
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 9
:1

0:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Strengths of cov
Chemical Sciences Division, Lawrence Ber

94720, USA. E-mail: wwlukens@lbl.gov

† Electronic supplementary informa
https://doi.org/10.1039/d3sc03304j

Cite this: Chem. Sci., 2023, 14, 12784

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th June 2023
Accepted 25th October 2023

DOI: 10.1039/d3sc03304j

rsc.li/chemical-science

12784 | Chem. Sci., 2023, 14, 12784–
alent bonds in LnO2 determined
from O K-edge XANES spectra using a Hubbard
model†

Wayne W. Lukens, Jr, * Stefan G. Minasian and Corwin H. Booth

In LnO2 (Ln=Ce, Pr, and Tb), the amount of Ln 4f mixing with O 2p orbitals was determined by O K-edge X-

ray absorption near edge (XANES) spectroscopy and was similar to the amount of mixing between the Ln 5d

and O 2p orbitals. This similarity was unexpected since the 4f orbitals are generally perceived to be “core-

like” and can only weakly stabilize ligand orbitals through covalent interactions. While the degree of orbital

mixing seems incompatible with this view, orbital mixing alone does not determine the degree of

stabilization provided by a covalent interaction. We used a Hubbard model to determine this stabilization

from the energies of the O 2p to 4f, 5d(eg), and 5d(t2g) excited charge-transfer states and the amount of

excited state character mixed into the ground state, which was determined using Ln L3-edge and O K-

edge XANES spectroscopy. The largest amount of stabilization due to mixing between the Ln 4f and O

2p orbitals was 1.6(1) eV in CeO2. While this energy is substantial, the stabilization provided by mixing

between the Ln 5d and O 2p orbitals was an order of magnitude greater consistent with the perception

that covalent bonding in the lanthanides is largely driven by the 5d orbitals rather than the 4f orbitals.
Introduction

Bonding in lanthanide (Ln) complexes has traditionally been
viewed as largely ionic due in large part to the core-like nature of
the 4f orbitals.1 Nevertheless, work by Axe, Jørgensen, and
others in the 1960s demonstrated that the splitting of the 4f
orbitals is largely due to overlap between the 4f orbitals and
ligand orbitals rather than electrostatic effects.2,3 More recently,
Alessandri et al., Ungur, and Chibotaru reached similar
conclusions based on ab initio calculations.4,5 In other words,
while electrostatic effects play a larger role than orbital overlap
in determining the stabilities of lanthanide compounds, split-
ting of the 4f orbitals is largely due to orbital overlap rather than
electrostatic effects. The splitting of the 4f orbitals is small in
trivalent Ln complexes, 102 to 103 cm−1,6,7 which is consistent
with the view that mixing between the 4f and ligand orbitals
contributes little to bond strength in Ln compounds. This
observation lead to the FEUDAL (f's essentially unaffected; d's
accommodate electrons) model for bonding in the trivalent
lanthanides and actinides (Ln and An).8

In the 1980s and 1990s, the degree of Ln 4f and O 2p orbital
mixing (covalency) in CeO2, PrO2, and TbO2 was quantied by
modeling Ln L3-edge X-ray absorption near edge structure
(XANES) spectra.9–11 The XANES and photoemission spectra of
keley National Laboratory, Berkeley, CA

tion (ESI) available. See DOI:

12795
CeO2 have been extensively studied and modeled using an
Anderson impurity model that includes mixing between the Ce
4f and O 2p orbitals; the results support the importance of this
mixing on the spectroscopic properties of CeO2.10,12–15 For CeO2,
the degree of mixing determined from its XANES spectrum was
supported by core X-ray photoelectron spectroscopy performed
by Fujimori.16 High pressure Ce L3-edge measurements by
Kaindl et al. further buttressed the role of Ce 4f and O 2pmixing
in CeO2.17

In 2017, Minasian et al., reported the O K-edge spectra of
LnO2.18 As originally demonstrated at the Cl K-edge by Shadle
et al., ligand K-edge spectra provide a quantitative measure-
ment of the mixing between the ligand and metal orbitals.19,20

The O K-edge measurements showed several intense and well-
resolved transitions, which were attributed to mixing between
O 2p orbitals and the Ln 4f, 5d(t2g) and 5d(eg) orbitals.
Surprisingly, the amount of orbital mixing between the O 2p
and 4f orbitals was comparable to that between the O 2p and 5d
orbitals, which challenges the perception that the 4f orbitals do
not contribute strongly to bonding in LnO2. However, the
XANES spectra alone do not allow one to determine how much
of the LnO2 lattice strength is due to covalent bonding resulting
from mixing between the O 2p and Ln 4f orbitals.

In contrast to the covalent interactions, the ionic contribu-
tion to bonding in LnO2 can be estimated from their Madelung
energies, which were calculated by Angelow from the lattice
parameters.21 Angelow also calculated the lattice stabilization
(bond strength for an extended solid) using a Born–Haber cycle
andmeasured thermodynamic values.21 The lattice stabilization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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was found to be very similar to the Madelung energy in LnO2.
Therefore, ionic bonding contributes far more stabilization
than covalent bonding involving either the Ln 4f or 5d orbitals.
This example underscores an asymmetry between estimating
the strengths of ionic interactions, for which approaches based
on the Madelung energy exist,22–25 and estimating the strengths
of covalent interactions, which primarily rely on calculations,
especially energy decomposition analysis.26–33 While it is
possible to estimate the ionic contribution to bonding from
structural parameters, no analogous approach for quantifying
the covalent contribution to bonding based on physical
measurements is widely used.

The evolution of the description of bonding in Ln
compounds from wholly ionic to weakly covalent mirrors the
evolution of the understanding of bonding in transition metal
complexes, which was also once thought to be almost wholly
ionic. In 1966, Hubbard, Rimmer, and Hopgood presented
a theory for transition metal bonding based on conguration
interactions (CI) that mix excited state character into the ground
state as an alternative to molecular orbital theory (MO), which
focuses on orbital mixing.34 These theories are equivalent when
CI is included in MO theory, but Hubbard's CI model is rarely
used. The original intent of Hubbard et al. was to use the CI
model to calculate the wavefunctions and properties of transi-
tion metal complexes. This was only partially successful,
presumably due to limited computational capabilities in 1966.
Nevertheless, a simplied CI model based on valence bond
theory (VB) states can be used to quantify the covalent contri-
bution to bonding from two experimentally determined
parameters: the energy of the charge-transfer (CT) transition
related to a specic orbital interaction (e.g., between the Ln 4f
orbitals and O 2p orbitals) and the amount of excited CT state
character mixed into the ground state by the CI associated with
this interaction. The CT energy may be obtained by optical
spectroscopy. In the case of CeO2, the O 2p to Ce 4f CT band gap
is 3.23(5) eV as measured by diffuse reectance.35 The amount
of this excited state character that is mixed into the ground state
can be measured by Ce L3-edge XANES. It was found to be 0.5 by
Dexpert et al.,8 0.54 by Bianconi et al.,10 and later determined to
be 0.56(4) by Minasian et al.9,18 More generally, the mixing has
been determined from the ligand K-edge.20 The attraction of
Hubbard's CI model is that it provides a way to determine the
covalent contribution to bond strength from experimental
measurements analogously to the way in which the ionic
contribution bay be estimated from the Madelung energy.

