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ctron localization and covalency
in lanthanide and actinide metallocenes†
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David K. Shuh, a S. Chantal E. Stieber *d and Tolek Tyliszczaka

Previous magnetic, spectroscopic, and theoretical studies of cerocene, Ce(C8H8)2, have provided

evidence for non-negligible 4f-electron density on Ce and implied that charge transfer from the

ligands occurs as a result of covalent bonding. Strong correlations of the localized 4f-electrons to the

delocalized ligand p-system result in emergence of Kondo-like behavior and other quantum chemical

phenomena that are rarely observed in molecular systems. In this study, Ce(C8H8)2 is analyzed

experimentally using carbon K-edge and cerium M5,4-edge X-ray absorption spectroscopies (XAS),

and computationally using configuration interaction (CI) calculations and density functional theory

(DFT) as well as time-dependent DFT (TDDFT). Both spectroscopic approaches provide strong

evidence for ligand / metal electron transfer as a result of Ce 4f and 5d mixing with the occupied C

2p orbitals of the C8H8
2� ligands. Specifically, the Ce M5,4-edge XAS and CI calculations show that

the contribution of the 4f1, or Ce3+, configuration to the ground state of Ce(C8H8)2 is similar to

strongly correlated materials such as CeRh3 and significantly larger than observed for other formally

Ce4+ compounds including CeO2 and CeCl6
2�. Pre-edge features in the experimental and TDDFT-

simulated C K-edge XAS provide unequivocal evidence for C 2p and Ce 4f covalent orbital mixing in

the d-antibonding orbitals of e2u symmetry, which are the unoccupied counterparts to the occupied,

ligand-based d-bonding e2u orbitals. The C K-edge peak intensities, which can be compared directly

to the C 2p and Ce 4f orbital mixing coefficients determined by DFT, show that covalency in

Ce(C8H8)2 is comparable in magnitude to values reported previously for U(C8H8)2. An intuitive model

is presented to show how similar covalent contributions to the ground state can have different

impacts on the overall stability of f-element metallocenes.
Introduction

Since the discovery of cerocene, Ce(C8H8)2,1,2 a broad debate
has ensued regarding the true nature of f-element chemical
bonds, the meaning of terms used to describe bonding, and
how and when those terms should be used. In the ionic limit,
balancing the charges of two dianionic cyclooctatetraene
ligands (C8H8

2�) requires that the cerium atom have a formal
+4 charge which leaves the 4f and 5d orbitals unoccupied. This
model is supported by a structural analysis of Ce(C8H8)2 and
comparison with other lanthanocenes and actinocenes.3–7 The
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diamagnetic NMR spectrum2,8,9 of Ce(C8H8)2 and similarities
between the photoelectron spectra2,10,11 of Ce(C8H8)2 and
Th(C8H8)2 seem to support a Ce4+ formulation, although
subsequent theoretical analyses12 provide a more nuanced
interpretation. In the 1990s, Ce(C8H8)2 was among the rst
systems to be the focus of computational studies utilizing
conguration interaction concepts to account for electron–
electron interactions.12–14 These studies nd that the ground
state electronic conguration of Ce(C8H8)2 is a mixture of two
different congurations, and that Ce(C8H8)2 is best approxi-
mated as a predominantly Ce3+ (4f1) compound together with
two C8H8

1.5� ligands. The possibility of a multicongurational
ground state has been explored extensively with theory, and
more recent computational studies expand on this interpre-
tation by providing additional strong support for a non-
negligible 4f orbital occupation in the ground state of
Ce(C8H8)2.15–17 Experimental corroboration has been more
difficult to obtain, however, and it is difficult to rationalize the
apparent contradictions in between previous measure-
ments9,18–20 which suggest that the 4f-electrons participate in
This journal is © The Royal Society of Chemistry 2020
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bonding while appearing localized simultaneously. Cerium L3-
edge measurements20 of Ce(C8H8)2 provide the only direct
experimental evidence of a multicongurational ground state,
but the spectral interpretations are fraught with contro-
versy.21–24 Taken together, these studies have raised more basic
questions regarding whether the concept of a multicongura-
tional ground state should apply to all f-element compounds,
how it equates to more established models of metal–ligand
covalency,25 and how it is manifested by changes in chemical
reactivity or magnetic behavior. Although Ce(C8H8)2 is proto-
typical, such fundamental questions pertain to all formal Ce4+

compounds26–35 and high valent lanthanide compounds,36–41

ytterbium complexes,42–48 and the transuranic actino-
cenes15,17,49 and have implications throughout the periodic
table for the electronic structure models used to describe
bonding near the limits of chemically accessible oxidation
states.50,51 Improved theoretical models of bonding in these
systems are needed to develop new ligands and innovative
concepts in lanthanide/actinide separations for nuclear
energy.52 Efforts to unravel the complex behavior of correlated
electron systems also benet from investigations of self-
contained phenomena in single molecules that can be more
precisely characterized using spectroscopy and theory.53–60

Our recent work has shown that the metal–ligand covalency
and multicongurational ground states can be probed exper-
imentally in f-element coordination compounds with X-ray
absorption spectroscopy, XAS, at the K-edges for the light
atoms directly bound to metal centers (collectively referred to
as ligand K-edge XAS).61–64 The spectroscopic technique
probes bound state transitions of core 1s electrons localized
on the ligands to unoccupied molecular orbitals, which only
have intensity if the nal state orbitals have ligand np char-
acter (n ¼ principal quantum number). Through a combina-
tion of ligand K-edge XAS and time-dependent density
functional theory (TDDFT) calculations, Solomon and
coworkers provided the rst demonstrations of this approach
as a direct and quantitative probe of electronic structure and
covalent bonding in transition metal complexes with M–Cl
and M–S bonds.65–68 Recently, the range of ligand chemistries
was expanded to include systems incorporating M–O,69–71 M–

N,72–74 and M–C bonds.75,76 By acquiring XAS using a scanning
transmission X-ray microscope (STXM), we are able to control
saturation effects and overcome other challenges with photon
attenuation that can preclude measurements with weakly
penetrating incident radiation using so X-rays. Herein, we
examine 4f-electron localization in Ce(C8H8)2 using DFT and C
K-edge XAS from STXM. Unambiguous evidence for covalent
mixing involving the 4f orbitals of e2u symmetry is identied
in the experimental spectra with the aid of TDDFT calcula-
tions. The results are interpreted in the context of Ce M5,4-
edge XAS and multiplet calculations, which also show that
Ce(C8H8)2 has signicant covalent character owing to ligand-
to-metal electron transfer in the ground state. Both molec-
ular orbital theory and conguration interaction models are
presented to rationalize these observations relative to earlier
work on the actinocenes, and we show how the 4f-electrons
This journal is © The Royal Society of Chemistry 2020
can participate in bonding while appearing localized
simultaneously.

