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Lanthanide (Ln) oxide clusters have complex electronic structures arising from the partially occupied
Ln 4f subshell. New anion photoelectron (PE) spectra of Sm,Ce3_,O0,” (x = 0-3; y = 2-4) along
with supporting results of density functional theory (DFT) calculations suggest interesting x and
y-dependent Sm 4f subshell occupancy with implications for Sm-doped ionic conductivity of ceria, as
well as the overall electronic structure of the heterometallic oxides. Specifically, the Sm centers in the
heterometallic species have higher 4f subshell occupancy than the homonuclear Sm30,~/Sm30,, clus-
ters. The higher 4f subshell occupancy both weakens Sm—O bonds and destabilizes the 4f subshell
relative to the predominantly O 2p bonding orbitals in the clusters. Parallels between the electronic
structures of these small cluster systems with bulk oxides are explored. In addition, unusual changes
in the excited state transition intensities, similar to those observed previously in the PE spectra of
SmyO~ and Smy0,~ [J. O. Kafader et al., J. Chem. Phys. 146, 194310 (2017)], are also observed
in the relative intensities of electronic transitions to excited neutral state bands in the PE spectra of
Sm,Ce;_,O,~ (x = 1-3; y = 2, 4). The new spectra suggest that the effect is enhanced with lower
oxidation states and with an increasing number of Sm atoms, implying that the prevalence of electrons
in the diffuse Sm 6s-based molecular orbitals and a more populated 4f subshell both contribute to this
phenomenon. Finally, this work identifies challenges associated with affordable DFT calculations
in treating the complex electronic structures exhibited by these systems, including the need for a
more explicit treatment of strong coupling between the neutral and PE. Published by AIP Publishing.

https://doi.org/10.1063/1.5043490

. INTRODUCTION

The lanthanoid (Ln) series of metals, which typically
assume the sesquioxide stoichiometry, Ln; O3, are chemically
similar:! In the sequence of metals ranging from La to Lu, each
incremental increase in the nuclear charge is generally accom-
panied by an incremental increase in the nuclear-shielding 4f
subshell occupancy.? This progression in 4f subshell occu-
pancy is chemically different from the progression in nd
subshell occupancy in the transition metals because of the
relatively low orbital overlap associated with contracted 4f
orbitals, making them more core-like rather than chemically
bonding. Exceptions to the favored +3 oxidation state among
the lanthanides include Ce and Eu. Ceria, CeQO,, is the more
favored cerium oxide, though Ce can toggle between +3 and
+4 oxidation states,> while the +2 oxidation state of Eu is
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favored because of the particular stability of the half-filled
4f subshell.

Ceria, in particular, has been investigated vigorously for
catalytic applications*'! and as an ionically conducting solid
electrolyte (0%~ as charge carrier) utilized in solid oxide fuel
cells (SOFCs).'2716 Of relevance to the latter, ionic conduc-
tivity can be enhanced by oxygen vacancies,'”!'® doping,!*2°
and increased surface area in nanoparticle systems.!>> Doped
7Zn0O, and ThO, have been considered for use in SOFCs,
but operating temperatures of over 1000 °C>?* have made
them impractical for large scale production. The ionic con-
ductivity of ceria doped with samarium, in particular, has
proven to be a promising alternative to doped ZnO, and
ThO,, with reduced operating temperatures between 400 and
600 °C.2>?7 Oxygen vacancies in the fluorite CeO; crys-
tal structure introduced from trivalent dopants, such as Sm,
account for the increase in ionic conductivity.?®3! The opti-
mal dopant concentration of Sm has not been well established,
though it is in the range of x = 0.10-0.20 for Ce;_,Sm,0O;
stoichiometry.?