In this paper we report a simplied CI model (Hubbard
Molecule Model, HMM), which can be used to determine
covalent contributions to bond strength. This model has been
used to determine the strength of 4f-ligand bonds in (C8H8)2Ce
and CP*

2YbðbipyÞ, where C8H8 is cyclooctatetraene, Cp* is pen-
tamethylcyclopentadienyl, and bipy is 2,2′-bipyridyl.36,37 In this
paper, we extend the model to interactions with spatial degen-
eracy, show that the Wolfsberg–Helmholz approximation38 can
be used to estimate the Hubbard hopping integral, t, and
develop a second-order version of the HMM. We report the O 2p
to Ln 4f CT band gap energies for PrO2 and TbO2 determined
from their diffuse reectance spectra, and we report the O 2p to
© 2023 The Author(s). Published by the Royal Society of Chemistry
Ce 5d(eg) and 5d(t2g) band gap energies, which were determined
from the diffuse reectance spectrum of CeO2 from 0.5 eV to
20 eV measured by Niwano et al.39 We show that the energies of
the O K-edge XANES pre-edge peaks are related to the energies
of the CT bands by a simple energy offset. Using this relation-
ship, we obtain the average CT band energies from the energies
of the O K-edge pre-edge peaks. Finally, we use this information
and the HMM to determine the contributions of the 4f and 5d
orbitals to bonding. These covalent contributions to bonding
are compared to the ionic contribution estimated using Bohr–
Landé theory.

Experimental

PrO2 and TbO2 were prepared as previously described.18,40 CeO2

for magnetic susceptibility measurements was purchased
(Strem PURATREM 58-0800, 99.995% CeO2; Aldrich 202 975,
99.995% CeO2), dried under vacuum for 48 h to remove adsor-
bed water, and stored under argon in an inert atmosphere
glovebox. Quartz wool (Hereaus, electronic grade) was leached
with 0.1 M oxalic acid in 0.5 M sulfuric acid, washed with DI
water and dried at 120 °C in air then dried under vacuum for
48 h before use.41 Detailed descriptions of magnetic suscepti-
bility measurements, diffuse reectance spectroscopy, and
determining band gap energies using a Tauc plot are given in
the ESI.†

Results and discussion
Hubbard molecule model (HMM)

The HMM is a simplied version of the model originally
described by Hubbard et al. for transition metal compounds.34

The main difference is that the original model included all of
the electrons and interactions in the system, but the HMM only
includes a single interaction (e.g., that between the Ln 5f t2g
orbitals and the corresponding O 2p orbitals). In addition, the
HMM is based on the valence bond (VB) description of the
states corresponding to that interaction. The HMM is a “toy
model”, which describes a single metal site rather than an
extended solid. The distinction is necessary to avoid confusion
between the HMM and the better-known Hubbard Model for
extended solids.42

One simplication of the HMM relative to the model
described by Hubbard et al. is that the basis set for the HMM
consists of the valence bonding (VB) states of the molecule
(LnO8

12− site in LnO2 in this case) with the atoms in the posi-
tions they are found in the molecule or extended solid. The
energies of the VB basis states include the effects of electrostatic
interactions and spin–orbit coupling but do not include the
stabilization due to orbital overlap (see eqn (3.1) in ref. 34). In
the HMM, the ground state is stabilized by CI with excited CT
states, which is analogous to stabilization of the bonding orbital
in an MO model due to orbital overlap. The interaction energy
between the ground state and the charge-transfer state is given
by the “hopping integral,” t. The magnitude of t is related to
both the overlap between the states and the absolute energies of
the states in analogy to the orbital interaction energy or off-
Chem. Sci., 2023, 14, 12784–12795 | 12785
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diagonal matrix element (H12) in an MOmodel.43 In the HMM, t
is identical to H12 but with the opposite sign due to the different
conventions used in constructing the HMM Hamiltonian and
the MO Hamiltonian. The magnitude of t is related to Vkf in the
Anderson impurity model,13 which unlike the HMM is not
a “toy” model and includes more detail about the electronic
structures of these systems. The energy of the excited VB basis
state relative to the ground VB basis state is given by U′, which is
related to the difference in energies between the basis orbitals
in an MO model. However, U′ also includes the effects of elec-
tron correlation, primarily electron repulsion due to pairing.
The meanings of t and U′ in the HMM are best illustrated by the
example given below.
HMM for 2 electrons in 2 orbitals – 4f orbital interaction in
CeO2 and PrO2

The Ln site in LnO2 has Oh symmetry and consists of an Ln at
the center of a cube with oxygen located at the vertices. From
MO theory, a single Ce 4f orbital, 4fxyz, with A2u symmetry,
strongly interacts with the oxygen atoms; the Ce 4f orbital t1u
has smaller overlap.18 The relatively strong interaction for a 4f
orbital is due to the fact that the lobes of the 4fxyz orbital point
directly at the oxygen atoms of CeO2. The HMM includes the Ce
4fxyz orbital and the corresponding symmetry adapted linear
combination (SALC) of the O 2p orbitals. From Ce L3 XANES
measurements, the amount of 4f electron character donated
from the O2− ligands to Ce4+, nf, is 0.56(4).9,18 Since nf is greater
than 0.5, the ground VB state for CeO2 in the HMM consists of
an unpaired electron on the Ce center and an unpaired electron
in the corresponding O 2p orbital. If nf were less than 0.5, the
ground VB state would have no unpaired electrons on Ce and
a pair of electrons in the corresponding O 2p orbital. For Ce, the
effect of spin–orbit coupling on the degeneracy of the state must
be included. The Ce 4fxyz

1 state involved in the interaction
largely contributes to the G7 state when spin–orbit coupling is
included. Like 4fxyz, G7 has only one degree of spatial degen-
eracy. The basis states for the 4f orbital interaction in CeO2 are
shown in Fig. 1. The states can be more compactly written using
Dirac notation (Fig. 1, right). In the basis states, the effect of
Fig. 1 Basis states for the 4f interaction in CeO2(left). Compact represe