Results and discussion
Ground state electronic structure and molecular orbital
description

A framework for understanding the C K-edge and Ce M5,4-edge
spectra of Ce(C8H8)2 can be approximated using molecular
orbital (MO) theory following conventions developed for acti-
nide systems, particularly U(C8H8)2.25 In a D8h ligand eld, the
shape and symmetry of ligand orbitals that are involved in M–C
bonding can be estimated from symmetry adapted linear
combinations (SALCs) of the sixteen atomic C 2p p orbitals that
are perpendicular to the ring planes (C–C p bonding). In this
scheme, the centrosymmetric Ce 5d orbitals mix with the C 2p
SALCs of a1g (5d-s), e1g (5d-p), and e2g (5d-d) symmetry while the
Ce 4f orbitals can mix with the a2u (4f-s), e1u (4f-p), e2u (4f-d),
and e3u (4f-4) SALCs, which leaves the SALCs of b1g + b2g + e3g
symmetries non-bonding. Many previous spectroscopic11,75,77,78

and theoretical10,15–17,49,79,80 studies of f-element metallocenes
show that f-orbital mixing is dominated by the d-bonding MOs
of e2u symmetry when compared with the s, p, and 4-bonding
MOs. Mixing in the e2u orbitals in Ce(C8H8)2 is described using
the MO model by the linear combination of orbitals as:

J(e2u) ¼ N{4f � lpe2u} (1)

where N is a normalization constant, l is the mixing coefficient,
and 4f and pe2u are parent Ce and ligand-based wavefunctions.
In eqn (1), l is given by

l ¼ H/[E0(4f) � E0(pe2u)] (2)

where the term E0(4f) � E0(pe2u) is the difference in energy
between the 4f and pe2u wavefunctions andH is the off-diagonal
Hamiltonian matrix element, which is proportional to the
overlap integral. The dominance of e2u bonding is easily
understood by eqn (2), wherein a larger l results from a better
energy match between the 4f-based e2u orbitals and the high
energy e2u SALCs (small E0(4f) � E0(pe2u)),25 and also to more
directional d-bonds resulting in better orbital overlap (large
H).78,81 However, large values of l are not necessarily correlated
with large stabilizations due to covalency because the energetic
stabilization has a greater dependence on orbital overlap:

DE ¼ H2/[E0(4f) � E0(pe2u)] ¼ Hl (3)

As will be shown below, and also described previously,62,82–84 the
lack of signicant f-orbital overlap can result in a counterintui-
tive relationship between stability and f-orbital covalency for
many lanthanide and actinide compounds.

Ground state DFT calculations with the B3LYP hybrid func-
tional were conducted on the closed shell conguration to guide
assignments of the experimental spectra. The unoccupied
orbitals relevant to the C K-edge XAS measurements are
summarized in Table 1 and Fig. 1. Similar to results from DFT
calculations on Th(C8H8)2 and U(C8H8)2,75 inspection of the
Chem. Sci., 2020, 11, 2796–2809 | 2797
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Table 1 Calculated energiesa and atomic compositionsb of selected
virtual molecular orbitals for Ce(C8H8)2

Orbital
Energy
(eV)

MO (DFT)

C 2s C 2p M 4f M 5d M 6s M 6p

1b2g (Ce–C nb) 4.57 0 0.98 0 0 0 0
1b1u (Ce–C nb) 4.23 0 0.96 0 0 0 0
2e1g (5d-p) 2.25 �0.15 0.14 0 0.63 0 0
2e2g (5d-d) 1.78 �0.01 0.22 0 0.76 0 0
1e3g (Ce–C nb) 1.37 0 0.96 0 0 0 0
2e3u (4f-f) 1.09 0 0.89 0.07 0 0 0
2a1g (5d-s) �0.82 0.02 0.02 0 0.77 0.06 0
2e1u (4f-p) �1.77 0 0.00 0.98 0 0.01 0
1e3u (4f-f) �1.84 0 0.05 0.95 0 0 0
2e2u (4f-d) �1.85 0 0.24 0.76 0 0 0
2a2u (4f-s) �2.01 0 0.02 0.98 0 0 0

a Alpha spin-orbital energies are reported. b The use of a non-
orthogonal basis set can cause Mulliken analysis to have nonphysical
results such as compositions >100%, or <0.85 The lowest energy MOs
are the antibonding LUMO.

Fig. 1 Quantitative molecular orbital diagram showing DFT calculated
energies for Ce(C8H8)2 relative to those published previously for
U(C8H8)2 and an idealized (C8H8)2

4� fragment in D4h symmetry.75

Energies for the (C8H8)2
4� fragment have been shifted by�16.42 eV so

that the carbon 1s orbital energies match those of U(C8H8)2.
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Mulliken population analysis for Ce(C8H8)2 in Table 1 shows
that the molecular orbitals of e2u (4f-d) symmetry played
a signicant role in bonding with the C8H8

2� ligands, while the
orbitals of a2u (4f-s) and e1u (4f-p) symmetry were best
described as metal-based orbitals having negligible C 2p char-
acter. In contrast to Th(C8H8)2, where 5f 4-bonding was an
important part of the valence electronic structure,75 Ce(C8H8)2
2798 | Chem. Sci., 2020, 11, 2796–2809
more closely resembled U(C8H8)2 in that the 1e3u and 2e3u
orbitals are best described as non-bonding Ce 4f and C 2p based
orbitals, respectively.

