relationships between the GS and the ES, and between ESs, in terms of natural
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transition orbitals. Of course, like in all practical calculations, approximations have to be made.
With recent developments, quite advanced electronic structure approaches have emerged for the-
oretical X-ray absorption spectroscopy. Examples include recent extension of coupled-cluster
singles and doubles (CCSD) approaches for calculating core excited states (ESs) of simple or-
ganic molecules, '®'73 and multireference configuration interaction (MRCI) and multireference
coupled-cluster approaches for calculating L-edge spectra of transition metal complexes.!''* Such
approaches are extremelly demanding of computational resources and have so far not been used
to calculate core ESs in actinide and lanthanide systems.
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