12786 | Chem. Sci., 2023, 14, 12784–12795
overlap between the O 2p and Ce 4f orbitals is not included, so
the singlet ground VB states J1 and J4, jL14f1i in Dirac nota-
tion, are energetically degenerate. The triplet VB basis states,J2

and J3, are lower in energy than J1 and J4 due to the hFCe(1)
FO(2)j1/r12jFCe(2)FO(1)i term in the exchange integral.44,45 J1–

J4 are covalent in the VB nomenclature because the Ce f-orbital
and O 2p SALC are each occupied by a single electron. Excited
VB state J5, jL24f0i, is higher in energy by U′ and is ionic in the
VB sense since both electrons are in the O 2p orbital. State J6,
jL04f2i, which is also ionic, corresponds to Ce(II) and is much
higher in energy. This state can contribute to bonding in other
systems, especially those involving lanthanides with easily
accessible divalent states (Eu, Sm, and Yb).46 In LnO2, we
assume that the contribution from jL04f2i is negligible, which is
consistent with the ab initio calculations by Sergentu et al.46 In
the HMM, only states with the same spin can interact (only J1

and J4 can interact with J5), so the triplet states are omitted.
The ground state in the HMM is stabilized by CI between jL14f1i
and jL24f0i.

The HMM Hamiltonian for the interaction between the
jL14f1i and jL24f0i in CeO2 can be described using the matrix
shown in eqn (1). Since the model only involves differences in
energy between the states, the energy of the jL1 4f1i ground state
is set to zero.

A ¼

0
BB@

0 0 �t
0 0 �t
�t �t U

0

1
CCA;

where

0
BB@

1
0

0

1
CCA ¼ j1;

0
BB@

0
1

0

1
CCA ¼ j4; and

0
BB@

0
0

1

1
CCA ¼ j5:

(1)

To rst order, the energies and wavefunctions for the HMM
can be determined from jA − EIj = 0, where I is the identity

matrix. The energies are 0 and E� ¼ 1
2
ðU 0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 02 þ 8t2

p
Þ, and

the states of interest are J±, which have energies E± and are
given by J− = N(jL1 4f1i + ljL2 4f0i) and J+ = N(jL2 4f0i + ljL1
ntation (right).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4f1i) where N ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ l2

p
and l ¼ �E�=

ffiffiffiffiffi
2t

p
. In the HMM of

CeO2, the ground state is J−, which is a linear combination of
the singlet jL1 4f1i states that are stabilized by CI with the
charge-transfer state jL2 4f0i. The HMM for the 4f orbital
interactions in CeO2 is illustrated in Fig. 2.

Because the HMM is based on states, certain energies can be
determined spectroscopically. The difference in energy between
the ground state, J−, and the destabilized state, J+, is the
energy of a charge-transfer band, ECT, which is equal toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 02 þ 8t2

p
. The amount of 4f electron density in the ground

state can also be measured spectroscopically using either Ln L3-
edge or O K-edge XANES spectroscopy.9,18 In this example, the 4f
electron density, nf, is equal to N2, where N is the normalization
constant for J−. It is not necessary to determine t and U′ to
calculate E−; as shown by Hubbard, the stabilization to rst
order, is the product of the amount of excited state character
mixed into the ground state and the charge-transfer energy,
which is (1 − nf) × ECT in this case.34

Examples of the application of the HMM to interactions
between the O 2p and Ln 5d orbitals are provided in the ESI.†
The main differences are that the ground states are ionic in the
VB sense and that the degeneracy of the states must be taken
into account when comparing N2 to the amount of excited state
O 2p to Ln 5d CT character, nd, mixed into the ground state.
Quantifying excited state character mixed into the ground
state (nf and nd) in LnO2

Our primary goal is to determine how much covalent interac-
tions involving each orbital, 4f, 5d(eg), and 5d(t2g), contribute to
the bond strength of LnO2, which is given by E− for each orbital.
To determine this energy, we need to know both the energies of
the excited CT states, ECT, and the amount of electron density
that is transferred by the CI, which is related to the values of nf
or nd, associated with those excited states. The amount of
electron density, nf, in the 4f orbitals can be measured using Ln
L3-edge XANES spectroscopy as initially shown by Dexpert
et al.9,10,47 More generally, Minasian et al., demonstrated that the
amount electron density in the 4f, 5d(t2g), and 5d(eg) orbitals of
Fig. 2 HMM for the 4f interaction in CeO2 and PrO2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
LnO2 can be quantied by O K-edge XANES spectroscopy.18 The
electron density transferred from O to Ln in LnO2 is given in
Table 1. For CeO2 and TbO2, the values of nf were determined by
tting the Ln L3-edge XANES spectra as previously reported, and
for PrO2, the value of nf was determined from the O K-edge
XANES pre-edge peak assigned to the 4f a2u interaction.18 The
values of nd(eg) and nd(t2g) were determined from the normal-
ized areas of the O K-edge XANES pre-edge peaks using the I1s–2p
transition element determined by Minasian et al.18

Energies of the CT states in LnO2

Unlike the values of nf and nd, the CT band energies, ECT, have
not been reported for all LnO2. We would like to know the
average energy of the band; however, the energy that is most
readily determined is the band gap (EBG), which corresponds to
the lowest energy CT states in the band and can be determined
using a Tauc plot.48,49 While the band edge, from which the
band gap is determined, is generally obvious in diffuse reec-
tance (DR) spectra, the center of the band, from which the
average energy may be determined, is not necessarily obvious.
In contrast to the DR spectra, the O K-edge XANES pre-edge
peaks are well-resolved, and their average energies, which are
closely related to the average band energies, may be obtained by
tting to the spectra. Therefore, our goal is to measure the band
gaps of the LnO2 compounds by DR and compare them to the
corresponding band gaps determined from the O K-edge pre-
edge peaks as previously done for MO4

n− (M = Cr, Mo, W,
Mn, Re, Tc, and n = 1 or 2).50 By comparing these energies, the
relationship between the CT energy and the energies of the O K-
edge pre-edge peaks can be determined, which will allow us to
determine the average energies of the CT bands from the O K-
edge pre-edge peaks.