DFT is advantageous because it describes partial electron
delocalization due to covalency associated with specic
bonding interactions (e.g., s, p, d, 4), which has proven useful
for interpretation of ligand K-edge spectra.67,86,87 Results from
the hybrid DFT closed-shell singlet approach used here agreed
qualitatively with the established descriptions of Ce(C8H8)2
electronic structure from SCF,12,13,88 hybrid DFT,89 and multi-
reference calculations,15,17,90 along with related calculations for
the actinocenes.75,79,81,90–94 Alternatively, the single determinant
MO wavefunction shown in eqn (1) can be reformulated using
a conguration interaction (CI) charge transfer model. The CI
model accounts for exchange, multiple and core-induced
charge transfer interactions, which are typically difficult to
incorporate, or not incorporated in MOmodels. In the CI model
where congurations differ by only one electron, the ground
state is expressed as

J ¼ N[|4f0L4i + l|4f1L3i] (4)

where the rst term is the ionic conguration with a Ce4+ atom
and the second conguration describes the result of a ligand-to-
metal electron transfer leading to reduction to Ce3+.95 Eqn (4)
neglects the 4f2L2 conguration, which is strongly reduced due
to a Coulomb interaction between the two 4f electrons but
theoretically non-zero.15 Previous theoretical work has shown
that CI expansions are highly dependent on the orbital basis
that is employed,15–17 such that this representation of l is
quantitatively different than that provided in eqn (1) and (2).
However, because the electrons are assumed to be fully local-
ized, the CI model can be directly compared to physical
observables from metal-based XAS and magnetic measure-
ments.96 For example, Ce L3-edge measurements of Ce(C8H8)2
provided a 4f orbital occupancy, nf, of 0.89(3) electrons, which
agrees well with previously reported theoretical values which
range between about 0.80 to 0.95 electrons.12,13,15–17 Earlier
theoretical studies12,13,97 also used the CI model and described
how the unpaired 4f1 electron in the Ce3+ conguration couples
with the ligand p3

e2u hole to form a ground state singlet, which is
analogous to the Kondo effect observed in some extended solids
and intermetallics.98,99 Ce(C8H8)2 was predicted to exhibit
temperature independent paramagnetism (TIP) as a result of
the Kondo effect,12,13,97 which was conrmed experimentally by
Andersen and co-workers using SQUID magnetometry.9,20

A possible concern therefore lies with the closed-shell nature
of the DFT solution, which could provide an inaccurate or
wholly incorrect formulation of the multicongurational
ground-state for many-electron lanthanide and actinide
systems.100,101 In fact, the hybrid DFT approximation can make
direct contact with the multi-conguration representations by
examining the B3LYP closed-shell determinant for instabilities.
Preliminary calculations, which will be reported separately,
indeed reveal a broken-symmetry B3LYP ground state that is
nearly degenerate with the closed-shell solution described
above. The broken symmetry ground state is an open-shell
This journal is © The Royal Society of Chemistry 2020
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singlet (an admixture of singlet and triplet states) which couples
a Ce 4f electron with a hole on the ligands. When the triplet
state is projected from the broken-symmetry determinant, the
pure singlet state lies some 0.49 eV below the closed-shell
solution,102 and provides additional evidence for an open-shell
singlet ground state as inferred above. This simple broken
symmetry wavefunction seems to capture much of the multi-
congurational aspects of Ce(C8H8)2 demonstrated in earlier
work cited above.
Fig. 3 Room-temperature C K-edge (left) and Ce M5,4-edge (right)
XAS results showing a progression of increasing photon damage
following repeated spectral acquisitions on a sample of Ce(C8H8)2.
Individual scan times were reduced by limiting the number of energy
points per spectrum and the dwell time, and by selecting larger
particles (see Experimental). The first (blue) and final (red) scan are
given with several intermediate scans (gray). Arrows indicate the
changes in spectral intensity with increasing damage.
STXM measurements

A scanning transmission X-ray microscope (STXM) was utilized
to image and obtain C K-edge and Ce M5,4-edge XAS from
micron-scale crystals of Ce(C8H8)2.103 This has been demon-
strated previously71,75 as an effective approach for minimizing
the saturation and self-absorption effects that can plague efforts
to obtain spectra using weakly penetrating incident radiation at
low photon energies. For samples prepared from nely-divided
powders, it was necessary to identify particles that were suffi-
ciently thin104 for transmission XAS measurements and also
large enough to provide a suitable signal-to-background ratio.
Utilizing methodology developed for the study of group 4 bent
metallocene dichlorides, (C5H5)2MCl2 (M ¼ Ti, Zr, Hf)76 and
actinocenes (C8H8)2An (An ¼ Th, U),75 small droplets of
Ce(C8H8)2 dissolved in toluene were allowed to evaporate on
Si3N4 windows in an Ar-lled glovebox to form a large number
of small crystallites in a compact area that were suitable for
STXM raster scans (Fig. 2).

Initially, Ce(C8H8)2 was found to be susceptible to radiation
damage during the room-temperature STXM experiments when
using standard data acquisition parameters as evidenced by
rapid changes in spectral prole and by the emergence of
interface distortions in images of the crystallites. To quantify
contributions from radiation damage and show a progression
from Ce(C8H8)2 to the unidentied product(s) resulting from
radiation damage as a function of photon exposure time, short
acquisitions of C K-edge and Ce M5-edge spectra were per-
formed in rapid succession over the same sample area (Fig. 3).
As described previously for O K-edge measurements on light-
sensitive compounds such as potassium permanganate,71 the
duration of each individual scan was limited by reducing the
Fig. 2 Three STXM images of Ce(C8H8)2 crystals: (from left to right)
a contrast image obtained with a photon energy of 882.0 eV and
elemental distribution maps obtained by subtraction using photon
energies of 286.3–276.3 eV (C) and 882.0–872.0 eV (Ce). Some
photon damage occurred while acquiring the high-resolution images
as shown by dark spots. The crystals are representative of others which
were used to obtain C K-edge and Ce M5,4-edge XAS data.

This journal is © The Royal Society of Chemistry 2020
number of pixels, the dwell time per pixel, and by using coarse
energy step sizes (see Experimental). The product(s) resulting
from radiation damage could not be rigorously identied,
however, inspection of the Ce M5-edge following repeated scans
showed a spectral prole that is characteristic of Ce3+ species.
Spectra obtained at the beginning of these experiments (Fig. 3,
blue) and before the onset of radiation damage conrm that the
C K-edge and Ce M5,4-edge spectra described below are repre-
sentative of Ce(C8H8)2 with minimal contributions from radia-
tion damage. High quality C K-edge and Ce M5,4-edge XAS were
ultimately obtained by averaging datasets from more than 10
independent crystals and by selecting thin crystals (<100 nm)
with a large surface area (>4 mm2 with respect to dimensions
normal to the beam).
Cerium M5,4-edge XAS

Ce M5,4-edge XAS were obtained and compared with earlier L3-
edge XAS studies of Ce(C8H8)2.20,69 The M5,4-edge spectroscopic
approach probes electric dipole-allowed 3d104fn / 3d94fn+1

transitions, where n is the number of 4f electrons in the ground
state. Because M5,4-edge XAS probes the 4f orbitals directly, it
can be advantageous for probing 4f orbital occupation and
mixing in systems with multicongurational ground states.
Fig. 4 compares the background subtracted and normalized Ce
M5,4-edge spectra for Ce(C8H8)2 and [Ce(C8H8)2][Li(THF)2]
together with selected reference materials CeO2, CeRh3,
CeCl6