Because bonding in metal oxide systems is localized,
cluster models®*3* of bulk metal oxides can give insight
into the local metal-metal interactions in these mixed metal

Published by AIP Publishing.
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systems that can be complementary to results of studies on bulk
systems,>>* particularly in efforts to characterize the local
features such as defect and dopant sites. In our research
program, we have focused on metal oxides in lower-than-
traditional oxidation states (suboxides) as models for oxygen
vacancies on defective metal oxide surfaces, which are impli-
cated in some catalytic processes.'*1=* An important feature
of heteronuclear transition metal suboxide cluster properties
is that the asymmetry of oxidation states is governed more
by disparate metal oxophilicity than by disparate valency. As
a particularly dramatic example, the MoWOs3 ™~ cluster anion
structure can be described as the Mo~ atomic anion electro-
statically bound to the fully oxidized WO3; molecule (both
Mo and W being Group 6 transition metals), while the struc-
ture of the bulk stoichiometric MoWOg~ cluster has both
metal centers in the +5.5 oxidation state or +6 for the neutral
cluster.** The methods we have used to determine the elec-
tronic and molecular structures of these clusters include anion
photoelectron (PE) spectroscopy in combination with calcu-
lations, which have been shown to be particularly well suited
to the study of metal oxides and complexes by ourselves and
others.#~70

As an extension on a recent study on small Sm,Ce;_,O,~
(x =0-2; y =1, 2) clusters, in this report, we present and
analyze the PE spectra and of a systematic series of homo-
and heteronuclear trimetallic cerium/samarium oxide clus-
ters Sm,Ce3_O,~ (x = 0-3) in a range of suboxide states
(y = 2-4). The atomic numbers of cerium and samarium
are 58 and 62, respectively. The CeO and SmO diatomic
molecular electronic structures following the 4f subshell occu-
pancy trend along the lanthanoid series noted above: In their
ground electronic states, Ce has a 4f subshell occupancy and
Sm has a 4f° subshell occupancy in their respective LnO
diatomic molecules.”! The analyses of the Sm,Ce3;_,O,” PE
spectra, supported by density functional theory (DFT) calcu-
lations, indicate that the Sm 4f subshell occupancy is higher
than 4f> in both mixed and the most reduced homonuclear
species, which results in a weaker Sm—O bond compared to
Ce-0O.

The electronic structures of the trimetallic suboxide clus-
ters in this study are compared and contrasted with species in
comparable oxidation states, CeO~ and Ce,O,~ clusters’>"3
along with Sm,0,~ and SmCeO,~ (y = 1-2) clusters,’* and
SmO™~, which was recently studied using slow electron velocity
map imaging spectroscopy by Neumark and co-workers.”> We
also present results of density functional theory calculations,
which have proven to be qualitatively informative, though with
these larger systems, we also identify critical shortcomings
of this inexpensive computation approach to exceptionally
complex electronic structure calculations.

While the PE spectra of the most oxidized species in this
series of clusters, Sm,Ces;_, 047, are fairly simple, reflecting
the high symmetry of the structures formed with particular
oxidation state, the spectra of the less oxidized species are
more complex. This effect is anticipated because the less oxi-
dized clusters necessarily have more electrons populating the
plethora of close-lying molecular orbitals formed between the
Ln 5d and 6s orbitals. However, the electronic state crowd-
ing is particularly pronounced in the more Sm-rich clusters,
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which may be related to a level of participation of Sm 4f
orbitals in covalent bonding with O-atoms in the clusters. In
addition, we observe interesting photodetachment transition
intensity dependence on photon energy (i.e., electron kinetic
energy) for a number of the heteronuclear clusters as well as
Sm30,~ and Sm3O3~. This effect was previously observed
in the SmyO~ and SmyO,~ spectra.74 While it is a topic of
ongoing theoretical treatment, we consider the new evidence
from these spectra that can inform further developments in this
treatment.

Il. METHODS
A. Experimental details

The anion photoelectron spectrometer used in this study
has been described in detail previously.”® Cluster anions were
generated using a laser ablation/pulsed molecular beam valve
source’” and a compressed Ce/'3?Sm,03; powder mixture
(Alfa-Aesar/Trace Science) or pure 1528m, 03 powder. The
cluster ion masses separate in a time-of-flight mass spectrom-
eter. Prior to colliding with an ion detector, anions were selec-
tively photodetached with the second (532.1 nm, 2.330 eV) or
third (354.7 nm, 3.495 eV) harmonic output of a Nd: YAG laser
at the intersection of the ion drift tube and a second field-free
drift tube, at the end of which is an electron detector. The drift
times of the small fraction of photoelectrons that collided with
the second dual microchannel detector assembly at the end of
the drift tube were recorded on a digitizing oscilloscope. Most
of the spectra were accumulated for over one million laser
shots, except for the Sm30,~ spectra, which were collected
for several hundreds of thousands to one million laser shots.
All spectra were measured with laser polarizations parallel
(6 = 0°) and perpendicular (0 = 90°) to the electron drift tube
with intensities /o and /99, respectively, in order to approximate
the anisotropy parameter, S(E),

Iy — Iyo
%10 + Iyo '

BE) = 9]
which can be related to the symmetry of the molecular orbital
associated with electron detachment.