The value of EBG for the O 2p to Ce 4f CT band in CeO2,
EBG(4f), has been determined for both bulk CeO2 and nano-
particles using Tauc plots.48 For bulk material, EBG(4f) is
3.23(5) eV.35 The 4f band gaps in PrO2 and TbO2 have not
previously been reported, but can also be determined from Tauc
plots as shown in Fig. 3. The value we obtain for CeO2,
3.25(5) eV, is included to illustrate that we obtain the reported
value within error. In both PrO2 and TbO2, EBG(4f) is
2.00(5) eV.51 The values of EBG(4f) in PrO2 and TbO2 were
previously calculated to be 2.3 eV and 1.7 eV, respectively, which
are in reasonable agreement with our measurements.18

The energies of EBG(5d(eg)) and EBG(5d(t2g)) in CeO2 were
determined to be 6.6(1) eV and 9.0(1) eV, respectively, from the
DR spectrum of CeO2, which was measured from 4 to 20 eV by
Niwano et al.39 The value of EBG(4f) was also determined from
Table 1 Total amount of excited state character, nf and nd, mixed into
the ground states of LnO2 determined from ref. 18. The uncertainty is
given in parentheses in the same units as the preceding digit

CeO2 PrO2 TbO2

nf 0.56(4) 0.53(5) 0.42(4)
nd(eg) 0.59(6) 0.63(6) 0.59(6)
nd(t2g) 1.05(12) 1.12(14) 1.05(12)

Chem. Sci., 2023, 14, 12784–12795 | 12787
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Fig. 3 Tauc plots for CeO2, PrO2, and TbO2. Band gaps are given below the chemical formulae.
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the data of Niwano et al., and found to be 3.3(1) eV, which is
slightly larger than the values reported by others and measured
by us. For this reason, the uncertainties in the values of the
band gaps determined from this spectrum are estimated to be
0.1 eV (Tauc plots are given in Fig. S3†).

To determine the relationship between EBG and the band
gaps of the O K-edge XANES pre-edge peaks (EPE-BG), the latter
were determined using Tauc plots (Fig. S4–S6†). The values of
EBG and EPE-BG are closely related, and this relationship has
been used when examining the electronic structure of metal
oxides.50,52 The CT states involve a transition from an O 2p
orbital to a Ln 4f or 5d orbital, leaving a hole in the O 2p orbitals
and adding an electron to a Ln 4f or 5d orbital. In the O K-edge
XANES pre-edge peaks, the hole is in the O 1s orbital, and the
electron has been excited into the same 4f or 5d orbital (see
Fig. 4). The difference between the EBG and EPE-BG is the
Fig. 4 Relationship between the O K-edge pre-edge peak band gaps and
line, EPE-BG = EBG + 525.9(1) eV, is fit to the data. Transitions related to t

12788 | Chem. Sci., 2023, 14, 12784–12795
difference between the energies of the O 1s and O 2p orbitals in
the O2− ligand in LnO2, which should be similar to the energy of
the O 1s to O 2p transition in atomic oxygen, 527.9 eV.53 The
energy will not be identical since O2− has two additional elec-
trons relative to atomic O, and since the electrons of O2− are
stabilized by the Ln4+ center. The energies of the XANES pre-
edge peak band gaps are plotted against the energies of the
CT band gaps in Fig. 4. This data can be t using a simple
energy offset of 525.9(1) eV with a reduced chi-squared (cn

2) of
2.5. The data was also t using a linear model, EPE-BG = b0 +
b1EBG, b0 is 526.0(1) eV and b1 is 0.98(2) with a slightly larger cn

2

of 2.8. For this data, the simple model with an energy offset of
525.9(1) eV between the O K-edge XANES pre-edge features and
the CT peaks better ts the data. As expected, the energy offset is
close to the energy of the 1s to 2p transition in atomic oxygen; it
is also similar to the value of 526.9(1) eV observed in MO4

n−.50
band gaps in LnO2 (left). Uncertainties are illustrated by error bars. The
hese energies (right).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Stabilization of LnO2 by 4f and 5d interactions with O 2p
orbitals to first order. Values in eV. The uncertainty is given in paren-
theses in the same units as the last digit

CeO2 PrO2 TbO2

t 4f 1.51(5) 1.02(5) 0.84(5)
U ′ 4f 0.5(3) 0.2(3) 1.7(1)
E− 4f −1.9(2) −1.4(2) −0.61(7)
Total 4f stabilizationa −1.9(2) −1.4(2) −1.2(1)
t 5d(eg) 2.29(8) 2.33(8) 2.19(8)
U ′ 5d(eg) 2.9(4) 2.6(4) 2.8(4)
E− 5d(eg) −2.1(2) −2.2(2) −2.0(2)
Total 5d(eg) stabilization

a −4.2(4) −4.5(4) −4.0(4)
t 5d(t2g) 3.6(1) 3.7(1) 3.5(1)
U ′ 5d(t2g) 3.2(9) 3(1) 3.1(8)
E− 5d(t2g) −3.7(4) −4.0(5) −3.6(4)
Total 5d(t2g) stabilization

a −11(1) −12(2) −11(1)

a Total stabilization includes the degeneracy of the state.
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The energy offset of 525.9(1) eV of EPE-BG relative to EBG
allows the average energies of the CT bands (ECT) to be deter-
mined from the average energies of the O K-edge pre-edge
peaks, which were reported by Minasian et al.18 The values of
ECT determined in this way are given in Table 2. The values in
Table 2 may be compared to those determined by other tech-
niques. The value of ECT(4f) has been determined from DR to be
3.9 eV and 4 eV by Marabelli and Wachter and by Niwano et al.,
respectively.39,54 The value we obtain from the O K-edge spec-
trum, 4.30(14) eV, is slightly larger. In CeO2 the difference in
energy between 5d(eg) and 5d(t2g) is 3.6(3) eV. This value may be
compared to the difference in energy of these states determined
at the Ce L3-edge, which is 4.0 eV.55 However, the energy
difference at the Ce L3-edge is increased due to the presence of
the Ce 2p core-hole, which is estimated to increase the energy
difference by 0.5 eV.15 Taking this increase into account, the
difference in energy between 5d(eg) and 5d(t2g) in CeO2 is esti-
mated to be 3.5 eV from the Ce L3-edge XANES spectrum, which
is in good agreement with the value of 3.6(3) eV that we obtain
from the O K-edge XANES spectrum of CeO2.

First order HMM for LnO2

Using the data in Tables 1 and 2, the values of t, U′, and E− can
be determined in LnO2 using the HMM. The results are given in
Table 3. As shown in the next section, these stabilization ener-
gies have a systematic error due to using a rst order model. The
implications of the values of the parameters are considered in
the Discussion section.