2�, and CeCl6
3�.64,69,105 Each of the spectra are split by

approximately 18 eV into a M5-edge (3d5/2 / 4f7/2 and 3d5/2 /
4f5/2) and M4-edge (3d3/2 / 4f5/2) because of the spin–orbit
coupling with the core-hole. For CeCl6

3� and [Ce(C8H8)2]
[Li(THF)2], both the M5- and M4-edges exhibit energy shis and
ne structure that are characteristic of multiplet splittings
observed in the Ce M5,4-edge spectra from other formal Ce3+

compounds.106–109 Likewise, the Ce M5,4-edge spectra for
CeCl6

2�, CeO2, CeRh3,105 and Ce(C8H8)2 consist of main M5 and
M4 peaks and weaker “satellite” features at higher energies that
Chem. Sci., 2020, 11, 2796–2809 | 2799
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Fig. 4 Top panel: Ce M5,4-edge XAS of formal Ce4+ compounds
including Ce(C8H8)2 and reference materials CeO2, CeRh3, and (Et4-
N)2CeCl6. Bottom panel: Ce M5,4-edge XAS of the formal Ce3+

compound [Li(THF)2][Ce(C8H8)2] and reference material (Ph4P)3CeCl6.
The data for CeRh3 was reproduced using DigitizeIt from ref. 105,
copyright 1985 Elsevier. Data for CeO2 was adapted with permission
from ref. 69 copyright 2017 American Chemical Society. Data for
(Et4N)2CeCl6 and (Ph4P)3CeCl6 was adapted with permission from ref.
64, copyright 2015 American Chemical Society.

Fig. 5 Experimental Ce M5.4-edge spectra (black) and CTM4XAS
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are generally consistent with earlier measurements of formal
Ce4+ compounds. However, closer inspection of the spectra in
Fig. 4 showed that the main M5,4-edge peaks for Ce(C8H8)2
(882.0 and 900.0 eV) and CeRh3 (882.6 and 900.1 eV) were found
approximately 1.5 eV lower in energy than observed for CeCl6

2�

(883.7 and 901.6 eV) or CeO2 (883.7 and 901.7 eV). In this regard,
the main M5,4-edge energies observed for Ce(C8H8)2 and CeRh3

more closely resemble those of formally Ce3+ compounds
2800 | Chem. Sci., 2020, 11, 2796–2809
including CeCl6
3� (882.3 and 900.0 eV) and [Ce(C8H8)2]

[Li(THF)2] (882.4 and 900.2 eV). The similarity between
Ce(C8H8)2 and intermetallic compounds105 CeRh3 as well as
CeRu2 and CeCo2 could be anticipated given the close corre-
spondence between the L3-edge spectral proles for those
compounds.110,111 It is worth noting that the M5,4-edge XAS of
Ce(C8H8)2 also exhibited a 7 eV average separation between the
main and satellite features, which is signicantly larger than
observed for CeO2, CeCl6

2�, or CeRh3 (4.8, 4.9, and 5.0 eV,
respectively).

To explore these results further, CI calculations were con-
ducted for Ce(C8H8)2 and [Ce(C8H8)2][Li(THF)2]. The method
was employed using the CTM4XAS program, which is a semi-
empirical approach developed by de Groot and is based on
Cowan's code (Fig. 5 and Table 2).112–114 The CTM4XAS approach
provides an accurate calculation of the multiplet states acces-
sible to a free Ce ion while approximating the inuence of the
ligands by accounting for symmetry and charge transfer.
Previous calculations have reproduced the ne structure and
satellite features in M5,4-edge spectra of formally tetravalent
calculations (red) for Ce(C8H8)2 and [Ce(C8H8)2][Li(THF)2].

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of the CTM4XAS calculation parameters and
results for CeCl6

2�,64 CeO2,69 and Ce(C8H8)2. See the Experimental for
additional details

CeCl6
2� CeO2 Ce(C8H8)2

DEgs 2.5 eV 2.0 eV �0.1 eV
DEfs �1.5 eV �1.8 eV �5.0 eV
Tgs ¼ Tfs 0.70 0.70 0.75
3d104f0 75% 70% 49%
3d10L4f1 25% 30% 51%
LMCT calc. 3.6 eV 3.2 eV 2.2 eV
LMCT exp. 3.3 eV 3.1 eV 2.1 eV

Fig. 6 C K-edge XAS data obtained in transmission for Ce(C8H8)2
(pink), Th(C8H8)2 (dashed black) and U(C8H8)2 (blue). Data for
Th(C8H8)2 and U(C8H8)2 are adapted with permission from ref. 75,
copyright 2014 Royal Society of Chemistry.
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compounds including CeCl6
2� and CeO2.64,69,83 This approach

has also been applied successfully to model M5,4-edge spectra
and to develop quantitative interpretations of charge transfer
interactions in the ground state for other transition metal and
Ce systems.95,115,116 For [Ce(C8H8)2][Li(THF)2], the M5.4-edge
spectrum is reasonably modeled using a simple CeIII atomic
multiplet framework accounting for transitions from a 3d104f1

initial state to a 3d94f2 nal state. The 4f–4f Slater–Condon
Coulomb repulsion (Fff) and 3d spin–orbit coupling (SOC)
parameters were reduced to 60% and 98% of atomic Hartree–
Fock values, respectively.117 Reduction of the 4f–4f Slater–Con-
don Coulomb repulsion (Fff) parameter has been applied in
previous studies to account for increased Ce3+ bond covalency,
and is necessary to accurately model the spectral ne structure.
Our previous CI calculations of CeCl6