For calibration purposes, the drift times were converted to
electron kinetic energy (e~ KE) by identifying common sharp
transitions observed in the spectra of various Ce-based anions
with similar electron affinities (EA) to the species presented
below, collected using both photon energies, and setting the
difference in the electron kinetic energies (e~ KE) to the fun-
damental energy (1.1650 + 0.0001 eV), the difference between
the energies of the second and third harmonics, using the

2(1.1650 eV)

relationship
t T ¢ 7
el () R
me (t3v - to) (t2v - to)

where m, is the electron mass, #3, is the drift time of elec-
trons associated with a selected transition observed in the
spectrum obtained using 3.49 eV photon energy that can read-
ily be correlated with a transition in the spectrum obtained
with 2.33 eV, appearing at f,,. The equation is solved for
¢ and plotted as a function of #,. The intersection between
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this line and other lines generated from several sets of tran-
sitions observed in 3.49 eV and 2.33 eV gives a unique
¢ and t,, the calibration parameters necessary to compute
the e”KE values from electron drift times. The e”KE val-
ues are related to the anion and neutral states via (2) tak-
ing into account internal energies for the anion and neutral
species,

¢ KE = hy — EA — T"vral 4 panion, (3)

The data presented show electron counts plotted as a function
of e"BE,
e BE = hv — ¢ KE. 4)

The e” BE values reflect the energy difference between the final
neutral state and the initial anion state and are independent of
the photon energy used.

B. Density functional theory computational details

While an accurate description of the electronic struc-
ture of these complex clusters and cluster anions is bet-
ter achieved using complete active space methods, the size
of the systems presented below warranted the use of less
expensive methodologies, which were found to give helpful
qualitative insights into homometallic’>7* and heterometal-
lic species’ in previous studies. Calculations on a range of
molecular and electronic structures of Sm,Ces_,O, (x = 0-3;
y = 2-4) anions and neutrals were performed using the unre-
stricted B3LYP hybrid method within the Gaussian 09 pro-
gram suite.”® In the current study, the same functional and
basis sets were used as in the previous studies: To incor-
porate relativistic effects on the Ce and Sm metal atoms,
the Stuttgart relativistic small core atomic natural orbital
basis set and corresponding effective core potential (RSC
ANOV/ECP) basis set with 28 core electrons and contraction
of (14s 13p 10d &f 6g)/[6s 6p 5d 4f 3g] type, developed
by Cao and Dolg, was employed,’”® with the Dunning-style
correlation consistent basis set aug-cc-pVTZ for the oxygen
atoms.

Geometry optimization and frequency calculations on
numerous initial guess structures were performed for all the
anion and neutral species in a large number of spin states.
Higher spin states were considered for clusters containing Sm
atoms due to the larger number of unpaired 4f electrons. Ini-
tial guess structures included a wide range of bridge versus
terminal bound Ln and O atoms. From this initial screen-
ing, structures with Ln—-O-Ln’ bridge bonds were found to
be favored over structures featuring Ln = O terminal bonds.
In addition, the only clusters that favored a three-coordinate
O center were the tetroxide species. The supplementary
material includes figures presenting all structures that con-
verged for the anions and neutrals and their relative ener-
gies. Adiabatic detachment energies (ADE) of 1-¢~ transitions
between anion and neutral states with comparable structures
were calculated from the difference between the zero point-
corrected energies of the optimized anion and neutral species
structures. However, as may be clear from the supplemen-
tary material, these samarium containing systems have a rela-
tively large density of electronic states associated with which
4f orbitals are occupied. Editing the occupancies to force
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strict one-electron differences between a given anion state
and a partner neutral did not always result in convergence,
though there was generally a very modest change in elec-
tronic energy with changes in which 4f orbitals were occupied.
We will see later in this paper that the availability of such
accessible electronic states greatly influences the PE inten-
sities. Detailed theoretical formalisms that account for these
potentially non-adiabatic effects will be considered in a future
publication.