Second order HMM for LnO2

Since the stabilization due to orbital overlap (E− and total
stabilization in Table 3) were determined to rst order in the
HMM, these energies are larger than actual stabilization. The
energies can be determined to second order using the secular
equation (eqn (2)) rather than using the usual Hubbard model
solution, which assumes S = 0 in eqn (2). For the CeO2 4f
interaction, the determinant is given in eqn (2), where S is the
group overlap between the O 2p and Ce 4f orbitals.��������

�E 0 �t� ES

0 �E �t� ES

�t� ES �t� ES U
0 � E

��������
¼ 0 (2)

The resulting energies are 0 and

E� ¼ 1
2ð1� 2S2Þ ðU

0 þ 4St�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 02 þ 8t2 þ 8U 0St

p
Þ. The
Table 2 Average energies of charge-transfer bands, ECT, in LnO2 in eV
as determined from the energies of the O K-edge pre-edge peaks. The
uncertainty is given in parentheses in the same units as the last digit

ECT CeO2 PrO2 TbO2

4f 4.30(14) 2.90(14) 2.90(14)
5d(eg) 7.10(14) 7.10(14) 6.80(14)
5d(t2g) 10.70(14) 10.70(14) 10.30(14)

© 2023 The Author(s). Published by the Royal Society of Chemistry
wavefunctions of interest are j± = N(jL1 4f1i + ljL2 4f0i) where
N ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ l2

p
, and �l� ¼ E�=½

ffiffiffi
2

p ðtþ SE�Þ�. In addition,

ECT ¼ 1
1� 2S2

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 02 þ 8t2 þ 8U 0St

p
Þ and nf = N2. Because there

are three parameters, t, S, and U′, their values cannot be
determined from ECT and nf. To determine E− to second order
using the HMM, two approximation must be made. The rst is
that t can be estimated using the Wolfsberg–Helmholz (WH)
approximation, −t = S[E(jL1 4f1i) + E(jL2 4f0i)], where E(jL1 4f1i)
and E(jL2 4f0i), are the energies of the jL1 4f1i and jL2 4f0i basis
states, respectively.38 This form of the WH approximation is
slightly different from that originally proposed by Wolfsberg
and Helmholz, Hij= (KS)(Hii + Hjj)/2, where K is a constant equal
to 1.67 for s interactions and 2.00 for p interactions.38 The
difference is that the simplied form assumes K = 2 for both s

and p interactions, which makes no difference for tting.
However, if one wanted to determine the atomic orbital overlap
integrals, the group overlap, S, would have to be adjusted
accordingly.

The other approximation is that the energy of the highest
occupied VB basis state in all LnO2 is the Fermi level (EF) of
CeO2,−7.4 eV, which is the valence bandmaximum for the O 2p
band of CeO2.56 This energy corresponds to those states with the
least stabilization due to mixing between the O 2p and Ce 4f/5d
orbitals and includes electrostatic effects, which makes it an
appropriate approximation for the energy of the VB basis states.

Using these approximations, t can be written in terms of EF,
U′, and S, t = –S[EF + (EF + U′)] with EF = −7.4 eV, and the HMM
can be solved to second order using S and U′ as the only
parameters. The results are given in Table 4.
Stabilization of CeO2 by 4f orbital interactions determined
from magnetic susceptibility

To check the accuracy of the stabilization calculated using the
HMM, it would be helpful to determine this energy indepen-
dently. The stabilization of the ground state of CeO2 by 4f
orbital interactions can potentially be determined from its
temperature-independent susceptibility (cTIP) as previously
Chem. Sci., 2023, 14, 12784–12795 | 12789
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Table 4 Stabilization of LnO2 to second order. Group overlap, S, is
unit-less, and energies are in eV

CeO2 PrO2 TbO2

S 4f 0.102(3) 0.067(4) 0.059(5)
U ′ 4f 0.4(3) 0.94(9) 2.4(1)
t 4f 1.46(5) 0.93(5) 0.74(5)
E− 4f −1.6(2) −0.85(7) −0.37(5)
Total 4f stabilization −1.6(2) −0.85(7) −0.74(9)
S 5d(eg) 0.164(3) 0.165(3) 0.157(3)
U ′ 5d(eg) 2.3(4) 2.0(3) 2.2(3)
t 5d(eg) 2.06(8) 2.10(7) 1.98(7)
E− 5d(eg) −1.6(2) −1.7(2) −1.6(2)
Total 5d(eg) stabilization −3.3(3) −3.5(3) −3.2(3)
S 5d(t2g) 0.239(3) 0.238(3) 0.231(3)
U ′ 5d(t2g) 2.2(6) 1.8(7) 2.1(6)
t 5d(t2g) 3.0(1) 3.1(1) 2.9(1)
E− 5d(t2g) −2.5(3) −2.7(3) −2.5(3)
Total 5d(t2g) stabilization −7.5(8) −8(1) −7.4(8)

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 9
:1

0:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
done for [C8H8]2Ce and CP*
2YbðbipyÞ, where Cp* is pentam-

ethylcyclopentadienyl and bipy is 2,2′-bipyridyl.36,37 The stabili-
zation ofJ− (the singlet ground state) in Fig. 2 can be modeled
as antiferromagnetic coupling between an unpaired electron in
the Ce 4f orbitals and an unpaired electron in the O 2p
orbitals.57 The Heisenberg–Dirac–van Vleck spin Hamiltonian
for this interaction is given by eqn (3) where 2J is the stabili-
zation of the singlet state relative to the triplet state, and SOc−
and SCe(III) are the spins of the electrons in the O2p and Ce 4f
orbitals, respectively. As shown by Griffith using eqn (4), cTIP of
the singlet state is related to the difference in energy between
the triplet and singlet states and the spectroscopic splitting
factors (g-values) of the electrons, and the other symbols have
their usual meanings.57 cTIP is due to the orbital angular
momentum of the electrons in the ground state,J−= N(jL1 4f1i
+ ljL2 4f0i); however, only the jL1 4f1i component contributes to
the TIP. Therefore, eqn (4) must be modied to reect this fact
as given in eqn (5), which takes into account that N2 is equal to
nf in this case.58 The g values for a Oc− radical have been
measured in ice and are (2.0632, 2.0829, and 2.0027).59 The G7

basis state of Ce(III) consists of states derived from the J = 5/2
ground state manifold and the J = 7/2 excited state manifold,
G7 = aj5/2, G7i + bj7/2, G7i, where a2 + b2 = 1 and a2 should be
close to unity.60 The g-value of G7 is given by eqn (6).