3� had a Fff reduction to
79% of atomic values, suggesting that the Ce(C8H8)2

1�molecule
has a higher degree of covalency than CeCl6

3�.
For Ce(C8H8)2, a model based on transitions from 3d104f0

to 3d94f1 states does not accurately model the Ce M5.4-edge
spectrum, and hence both the initial and nal states are
described using a charge transfer model. In the charge transfer
model, both the initial and nal states are dened by two
congurations, one of which includes a ligand hole (L) resulting
from charge transfer. Thus, the initial state is described by
3d104f0 and 3d10L4f1 and the nal state by 3d94f1 and 3d9L4f2.
These congurations were dened by 4f-4f and 3d-4f Coulomb
repulsion, Coulomb exchange and spin–orbit-coupling (SOC)
parameters. The interactions of these states were described by
the energy separation of the initial (DEgs) and nal states (DEfs)
as well as the mixing of each, Tgs and Tfs respectively. As
described previously,64 the energy of the lowest LMCT band
in the UV/Vis spectrum of Ce(C8H8)2 (2.1 eV)8 was used to
provide bounds for these parameters as governed by LMCT
z DEgs + 2Tgs. In addition, the experimentally observed split-
ting and intensity ratios between themain and satellite peaks in
the M5,4-edge XANES spectra provided limits for the calcula-
tions. Fig. 5 and Table 2 show that the calculations for
Ce(C8H8)2 were in the closest agreement with these experi-
mental data were dened with DEgs ¼ �0.1 eV, DEfs ¼ �5.0 eV,
and Tgs ¼ Tfs ¼ 0.75, resulting in a ground state that was 49%
3d104f0 and 51% 3d10L4f1, and a calculated LMCT of 2.2 eV. The
amount of Ce3+ character (51%) calculated for Ce(C8H8)2 with
CTM4XAS is less than the values determined with L3-edge
XANES spectroscopy (89%) and multiconguration interaction
This journal is © The Royal Society of Chemistry 2020
calculations (80%).12,13 Discrepancies with these earlier results,
and subtle disagreements with the experimental M-edge spec-
trum, may reect the empirical nature of the CTM4XAS calcu-
lation. In addition, the CTM4XAS approach cannot shed light
on whether the C 2p / Ce 4f LMCT in Ce(C8H8)2 results from
simple covalent mixing in the ground state or from coupling of
4f electrons with the ligand p system. However, the results agree
qualitatively that the amount C 2p / Ce 4f LMCT in Ce(C8H8)2
exceeds values typically observed for other formal Ce4+

compounds such as CeO2 and CeCl6
2�. In the case of CeCl6

2�,
a ground state composition containing 25% of the 3d10L4f1

conguration was found previously to model the LMCT
energy (3.3 eV) as dened by DEgs ¼ 2.5 eV, DEfs ¼ �1.5 eV, and
Tgs ¼ Tfs ¼ 0.70.64 For CeO2, the LMCT energy of 3.1 eV was
effectively modeled with a ground state containing 30% of the
3d10L4f1 conguration as dened by DEgs ¼ 2.0 eV, DEfs ¼
�1.8 eV, and Tgs ¼ Tfs ¼ 0.70.69 Hence, the CTM4XAS calcula-
tions and M5,4-edge XAS reveals a trend towards signicantly
more Ce3+ (3d10L4f1) character in the ground state of Ce(C8H8)2
(51%) than in CeCl6

2� (25%) or CeO2 (30%).
Carbon K-edge XAS

The background subtracted and normalized C K-edge XAS
spectrum of Ce(C8H8)2 is shown in Fig. 6 together with previ-
ously reported spectra for Th(C8H8)2 and U(C8H8)2.75 Initial
evidence for mixing between the Ce 5d and/or 4f orbitals and
the C–C p-bonding orbitals of the [(C8H8)2]

4� ligand framework
is provided by existence of pre-edge features at low energy (283
to 287 eV). Analyzing the rst derivative of the experimental
spectrum (Fig. S1†) revealed two main features centered at
284.2 eV and 286.7 eV that are analogous to features observed at
1–2 eV higher energies in the C K-edge spectra of Th(C8H8)2 and
Chem. Sci., 2020, 11, 2796–2809 | 2801
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Table 3 Comparison of experimental and calculated energies (eV)a for
transitions determined using C K-edge XAS data and TDDFT calcula-
tions for Ce(C8H8)2

Final state orbital

Transition energies (eV)

XAS TDDFT

1b1u + 1b2g (Ce–C nb) 289.0 290.4
2e1g (5d-p) — 288.3
2e2g (5d-d) 287.5 287.9
1e3g (Ce–C nb) 286.7 286.6
2e3u (4f-f) 286.7 286.6
2a1g (5d-s) 285.4 285.3
2e1u (4f-p) — 284.3
1e3u (4f-f) 284.2 284.2
2e2u (4f-d) 284.2 284.2
2a2u (4f-s) — 284.1

a Experimental values were determined from a plot of the 1st derivative
of the spectrum (Fig. S1). Calculated values were taken from TDDFT
simulated spectra and shied by approximately 10 eV (see
Experimental).
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U(C8H8)2.75 To a rst approximation, the shi to lower energies
for Ce(C8H8)2 compared to Th(C8H8)2 and U(C8H8)2 is consis-
tent with expectations based on the lower energy of the Ce 5d
and 4f orbitals versus 6d and 5f orbitals of Th and U. For
additional guidance, energies and oscillator strengths of indi-
vidual transitions were calculated with TDDFT. Fig. 7 and Table
3 show that the energies calculated by TDDFT correspond well
with the experimental data and with the relative energies of
orbitals determined from the ground state DFT calculation
(Fig. 1). For example, the TDDFT shows a transition from the C
1s orbitals to the antibonding 2e2u (4f-d) at 284.2 eV, which
corresponds to the rst low energy feature in the experimental
spectrum. At higher energy, the TDDFT shows a second feature
at 286.6 eV which includes two overlapping transitions to the
antibonding 2e3u (4f-4) orbitals and the nonbonding 1e3g (Ce–
C) orbitals, and corresponds to the second feature in the
experimental spectrum. The TDDFT calculated difference in
energy between the low and high energy feature is 2.4 eV, which
is similar to the gap observed experimentally (2.5 eV) and in the
ground state DFT calculation (2.96 eV). In addition, transitions
with non-negligible oscillator strength involving the 2e2g (5d-d)
orbitals are calculated at 287.9 eV, which agrees well with a weak
intensity feature observed in the experimental spectrum at
287.5 eV near the onset of the edge. Transitions to the anti-
bonding orbitals of 4f-parentage (2a2u, 2e1u, 1e3u) and 5d-
parentage (2a1g, 2e1g) are also observed in the TDDFT calcu-
lated spectrum (Table 3), however, the calculated oscillator
strengths are small and hence these transitions are unresolved
in the experimental spectrum.
Fig. 7 The experimental C K-edge XAS data for Ce(C8H8)2 (black
circles and traces) are compared with the TDDFT calculations in the
top pane. The red bars represent the energies and oscillator strengths
for the individual transitions. The subsequent lower panes depict the
partial density of states (PDOS) derived from the TDDFT for final states
associated with the 4f, 5d, and ligand-based orbitals. The intensity of
the C 1s / 5d transitions have been increased by a factor of five for
clarity.