Photodetachment spectroscopic parameters were calcu-
lated from the optimized anion and neutral structures, vibra-
tional frequencies, and normal coordinates and were used
to generate simulated spectra using home-written LabView
codes for a more quantitative comparison between the exper-
imental and computational results. Cases in which there are
very large differences in anion and neutral molecular struc-
tures are treated differently since large structural changes
(particularly along low-frequency, anharmonic coordinates)
generally result in broad, congested electronic bands. While
the complete description of these congested electronic bands
may require an explicitly coupled electron-nuclear dynamical
description, here we simply calculated the vertical detachment
energy (VDE) from the difference in energy of the neutral con-
fined to the structure of the anion and the optimized anion.
This is the energy at which the Franck-Condon overlap is the
greatest between the two charge states. Subsequently, broad
Gaussian-shaped bands were generated to simulate the broad
transition, with the onset of electron signals coinciding with
the ADE and the maximum intensity coinciding with the
VDE. More details on these procedures have been published
previously.®°

lll. RESULTS AND ANALYSIS

A typical mass spectrum of the 1SZSmXCe3,xOy_ x=0-3)
mass region is shown in Fig. 1. The differently colored combs
labeling the various oxide series with y = 1-7 correspond to
different values of x. The purple comb (x = 0) indicates the pure
Ce30," ions, red is SmCe,0, ", etc. We note that in previous
studies, particular stoichiometries appeared favored within an
oxide series (e.g., for Mo, O, clusters, y = 2x and 3x stoi-
chiometries were more pronounced than other compositions in
the mass spectra®!). In the case of the mixed and pure trimetal-
lic lanthanide oxides shown in Fig. 1, the more pronounced
species have different overall oxidation states. Ce303™ is
pronounced in the Ce30,~ series (purple), SmCe;0O4~ and
SmCe;0¢~ are pronounced in the SmCe,O," series (red),
and SmyCeO;™ is most pronounced in the Sm;CeO, "~ series
(green). The distribution of Sm30,~ ion intensities (blue)
appears statistical.

The PE spectra of all species collected with both 2.330 eV
and 3.495 eV photon energies are shown in Figs. 2—4, and
graphical summaries of computational results are shown in
Figs. 5-10. A comprehensive listing of all structures with
respective spin states that converged in the calculations can
be found in the supplementary material. The order in which
the Sm,Ce3_,O,” spectra and computational results will be
presented is in the decreasing oxidation state (y = 4-2). As
the overall oxidation is incrementally decreased from y = 4,
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the electronic structures become increasingly complex because
of higher occupancy of the numerous close-lying molecular
orbitals arising from the Ln 65 and 5d orbitals, and the number
of energetically competitive structural isomers found compu-
tationally increases and the structures become increasingly
floppy (vide infra). The approach here is to present the simplest
cluster systems first and then proceed with the increasingly
complex systems.

A. SmyCe3_4Oy~ (x =0-3; y = 4, 3, 2) PE spectra

The ADE values approximated from the lowest electron
binding energy feature observed in all of the spectra presented
in Figs. 2—4, which are labeled X, fall between 0.64 eV and
1.11 eV. The ADE values associated with band X can be
taken as the electron affinity of the neutral, assuming that
the ground neutral state is accessed via the detachment of the
anion present in the ion beam. The fairly narrow window of
energy in which all of the EAs fall indicates that the EA is
relatively insensitive to the average oxidation state (y) and
Ce versus Sm composition (x). In the case of vibrationally
broadened transitions, the ADE value is approximated as the

Sm,CeO,”—2
SmCe, 0, 4 6
Ce;0, 3-

Sm3O;

Relative Intensity

425 450 475 500 525 550 575
Mass/charge (amu/e”)

FIG. 1. Mass spectrum of cluster anions generated via laser ablation of a
mixed cerium metal and 132Sm, O3 powder.