H ¼ �2JSO��$SCeðIIIÞ (3)

cTIP ¼ �NAmB
2

12J

X
i¼x;y;z

�
gG7 ;i � gO��;i

�2
(4)

cTIP ¼ �nf NAmB
2

12J

X
i¼x;y;z

�
gG7 ;i � gO��;i

�2
(5)

gðG7Þ ¼ �10

7
a2 þ 16

7
ffiffiffi
3

p abþ 24

7
b2 (6)
12790 | Chem. Sci., 2023, 14, 12784–12795
The measured values cTIP for Ce4+ in CeO2, corrected for
inherent diamagnetism, vary from 15 × 10−6 emu mol−1 to 54
× 10−6 emu mol−1.61–66 We measured the magnetic suscepti-
bility of two, high purity commercial samples, which had been
dried under vacuum for 2 days to remove adsorbed water
(Fig. S7 and S8†). The samples yielded similar values for cTIP,
70.2 × 10−6 emu mol−1 and 72.0 × 10−6 emu mol−1, with an
average of 71.1(9) ×10−6 emu mol−1. Assuming that G7 consists
entirely of the j5/2, G7i state (a2 = 1 in eqn (6)) with g(G7)=−10/
7, eqn (5) yields a value of −1.5(1) eV for 2J, which is consistent
with the values of E− determined using the HMM, −1.9(2) eV
and −1.6(2) eV to rst and second order, respectively. Although
determination of 2J is not completely independent from E−
(both include nf), the agreement supports the validity of the
HMM for determining the stabilization due to a specic orbital
interaction.
Discussion

There are two main areas for discussion: use of the HMM to
determine stabilization due to specic orbital interactions, and
examining those values in the lanthanide dioxides. Our interest
in the HMM is primarily to determine how much stabilization
a given orbital interaction provides in a molecule, a complex, or
an extended solid. As shown by Hubbard et al., to rst order this
energy is given by the amount of excited state character mixed
into the ground state multiplied by the energy of the corre-
sponding CT band.34 Both of these values may be determined
from a single O K-edge XANES spectrum under ideal conditions
since the area of the pre-edge peaks can be used to determine
the degree of mixing, and ECT can be determined by tting pre-
edge peaks if the offset between the energies of the CT bands
and of the O K-edge XANES pre-edge peaks are known. In this
study, that value is 525.9(1) eV. While this value might be
transferrable to other, closely related systems, e.g., the actinide
dioxides, it is unlikely that it can be directly applied to other
systems. Minasian et al. also found a linear relationship
between the XANES pre-edge peaks and the CT bands of MO4

2−

with a similar energy offset, 526.9(1) eV, but a different slope,
0.81(2).50 For other systems, the offset between EBG and EPE-BG
can be determined using the approach described here:
measuring EBG and comparing it to EPE-BG. As noted above, the
relationship between the XANES pre-edge peaks and the CT
bands is well known.50,52

Our main reason for using the HMM was to estimate how
much stabilization the interactions between ligand orbitals and
metal 4f and 5d orbitals provide, so the parameter of most
interest to us is the total stabilization in Tables 3 and 4. The
values of the other parameters can be used to examine whether
the HMM is internally coherent and consistent with the trends
observed for the 4f and 5d orbitals among Ce, Pr, and Tb. Since
the HMM uses a basis set that does not include orbital inter-
actions between the ligand andmetal orbitals, the value of U′ for
the 5d(eg) interaction should be identical that of the 5d(t2g)
interaction. As shown in Tables 3 and 4 these values of U′ are the
same given their uncertainties.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Angular overlap model energies for LnO2

es,4f (cm
−1) es,5d (cm−1) ep–5d (cm−1)

CeO2 2900 18 000 5000
PrO2 1600 20 000 5300
TbO2 1300 19 000 4800
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For both CeO2 and PrO2, the basis VB state jL1 4f1i is lower in
energy than jL2 4f0i because nf > 0.5. The ground jL1 4f1i state
used in the HMM may seem to imply that CeO2 has a localized
4f electron in CeO2; however, this is not the case. The HMM
result suggests that the J− state is a delocalized, bonding state
as indicated by the large degree of mixing of the excited jL2 4f0i
state into the ground state. The HMM result for CeO2 is equiv-
alent to an MO description with the doubly-occupied O 2p SALC
with A2u symmetry possessing just over 25% Ce 4f character.
The HMM result for CeO2 is also consistent with the interatomic
intermediate-valence description, which reaches the same
conclusion from an Anderson impurity model.10

A different approach to correct the HMM to second order was
described by Hubbard et al.34 The one used here takes advan-
tage of the fact that the Hubbard hopping integral, t, is equiv-
alent to the interaction energy in MO theory, which can be
modeled using the Wolfsberg–Helmholz approximation. The
HMM can be used to estimate the stabilization energies if
additional data is available. Here, the energy of the higher lying
basis state is approximated using the valence bandmaximum of
CeO2. As expected, the stabilization due to orbital interactions is
smaller in the second-order model than the rst order model.
For CeO2 the stabilization determined to second order,
−1.6(2) eV, is in good agreement with the value determined
from the TIP of CeO2, −1.5(1) eV. An alternative approach is to
compare the results from the HMM with those from computa-
tion. The electronic structures of LnO2, especially that of CeO2,
have been extensively studied including the amount of orbital
mixing (nf) and the relationship between nf and the XANES
spectra.46,67–72 Most studies of LnO2 focus on spectroscopic or
other physical properties rather than bonding. However, the
value of t may be compared to the value of Vkf determined from
modeling photoemission spectra. For CeO2, the value of Vkf was
found to be between 1.1 eV and 1.8 eV, which is consistent with
the values of t, 1.51(5) and 1.46(5) eV, in the rst and second
order models, respectively.73

Use of the HMM allows the contributions of the 4f and 5d
orbitals to bonding in LnO2 to be examined as one moves across
the lanthanide series. The contributions of the 4f orbitals to
bonding vary as one moves from CeO2 to TbO2 as given in Table
4. The 4f orbitals provide the greatest stabilization in CeO2,
1.6(2) eV, and less in PrO2 and TbO2, 0.85(7) and 0.74(9) eV,
respectively. The origin of this trend is the change in the group
overlap integral, S, which decreases from 0.102(3) in CeO2 to
0.067(4) and 0.059(5) in PrO2 and TbO2, respectively. Qualita-
tively, this behavior is expected since the 4f orbitals have their
greatest radial extent at the beginning of the lanthanide series
and contract due to increasing effective nuclear charge as one
proceeds to higher atomic numbers.