2802 | Chem. Sci., 2020, 11, 2796–2809
Evaluation of Ce-(C8H8) bonding and covalency

The C K-edge pre-edge transition intensities are weighted by the
amount of C 2p character, and can be used to evaluate C 2p and
Ce 4f mixing in specic molecular orbitals. In some cases,
quantifying this effect experimentally was challenged by the
presence of overlapping transitions. However, clear patterns in
the DFT calculations emerge which are supported by qualitative
comparisons of the experimental spectra. For example, the C 1s
/ 2e2g transitions were located at higher energies and unre-
solved in the experimental spectra; however, the DFT calcula-
tions indicate that the composition of the 2e2g (5d-d) orbitals for
Ce(C8H8)2 (22% C 2p and 76% Ce 5d) was effectively the same as
reported previously for the 2e2g (6d-d) orbitals of both Th(C8H8)2
(23% C 2p and 75% Th 6d) and U(C8H8)2 (22% C 2p and 74%
U 6d).75 Moving to lower energy, transitions attributable to
C 1s / 1e3u were weak and poorly resolved in the experimental
and TDDFT calculated spectrum, and the DFT calculations
indicate that the 1e3u (5% C 2p, 95% Ce 4f) and 2e3u (89% C 2p,
7% Ce 4f) are best described as non-bonding metal 4f and
ligand-based orbitals, respectively. Similar results were reported
previously for U(C8H8)2, which had little mixing in the 1e3u (6%
C 2p, 94% U 5f) and 2e3u (89% C 2p, 7% U 5f) orbitals. In
contrast, evidence for some 4-orbital mixing in the unoccupied
valence orbitals was observed for Th(C8H8)2 as shown by intense
pre-edge features associated with the bonding 1e3u (33% C 2p,
65% Th 5f) and antibonding 2e3u (49% C 2p, 47% Th 5f)
orbitals.

At low energy, the C K-edge XAS and TDDFT for Ce(C8H8)2
show a pre-edge feature at 284.2 eV that was attributed to
transitions to the unoccupied d-antibonding orbitals of 2e2u
symmetry, and comparison with the TDDFT spectra suggests
that the intensity of this feature reects a signicant contribu-
tion of C 2p character. Inspection of the ground state DFT
calculations conrms this observation by showing that the 2e2u
orbitals have 24% C 2p and 76% Ce 4f character. The 2e2u
orbitals are the antibonding counterparts to the bonding 1e2u
This journal is © The Royal Society of Chemistry 2020
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orbitals which are occupied in the ground state and have 72% C
2p and 25% Ce 4f character. The DFT calculated mixing of C 2p
character into the 4f orbitals is greater than that determined for
the analogous 2e2u (5f-d) orbitals of Th(C8H8)2 (13% C 2p and
86% Th 5f), and only slightly smaller than themixing of the 2e2u
(5f-d) orbitals for U(C8H8)2 (28% C 2p and 71% U 5f), such that
d-mixing in the 2e2u orbitals increases in the order Th(C8H8)2 <
Ce(C8H8)2 z U(C8H8)2. Because the 2e2u orbitals are the anti-
bonding counterpart to the lled 1e2u orbitals, these results
provide new evidence to support earlier theoretical studies15,88

that described how the increase in 4f-electron density in
Ce(C8H8)2 results from increased d-mixing with the C8H8

2�

ligands.
However, a more nuanced picture emerges when considering

how changes in the radial extension and energy of atomic f-
orbitals Ce4+, Th4+, and U4+ affect the nature of covalent
bonding with ligand-based orbitals of e2u symmetry. For
example, the decrease in 4th ionization energies (�IE4/4)118 from
Th (�7.1 eV) to U (�8.3 eV) and results from several theoretical
studies25,84,92,119–121 suggest thatmoving fromTh4+ to U4+ coincides
with a decrease in 5f orbital energies. Since the ligand-based
orbitals of e2u symmetry are at lower energies, this 5f energy
change results in a better energymatch (small E0(4f)� E0(pe2u) in
eqn (2)) and increased d-mixing in the 2e2u orbitals for U(C8H8)2.
Based on the 4th ionization energy for Ce (�IE4/4 ¼ �9.2 eV),122

the 4f orbitals are an even better energy match for the ligand-
based e2u orbitals than anticipated for U(C8H8)2. However, the
amount of orbital mixing in Ce(C8H8)2 is slightly less than
observed for U(C8H8)2. Hence, the very slight difference in cova-
lency for Ce(C8H8)2 relative to U(C8H8)2 is attributed to the
decreased radial extension of the 4f orbitals relative to the 5f
orbitals123–126 leading to decreased overlap (smaller H in eqn (2)),
which effectively offsets the improved energy match.
Table 4 Reactivity data reported previously by Moore,142 showing the
ratio of cyclooctatriene (C8H10) isomers formed following hydrolysis of
C8H8

2� complexes in a degassed, 1 M solution of H2O in THF. The
isomers were separated using gas chromatography and analyzed by 1H
NMR to determine the ratio. The thermodynamic equilibrium ratio of
C8H10 isomers is 40 : 1, 1,3,5-C8H10 to 1,3,6-C8H10.143

Starting material

Cyclooctatriene isomera (%)

1,3,5-C8H10 1,3,6-C8H10

M2(C8H8) complexes
Li2(C8H8) 43 57
K2(C8H8) 76 24
Cs2(C8H8) 79 21

M(C8H8)2 complexes
Ce(C8H8)2 62 38
Th(C8H8)2 49 51
U(C8H8)2 36 64

a Reported condence in the percentages was 2%.142
The strength of F-orbital bonding

As described above, Ce(C8H8)2 and U(C8H8)2 have qualitatively
similar amounts of C 2p mixing with the f-orbitals of e2u
symmetry (28% vs. 24% C 2p character, respectively), but
different amounts of f-orbital overlap. Consequently, similar
amounts of f-orbital mixing does not equate to similar
strengths of f-orbital bonding,83,127–137 which highlights the
counterintuitive relationship between covalency and stability
for f-element molecules.138 Specically, the decrease in over-
lap for Ce(C8H8)2 results in a smaller covalent contribution to
the bond energy and more localized electrons. This effect is
seen clearly upon examination of splittings between the
unoccupied f-orbitals in the ground state (2a2u � 2e2u, Fig. 1
and Table 1), which are signicant for U(C8H8)2 (1.23 eV) and
small for Ce(C8H8)2 (0.16 eV). In a related study, Cl K-edge XAS
and DFT results showed that Cl 3p mixing with the 4f/5f-
orbitals was of similar magnitude in CeCl6