TABLE I. Summary of band origin positions in the PE spectra of
Sm,Ce3_,O4~ (x = 0-3) clusters.

Anisotropy parameter

Band ADE/eV VDE/eV hy =233 eV hy =349 eV
Ce304~

X 0.779(5) 1.5(3) 1.5(2)
A 1.235(8) 1.25

SmCer Oy~

X 0.825 0.859 1.0 1.3(1)
A 1.295 1.352 0.4(2) 0.5(2)
SmpCeOy4~

X 0.848 0.905 1.0(3) 0.8(1)
A 1.306 1.42 1.3(3) 0.6(3)
B 2.12 2.15 1.0(1)
Sm304~

X 0.897 0.945 1.5(1) 1.2(1)
A? 1.238 1.440 1.9(2) 0.5(2)
B 2.09 2.13 0.8(2)

2Band A is a series of resolved peaks at e~ BE = 1.238, 1.306, 1.375, 1.444, 1.490, and
1.558 eV.

J. Chem. Phys. 149, 054305 (2018)

(a) Ce;0,4~
vt bt o it bl
—3.495eV 0=0°

—3.495eV 6=90°
—2.330eV 6=0°

A 2.330eV 0=90°
! MMW hub,

>

(b) SmCe, 04~

Relative Electron Intensity

B (c) Sm,CeO,~

R
0 0.5 1 15 2 25 3

Electron Binding Energy (e"BE/eV)

FIG. 2. PE spectra of (a) Ce3047, (b) SmCe;047, (¢) SmyCeOy4~, and (d)
Sm304 ~collected using 2.330 and 3.495 eV photon energies with laser polar-
izations parallel (dark green and blue traces) and perpendicular (light green
and blue traces) to the direction of electron detection.

lowest energy at which a sharp increase in signal from the
baseline is observed. Tables I-III summarize the transition
energies, including vertical detachment energies (VDE’s), the
electron binding energies at which the intensity of an electronic
transition is the maximum (i.e., the anion and neutral have
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TABLE II. Summary of band origin positions in the PE spectra of
Sm,Ce3_,03~ (x = 0-3) clusters.

Asymmetry parameter

Band ADE/eV VDE/eV hy =233 eV hy =3.49 eV
Ce303~

X 1.00(1) 1.10(1) 1.0(1) 1.2(1)
A e 1.48(2) 0.7(1) 0.8(1)
B 2.28(3) 0.3(2)
SmCe, 03~

X 0.64(2) 0.73(3) 1.2(1) 1.0(1)
A 1.12(2) 1.15(20) 0.4(2) 0.7(2)
B 1.44 0.7(3) 0.7(3)
C 1.60 0.5(3) 1.2(2)
SmyCeO3~

X 0.64(2) 0.77(20) 0.6(1) 0.8(1)
A 1.11(2) 1.2(1) 0.8(1)
B 1.25(3) 0.8(2) 0.8(1)
C 1.84(3) 1.0(2)
Sm303~

X 0.72(5) 0.80(2) 1.0(1) 1.1(1)
A 1.31(2) 0.6(3) 0.8(2)
B 1.47(2) 0.7(3) 0.7(2)

the greatest Franck-Condon overlap). In the case of numer-
ous overlapping excited states, only the VDE values are
reported. The anisotropy parameters for all transitions are
greater than zero, meaning that the photoelectron angular
distributions tend to be parallel to the detachment laser
polarization.

The PE spectra of (a) Ce304~, (b) SmCe;O4~, (c)
SmyCeO4~, and (d) Sm3O4~ are shown in Fig. 2. The spec-
trum of Ce30,~ was presented previously’? and is included
here for direct comparison. The dark and light green traces
are the spectra obtained with 2.330 eV, with laser polariza-
tion parallel to and perpendicular to the direction of electron
collection, respectively. The dark and light blue traces are
spectra obtained with 3.495 eV photon energy, with paral-
lel and perpendicular laser polarization, respectively. The four
sets of spectra are qualitatively very similar in appearance.
This finding is consistent with the common valency antic-
ipated for the lanthanoids noted in Sec. I. All four spectra
are dominated by an intense and relatively narrow feature,
labeled X, with origins ranging from 0.779 eV for Ce;047,
increasing slightly with the number of Sm atoms in the clus-
ter, up to 0.897 eV for Sm304~. A low intensity band appears
0.5 eV higher in energy in each spectrum. Experimental tran-
sition energies and anisotropy parameters are summarized in
Table 1.