Unlike the 4f orbitals, the 5d orbitals vary little in their
contribution to the stabilization of LnO2 as shown by the results
in Table 4. This consistency was also observed in the 5d inter-
actions in octahedral, trivalent LnCl6

3− complexes studied by
Jung et al.74 In LnO2, the stabilization provided by the 5d eg
orbitals is 3.2(3) to 3.5(5) eV, and that provided by the 5d t2g
orbitals is 7.4(8) to 8(1) eV. The lack of variation reects the
similar values for the group overlaps of the O 2p orbitals with
© 2023 The Author(s). Published by the Royal Society of Chemistry
the 5d eg orbitals, 0.157(3) to 0.165(3) and with the 5d t2g
orbitals, 0.231(3) to 0.239(3). The interactions between the O 2p
orbitals and the Ln 5d orbitals stabilize the compounds by
11(1), 12(1), and 11(1) eV in CeO2, PrO2, and TbO2, respectively.
In comparison, the stabilization provided by the 4f interactions
is roughly an order of magnitude smaller, 1.6(2) eV
(37 kcal mol−1) in CeO2, and less in PrO2 and TbO2. This large
difference in stabilization was also seen in the calculations of Li
et al.32 The smaller role played by the 4f orbitals is largely
consistent with the FEUDAL model for bonding in the lantha-
nides, which suggests that the ligand electrons are primarily
stabilized by interaction with the 5d rather than the 4f orbitals.8

For comparison with other studies of bonding in Ln
complexes, the energies of these interactions may be examined
using angular overlap parameters for cubic coordination. For
the 4fxyx orbital, the energy is (40/9)es,4f.75 For the 5d orbitals,
the eg orbital energy is (16/3)ep,5d and the t2g orbital energy is (8/
3)es–5d + (18/8) ep–5d.76 Using these relationships, the values of
es and ep for the 4f and 5d interactions in LnO2 can be deter-
mined and are given in Table 5.

Despite their reduced role relative to the 5d orbitals, the 4f
orbitals do stabilize these complexes as illustrated by the
1.6(2) eV stabilization provided in CeO2. The degree of stabili-
zation provided by the 4f orbitals in CeO2 is greater, likely much
greater, than expected for Ln compounds other than LnO2 for
two main reasons. The overlap between the Ln 4fxyz orbital and
the O 2p ligands is expected to be larger relative to Ln complexes
other than LnO2 because the lobes of the 4fxyz orbital point
directly at the eight oxide ligands (all interactions are s-inter-
actions) and because Ce is at the beginning of the lanthanide
series, so the 4f orbitals are less contracted relative to those of
the later Lns. The second reason is that the difference in energy
between the Ce 4f orbitals and O 2p orbitals is smaller relative to
a formally trivalent Ln complex because 4f orbitals are lower in
energy in a formally tetravalent Ln complex. Both of these
factors increase orbital mixing and the strength of the Ce 4f/O
2p interaction relative to trivalent Ln complexes.

The contributions of the 4f and 5d orbitals to bonding may
be compared with the stabilization provided by electrostatic
effects.21 Interactions between the O 2p orbitals and the Ln 4f
and 5d orbitals reported in Table 4 provide approximately the
same amount of stabilization: 12(1), 12(1) and 11(1) eV for CeO2,

PrO2 and TbO2, respectively. The lattice energies (U) and
Madelung energies of LnO2 were determined by Angelow using
a Born–Haber cycle (Table 6).21 The lattice energy includes both
electrostatic effects and orbital interactions, and the electro-
static stabilization of LnO2 increases as the atomic number of
Ln increases due to the decreasing ionic radii of Ln3+ with
increasing atomic number. We calculated the electrostatic
Chem. Sci., 2023, 14, 12784–12795 | 12791

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03304j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 9
:1

0:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
contribution, EBL, using the Born–Landé equation (eqn (7)),
whereNA is Avogadro's number, Z+ and Z+ are the charges on the
positive and negative ions, respectively, M is the Madelung
constant, e is the charge of the electron, 30 is permittivity of free
space, r is the distance between the cation and anion, and n is
the Born exponent with M = 2.51939, the value for the CaF2
lattice. The values of the Born exponent, n, were determined
from the derivative of the bulk modulus, B, with respect to
pressure, dB/dP, using eqn (8), where n is the Born exponent.77

Measured values of dB/dP for CeO2 and PrO2 were reported by
Gerward et al., and dB/dP for TbO2 was determined from the
pressure dependence calculated by Miran et al.78,79 As is clear
from the values of EBL, the stabilization due to electrostatic
effects is much larger than the stabilization due to orbital
overlap; as in trivalent lanthanide compounds, bonding in LnO2

is best described as ionic with a small contribution from orbital
interactions (covalent bonding). The rationale for determining
EBL was to determine whether the trends in 4f and 5d bonding
among the LnO2 were reected in lattice energy once the effect
of ionic bonding had been accounted for. Due to the uncertainty
in EBL, the only conclusion we are able to draw is that U − EBL is
approximately equal for LnO2 which is consistent with the trend
in stabilization provided by interactions between the O 2p
orbitals and Ln 4f and 5d orbitals (Table 5).

EBL ¼ NAMjZþjjZ�je2
4pe0r

�
1� 1

n

�
(7)

dB

dP
¼ nþ 7

3
(8)

A nal area for discussion is the relationship of the HMM to
related electronic structure models that include CT interac-
tions. The earliest such model that we are aware of is the one
proposed by Hubbard, which was described in greater detail
above.34 Fox and Matson developed a Hückel plus CI model for
p-bonding in ethylene.80 The valence bond conguration
interaction (VBCI) model, developed by Kennepohl and
Solomon for use with photoelectron measurements, has been
used for investigating bonding in rst row transition metal
complexes.81 The main use of the VBCI model has been to
determine the degree of covalency in metal ligand bonds.82

Since these models were derived using perturbation theory to
Table 6 Lattice energy and electrostatic stabilization of LnO2
a

a (Å) dB/dP78,79 n U (eV)21 EBL (eV)
U
− EBL (eV)

CeO2 5.411 4.4(4) 6.2(1.2) 109.4(3) 104(4) 6(4)
PrO2 5.393 4.8(5) 7.4(1.5) 110.7(3) 107(3) 3(3)
TbO2 5.213 4.5(5)b 6.5(1.5) 113.2(3) 109(5) 5(5)

a a is the lattice parameter, dB/dP is the is the derivative of bulk
modulus with respect to pressure, n is the Born exponent, U is the
lattice energy determined from the Born–Haber cycle, EBL is the is
electrostatic stabilization of the lattice calculated using the Born–
Lande equation. b Relative uncertainty assumed to be 10% based on
the measured values for CeO2 and PrO2.

12792 | Chem. Sci., 2023, 14, 12784–12795
mix CT states into the ground state, they are all similar math-
ematically. They differ supercially in the nature of the
parameters in the models. For example, U′ in the HMM is
equivalent toD–Q in the VBCI. Where they differ substantially is
in their application. The Hückel plus CI model is aimed at p-
electron systems. The HMM and VBCI are similar models with
different applications. While both models focus on bonding,
the primary use of VBCI has been to examine the degree of
covalency in metal–ligand bonds, whereas the primary use of
the HMM is to determine howmuch stabilization is provided by
covalent bonding. In addition to these relatively simple models,
more complex models including CTM4XAS83 and the previously
mentioned Anderson impurity model,13,14,73 include mixing of
CT states into the ground state. As with the simpler models, the
more complex models have different goals than HMM.
CTM4XAS is a comprehensive package for determining the
nature of the ground state, including the degree of covalency in
metal–ligand bonds, by simulating XAS spectra. The Anderson
impurity model has been primarily used for obtaining similar
information by modeling photoelectron spectra as well XAS
spectra. The HMM is complementary to previously reported
models in that the input for the HMM is the degree of covalency,
which is the product of most of the related models.