2� and UCl6
2�

(15.5 and 22.5% Cl 3p character per bond, respectively)
although the two compounds have very different ligand eld
splitting parameters (q, t1u � t2u: 0.01 vs. 0.22 eV, respec-
tively).62,64,139,140 The ground state electron density calcula-
tions of Kerridge also support this interpretation, showing
This journal is © The Royal Society of Chemistry 2020
that the f-electrons are more delocalized for U(C8H8)2 than for
Ce(C8H8)2 or transuranic actinocenes.17,49

The question of whether f-orbital covalency confers stability
to Ce(C8H8)2, Th(C8H8)2, and U(C8H8)2 has also been considered
during analyses of their varying physical characteristics and
chemical reactivities. For example, the fact that U(C8H8)2 has
a low sublimation point, while Th(C8H8)2 and Ce(C8H8)2 do not
sublime easily without decomposition, has been partially
attributed to the greater strength of 5f orbital bonding in
U(C8H8)2.9,141 Following early reports which showed that
U(C8H8)2 hydrolyzes slowly at room temperature while
Ce(C8H8)2 and Th(C8H8)2 hydrolyze instantaneously,1 Moore
and Streitwieser performed a quantitative analysis of hydrolysis
reactions for a range of M2(C8H8) and M(C8H8)2 compounds (M
¼ Li, K, Cs and Ce, Th, U).142 In summary, it was hypothesized
that under equilibrium conditions slower hydrolysis would
result in greater formation of the more conjugated 1,3,5-cyclo-
octatriene isomer (thermodynamic product) relative to the
1,3,6-cyclooctatriene isomer (kinetic product).143 The opposite
effect was observed, such that signicant increases in the
amount of 1,3,6-C8H10 were observed when varying the metal
from Cs to K to Li or from Ce to Th to U (Table 4). Competition
experiments with D2O suggested that, for U(C8H8)2 and
Li2(C8H8), the rate of protonation of the C8H8

2� ligands via
uncomplexed water molecules slowed, and prior coordination
to the metal cation by the water molecule before protonation
became competitive. The resultant change in the regiochemis-
try of protonation explained why U(C8H8)2 and Li2(C8H8)
formed more of the 1,3,6-C8H10 isomer, while using other
M(C8H8)2 and M(C8H8) complexes or more acidic proton sour-
ces increased the relative amount of 1,3,5-C8H10 formation.

Taken together with the spectroscopic and theory results
presented above, the work of Moore and Strietweiser suggests
that practical hypotheses pertaining to the chemical reactivities
of the lanthanides, thorium, uranium, and transuranic acti-
nides can be derived by accounting for differences in d- and f-
orbital overlap.144–151 With the exception of Li2(C8H8),
Chem. Sci., 2020, 11, 2796–2809 | 2803
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formation of the 1,3,6-C8H10 isomer was decreased for all
M2(C8H8) relative toM(C8H8)2, whichmay reect stabilization of
M(C8H8)2 complexes due to mixing with the diffuse 5d- and 6d-
orbitals. Similarly, 5f orbital participation in bonding confers
stability to U(C8H8)2 because there is a degree of overlap
between the U 5f orbitals. Without a similar degree of overlap,
4f-orbital mixing in Ce(C8H8)2 is accompanied by an overall
weakening of the complex due to a comparatively large drop in
the strength of ionic bonding.62,83,84,127–129

Conclusion

In consideration of the large body of experimental and theo-
retical work reported previously and cited above, the C K-edge
results described herein provide the rst direct experimental
evidence for covalent mixing between the Ce 4f/5d and the
ligand-based C 2p orbitals in Ce(C8H8)2. Ce 5d mixing in
Ce(C8H8)2 was greatest for the d-symmetry e2g orbitals, and
ground-state DFT calculations show comparable mixing in the
6d-orbitals of e2g symmetry for both Th(C8H8)2 and U(C8H8)2.
The Ce M5,4-edge XAS and CI calculations provide evidence for
Ce 4f mixing by showing that contributions of the 4f1L3

conguration (Ce3+) to the ground state of Ce(C8H8)2 are similar
to intermetallic compounds such as CeRh3 and signicantly
larger than observed for other formally Ce4+ compounds
including CeO2 and CeCl6

2�. The ground-state DFT and TDDFT
study shows that Ce 4f and C 2p orbital mixing occurs largely in
the d-bonding orbitals of e2u symmetry, and comparisons with
earlier DFT and C K-edge studies show that themagnitude of e2u
mixing is similar for Ce(C8H8)2 and U(C8H8)2. A simple theo-
retical framework was provided to rationalize these results, in
which covalency in U(C8H8)2 is partially the result of productive
overlap between the C 2p and relatively diffuse 5f orbitals. In
contrast, metal–ligand overlap decreases with the more con-
tracted 4f orbitals of Ce(C8H8)2, but this is effectively offset by
the smaller metal–ligand energy mismatch obtained with the
lower energy 4f orbitals. Although covalent orbital mixing was
similar for Ce(C8H8)2 and U(C8H8)2, the differences in orbital
overlap resulted in a greater covalent contribution to stability
for U(C8H8)2 and greater reactivity for Ce(C8H8)2. Taken
together, these results show how – in the absence of signicant
orbital overlap – increases in orbital mixing allow the 4f-
electrons in Ce(C8H8)2 to participate in bonding while appear-
ing localized simultaneously. We are currently extending these
analyses to the transuranic analogues (C8H8)2An (An ¼ Np, Pu,
Am, Cm) to further our understanding of how bonding and
electronic structure varies across the f-block elements.

Experimental
STXM sample preparation

All manipulations were performed with rigorous exclusion of air
and moisture using Schlenk and glovebox techniques under an
argon atmosphere. Toluene (Fisher) was distilled from sodium
metal and benzophenone prior to use. Ce(C8H8)2 and [Li(THF)2]
[Ce(C8H8)2] were prepared using the literature procedure.9 To
prepare each sample, a small amount (�1 mg) was dissolved in
2804 | Chem. Sci., 2020, 11, 2796–2809
toluene (1 mL), and an aliquot of the solution (0.5 mL) was
transferred to a Si3N4 window (100 nm, Silson) using a micro-
pipette. The toluene was allowed to evaporate over a few
seconds, which deposited thin crystallites of the sample on the
Si3N4 membrane. Aer drying for several more minutes,
a second window was placed over the sample, sandwiching the
crystallites, and the windows were sealed together using Hard-
man Double/Bubble® epoxy.