Figure 3 shows the PE spectra of (a) CeszO3~, (b)
SmCe,037, (c) SmyCeO3~, and (d) Sm303~ presented in the
same format as the Sm,Ce3;_,O4~ spectra in Fig. 2. Again, the
PE spectrum of Ce303~ has been presented previously’? and
is included for direct comparison. Unlike the Sm,Ce3;_, 04~
spectra, the spectra of the trioxide species exhibit broader
and more numerous transitions, consistent with the increased
population of close-lying Ln 5d and/or 6s-based molecular

J. Chem. Phys. 149, 054305 (2018)

(a) Cey05”

——3.495¢eV 6=0°

A
BC 34956V §=90°
23306V 0=0°
2330V 0 =90°
Iy LU

(b) SmCe,05~

Relative Electron Intensity
T

(c) Sm,CeO;~

Sy

Electron Binding Energy (e"BE/eV)

FIG. 3. PE spectra of (a) Ce3037, (b) SmCe;037, (¢) SmpCeO3~, and (d)
Sm303~collected using 2.330 and 3.495 eV photon energies with laser polar-
izations parallel (dark green and blue traces) and perpendicular (light green
and blue traces) to the direction of electron detection.

orbitals. In addition, the ADE values are lower for the three
Sm-containing species relative to CezO3~. Table II summa-
rizes the ADE and VDE values for band X in all four spectra,
along with VDE values for all excited state bands; their origins
cannot be identified unambiguously due to spectral overlap
with adjacent bands. The ADE values for band X, which
can be taken as the neutral EA, are 1.00 eV for Ce;037,
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TABLE III. Summary of band origin positions in the PE spectra of
Sm,Ce3_,0,~ (x = 0-3) clusters.

Asymmetry parameter

Band ADE/eV VDE/eV hy =233 eV hy =349 eV
Ce30;,~

X 0.95(5) 1.10(2) 0.9(1) 0.8(1)
SmCe,O,~

X 1.11(3) 1.23(2) 0.7(1) 1.0(1)
A 1.5(1) 1.2(1) 1.0(1)
B 1.85(5) 0.6(2)
SmyCeO,~

X 0.95(10) 1.08(3) 0.9(1) 0.8(1)
A 1.23(3) 1.0(1) 0.8(1)
B 1.52(3) 1.56(2) 1.2(1) 0.8(2)
C 1.84(2) 1.90(2) 0.6(3)
D 2.21(2) 2.31(5) 0.9(3)
Sm30,

X 0.87(3) 1.00(5) 0.9(1) 0.8(1)
A 1.25(2) 1.0(1) 0.7(1)
B 1.55(3) 0.8(1) 0.6(2)
C 1.95(3) 0.4(3)
D 2.3(1) 0.93)

0.64 eV for both SmCe,0O3~ and Sm,CeO3~, and 0.72 eV for
Sm3;03™.

The PE spectra of the three Sm-containing species exhibit
a striking disparity in the relative intensities of excited state
bands (labeled A, B, ...) relative to band X in the spectra
obtained with 2.330 eV photon energy, when compared to the
respective spectra obtained with 3.495 eV photon energy. The
excited state bands are more prominent in the spectra obtained
with lower photon energy. The higher intensity of the excited
state transitions with lower detachment photon energy is the
opposite effect expected from the decreasing photodetachment
cross section with lower e” KE.5?