Limitations of this study

As used here, the HMM has a number of limitations. The
primary issue is that the HMM is a molecular model and LnO2

are extended solid state compounds not molecules. Applying
the HMM to LnO2 makes the implicit assumption that the
bonding in LnO2 can be represented by a single LnO8

12− cluster.
A more appropriate model for LnO2 is the Anderson impurity
model, which captures more of the interactions among the
electrons of LnO2 and allows one to model other spectroscopic
properties.13,14,73 The more complete Anderson impurity model
for LnO2 requires ve variables, which cannot be t using only
nf and ECT. Our main goal is to determine the contribution of 4f
and 5d orbital interactions to the stabilization of LnO2, so use of
the HMM seems appropriate. The agreement between the
stabilization of CeO2 due to 4f orbital interactions determined
using the HMM and from the TIP of CeO2 suggests that the
assumptions implicit in using the HMM are valid.

The other main limitation of the HMM is that it is a semi-
empirical model that relies on the accurate measurement of UV-
vis and X-ray absorption spectra and correct assignment of their
features. While the assignment of the lowest energy CT band is
oen straightforward, this is not always true, and assignment of
higher energy CT bands is challenging. In lanthanide
compounds, it is difficult to differentiate between CT bands and
4f to 5d transitions, which are both allowed. In some cases,
assignment may be simplied by comparing the features in the
UV-vis spectra to the pre-edge features in the ligand K-edge
XANES spectra since the pre-edge peaks only correspond to
charge-transfer peaks.50 However, the low energy, “so” X-rays
required to probe the K-edge for light elements such as
oxygen (ca. 530 eV) present technical challenges.20,50,84–88 Tech-
niques for the accurate measurement of ligand K-edge spectra
© 2023 The Author(s). Published by the Royal Society of Chemistry
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are described elsewhere, along with appropriate methods for
data reduction and quantication of transition energies and
intensities.20,50,84–88 Even for high-symmetry systems, assign-
ment of ligand K-edge XANES spectra is greatly aided by
calculation.89–93 For example, assignments for the pre-edge
features in the O K-edge XANES spectra of LnO2, in which the
peaks are well-resolved, were validated by comparison with
results from density-functional theory calculations.18

There are two issues with the values of nf and nd in this study.
The value of nf has a small error due the fact that CI with the
jL04f2i, “Ce(II) like” state is not included in the data analysis.
This error is estimated to be less than 5%.46 The other issue is
that nd(t2g) may be slightly inated relative to its “true” value
due to inclusion of Rydberg transitions. The O K-edge XANES
pre-edge peak associated with 5d(t2g) is broad and close to the O
K-edge itself, and weak transitions to Rydberg states occur at
approximately the same energy.86 Contributions from the Ryd-
berg transitions increase the areas of the peaks assigned to
5d(t2g) nal states, which in turn inate the values of nd(t2g).

The nal issue is that the rst-order HMM overestimates the
stabilization due to orbital interactions. If the overlap is small,
the error is small as can be seen by comparing stabilization by
the 4f orbitals in Tables 3 (rst order) and 4 (second order). For
this reason, the rst order HMM is likely to be most appropriate
for lanthanide and actinide systems due to the small overlap
between ligand orbitals and 4f and 5f orbitals. The rst-order
HMM is less accurate when the overlap is larger.

Despite these limitations, the HMM provides electronic
structure information that would otherwise be challenging to
obtain experimentally. Specically, the HMM provides the
stabilization due to a specic orbital interaction. In other
words, the HMM allows one to experimentally determine the
contribution of covalent interactions to bond strength analo-
gously to the manner in which the Madelung energy allows one
to estimate the electrostatic contribution to bond strength. Use
of the HMM in this way relies on XANES spectroscopy, especially
ligand K-edge XANES spectroscopy, to determine the amount of
excited state character (nf and nd) mixed into the ground state.
Determining the nf for lanthanide complexes can be straight-
forward if the information is available from the Ln L3-edge as
originally proposed by Dexpert et al.9 Ligand K-edge spectra are
complementary in that they can provide both nf (or nd) and ECT
under ideal circumstances.
Conclusion

The stabilization of LnO2 by interactions between the O 2p and
Ln 4f and 5d orbitals was determined experimentally with
a HMM using the amount of excited charge-transfer state
character mixed into the ground state and the energy of charge-
transfer state. The amount of the charge-transfer state character
mixed into the ground state was determined by a combination
of Ln L3-edge XANES and O K-edge XANES spectroscopy. The
energies of the charge-transfer states were determined from the
energies of the pre-edge peaks in the O K-edge XANES spectrum
by determining the difference between the energies of the band
© 2023 The Author(s). Published by the Royal Society of Chemistry
gaps in diffuse reectance and the band gaps for the O K-edge
XANES pre-edge peaks, 525.9(1) eV.

The stabilization due to orbital interactions (covalent
contribution to the bond strength) was determined to rst and
second-order. The contribution of the 4f orbitals to bonding in
CeO2 was 1.6(2) eV and was smaller in PrO2 and TbO2. The
combined contributions from the 5d orbitals was approximately
11 eV in all compounds. The ionic contribution to bonding was
determined using the Born–Landé formula and was 104(4) eV in
CeO2 to 109(5) eV in TbO2. As expected, bonding in these
compounds is overwhelmingly ionic with a minor covalent
contribution from interactions between the O 2p and Ln 4f and
5d orbitals. Within the covalent contribution to bonding, the
FEUDAL model is largely correct. The contribution from the 4f
orbitals is ∼10% of that from the 5d orbitals. The stabilization
provided covalent bonding via the 5d orbitals is in turn dwarfed
by the electrostatic stabilization of LnO2.

More generally, this study shows how covalent contributions
to bonding may be determined spectroscopically. The spec-
troscopy used here, O K-edge XANES, can be applied to other
metal oxide systems or covalent molecules such as carbon
monoxide. Once the relative energy scales of the CT bands and
O K-edge pre-edge peaks are determined, the CT energies as well
as the orbital mixing can be determined from the O K-edge
XANES spectra. The stabilization due to these interactions can
then be determined using the HMM. As quantitative mixing
information is available from the K-edge XANES spectra of
additional chemical elements, this approach can be expanded
to new systems.
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authors.
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