STXM-XAS measurements and data analysis

The STXM methodology was similar to that discussed previ-
ously.64,75,76 Single-energy images and XAS data were acquired
using the STXM instruments at the Advanced Light Source-
Molecular Environmental Science (ALS-MES) beamline 11.0.2
and at the Canadian Light Source (CLS) spectromicroscopy
beamline 10ID-1. The ALS operated in topoffmode (500 mA) and
the CLS operated in decay mode (250 to 150 mA). At both facili-
ties, the beamlines operated with �0.5 atm He-lled chambers
and used elliptically polarizing undulators that delivered photons
to entrance slit-less plane-grating monochromators.103 An energy
calibration was performed at the C K-edge for CO2 gas (294.95 eV)
and at the Ne K-edge for Ne gas (867.30 eV). For these measure-
ments, the X-ray beam was focused with a zone plate onto the
sample, and the transmitted photons were detected as function
of the energy and sample position. The spot size and spatial
resolution were determined from characteristics of the 35 nm
zone plate. The energy resolution was estimated at 0.04 eV at the
C K-edge and 0.10 at the Ce M-edges, and spectra were collected
using circularly polarized radiation to obviate polarization
effects. To minimize the impact of radiation damage during
spectral acquisitions, individual C K-edge and Ce M5-edge scan
times were reduced by limiting the scan range to 50–60 total
energy points (130 energy points for full Ce M5,4-edge data), by
setting the dwell time to 1 ms per pixel, and by reducing the
number of pixels over a target area such that no less than 0.01
mm2 per pixel was achieved. Radiation damage was characterized
as shown in Fig. 3 by repeating these scans on the same target
area. Spectra that were most representative of undamaged
Ce(C8H8)2 were acquired by averaging individual scans obtained
frommultiple target areas. The C K-edge data were normalized in
MATLAB using the MBACK algorithm,152 and by setting the edge
jump at 295 eV to an intensity of 1.0. For CeM5,4-edge data, a line
was t to the pre-edge region below 875 eV and then subtracted
from the experimental data to eliminate the background of the
spectrum. First-derivative spectra were used as guides to deter-
mine the number and position of peaks (see ESI, Fig. S1–S3†).

Electronic structure calculations

Ground state electronic structure calculations were performed
on Ce(C8H8)2 using B3LYP hybrid DFT,153,154 in the Gaussian 09
code.155 Ce was modeled with the Stuttgart relativistic effective
core potential (ecp) and basis set156–158 while C and H were
modeled using a Pople style double-z 6–31 G(d0,p0) basis set
with polarization functions optimized for heavy atoms.159

These functionals and basis sets have demonstrated good
agreement between experimental and simulated ligand K-edge
This journal is © The Royal Society of Chemistry 2020
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XAS spectra for organometallic and inorganic systems.62,75 The
molecular orbital composition of Ce(C8H8)2 was obtained by
Mulliken population analysis of the individual molecular
orbitals.
CI calculations

Multiplet calculations were implemented using CTM4XAS,
which is a program based on the original code by Cowan112 and
further developed by de Groot.113,114 Effects of the crystal eld
are typically minimal in f-systems, so they were not included,112

and a detailed summary of this method was previously
described.64 The [(COT)2Ce]

1� congurations were dened by
4f–4f Coulomb repulsion (Fff) reduced to 60% of atomic values,
Coulomb 3d-4f repulsion (Ffd) at atomic values, 3d-4f Coulomb
exchange (Gfd) at atomic values, and SOC reduced to 98% of
atomic values. A Gaussian broadening of 0.25 eV was applied to
account for instrumental broadening and Lorentzian broaden-
ings of 0.2 and 0.5 eV were applied to the M5 and M4 edges,
respectively. The (COT)2Ce congurations were dened by 4f–4f
Coulomb repulsion (Fff) at atomic values, Coulomb 3d-4f
repulsion (Ffd) reduced to 63% of atomic values, 3d-4f
Coulomb exchange (Gfd) reduced to 90% of atomic values,
and SOC reduced to 96% of atomic values. For the 3d94f1

conguration this resulted in values of Ffd ¼ 4.130, Gfd ¼ 4.074,
and SOC ¼ 7.144 eV. For the 3d9L4f2 conguration this resulted
in values of Ffd ¼ 3.774, Gfd ¼ 3.653, and SOC ¼ 7.148 eV.
Additionally, the parameter space was dened by DEgs ¼
�0.1 eV, DEfs ¼ �5.0 eV, and Tgs ¼ Tfs ¼ 0.75. A Gaussian
broadening of 0.35 eV was applied to account for instrumental
broadening and Lorentzian broadenings of 0.3 and 0.6 eV were
applied to the M5 and M4 edges, respectively.
Simulated C K-Edge spectra

For Ce(C8H8)2, the C K-edge XAS spectra was simulated using
TDDFT as described previously.75,76 An energy shi was estab-
lished to account for the omission of the atomic relaxation
associated with the core excitation, relativistic stabilization, and
errors associated with the functional. This was achieved by
setting the energy of transitions simulated for the antibonding
2e2u (5f-d) orbitals to be equal to those in the experimental
spectra, which resulted in an energy shi of +9.93 eV.
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M. W. Löble, S. K. Cary, S. A. Kozimor, H. Bolvin,
M. L. Neidig and J. Autschbach, Phys. Chem. Chem. Phys.,
2017, 19, 17300–17313.

131 A. M. Tondreau, T. J. Duignan, B. W. Stein,
V. E. Fleischauer, J. Autschbach, E. R. Batista,
J. M. Boncella, M. G. Ferrier, S. A. Kozimor, V. Mocko,
M. L. Neidig, S. K. Cary and P. Yang, Inorg. Chem., 2018,
57, 8106–8115.

132 M. B. Jones, A. J. Gaunt, J. C. Gordon, N. Kaltsoyannis,
M. P. Neu and B. L. Scott, Chem. Sci., 2013, 4, 1189–1203.

133 D. D. Schnaars, A. J. Gaunt, T. W. Hayton, M. B. Jones,
I. Kirker, N. Katsoyannis, I. May, S. D. Reilly, B. L. Scott
and G. Wu, Inorg. Chem., 2012, 51, 8557–8566.

134 E. Lu, S. Sajjad, V. E. J. Berryman, A. J. Wooles,
N. Kaltsoyannis and S. T. Liddle, Nat. Commun., 2019, 10,
634.

135 J. Su, E. R. Batista, K. S. Boland, S. E. Bone, J. A. Bradley,
S. K. Cary, D. L. Clark, S. D. Conradson, A. S. Ditter,
N. Kaltsoyannis, J. M. Keith, A. Kerridge, S. A. Kozimor,
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