A similar effect can be seen in Fig. 4, which shows the PE
spectra of (a) Cez0, 7, (b) SmCe0; 7, (c) SmyCeO, ™, and (d)
Sm30, . The spectrum of Ce30,~ was presented previously’?
and is again included for direct comparison. The PE spectra of
Ce30,~ and SmCe,O, ™ are very similar in terms of their rel-
atively simple appearance and ADE values of their respective
bands X. The broad, unresolved excited state feature labeled A
in the PE spectrum of SmCe,O, ™ is modestly more intense in
the spectrum obtained using 2.330 eV photon energy compared
to the 3.495 analog. By contrast, the PE spectra of Sm;CeO,~
and Sm3O,~ are congested with more numerous close-lying,
overlapping transitions, and the change in relative intensities
of the excited state transitions seen when comparing spectra
obtained with different photon energies is significant. Notably,
bands B in the Smy;CeO,~ and Sm30O;~ spectra, which both
appear at e” BE = 1.55-1.56 eV, are the most intense features
in both spectra obtained with 2.330 eV photon energy. The
difference in the relative intensities of band A in both spectra
to band X is less dramatic. Table III summarizes the transi-
tion energies for the distinct electronic transitions observed in
these four spectra.
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FIG. 4. PE spectra of (a) Ce30,7, (b) SmCe;0, 7, (¢) SmpCeO,~, and (d)
Sm30, ~collected using 2.330 and 3.495 eV photon energies with laser polar-
izations parallel (dark green and blue traces) and perpendicular (light green
and blue traces) to the direction of electron detection.

B. Computational results: Sm,Cez_, Oy~
(x = 0-3; y =4, 3, 2) molecular
and electronic structures

The lanthanoid suboxides are computationally challeng-
ing because of energetically competitive high spin and open-
shell low spin states associated with ferromagnetic versus
antiferromagnetic coupling between the unpaired electrons
in the 4f subshells. For Sm-containing species, an additional
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TABLE IV. Summary of computational results on Sm,Ce3_,O47/

Smee3,xO4.
Relative energy) Occ. of 6s-based
€V) (822 MOs
Ce30y4
A 0.62 3.00(2) 1
SA 0.58 6.00
Ce304~
oA 0.09 8.75 2
A 0.02 4.41(3.75)
A 0.00 2.44(0.75)
SmCey 04
N 1.15 13.01(12) ~0.5
oA 0.31 20.01
SA 0.23 8.01(6)
SmCer Oy~
87 0.07 16.66(15.75) 2
oA/ 0.03 10.76(8.75) 2
an” 0.01 6.67(3.75) 2
1047 0.00 24.76 2
SmyCeQy
1347 0.52 42.04 0
1347 0.47 42.04
Hp7 0.44 31.03
SmyCeOy4~
120 0.21 36.66 2
12p7¢ 0.04 36.76
1457 0.00 48.78
Sm3O4
A 0.50 17.06(12) 0
LUN 0.43 72.06
Sm304~
lop 0.22 64.66 2
187 0.00 80.80

2In cases of significant spin contamination, the ideal value of (Sz) = S(S+1) is
included.

bCe 4f ¢~ a, 6s ¢’s paired.

€Ce 4f e B, both 6s e™’s a.

complication arises from energetically competitive 4f> and 41
subshell occupancies that emerged from DFT calculations on
SmO~.7* The combination of the ferro- and antiferromagnetic
spin coupling between the individual like- and unlike atoms
in any species with an Sm center results in a large number of
electronic states in a narrow (<0.5 eV) energy interval, as sum-
marized in Tables IV-VI. However, previous computational
results on homometallic Ce,O,~ clusters did provide useful
qualitative insight into the electronic and molecular structures,
and we again turn to the computational results to qualitatively
underpin spectral interpretation.

To place the computational results in a simple context,
qualitatively, if the Ce centers in all species have a singly
occupied 4f orbital and the Sm centers have 4f> subshell
occupancy, both of which are favored in their respective bulk
sesquioxides, the Sm,Ce3;_,O4~ (x = 1-3) anions should have
two remaining electrons in Ln-local 6s or 5d orbitals. Based
on previous studies on Ce;O,~ (y < x), the highest occupied
orbitals should predominantly have Ln 6s character. Likewise,
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FIG. 5. Computation-based spectral simulations (solid colored traces) super-
imposed on the experimental PE spectrum obtained with 2.330 eV photon
energy (dotted black trace) for (a) Ce304~, (b) SmCer04, (¢) SmyCeO4 ™,
and (d) Sm3O4~. The lowest energy anion structures are included as well. Sim-
ulation parameters and a comprehensive listing of all structures and relative
energies are included in the supplementary material.

the Sm,Ces3_, O3~ (x = 1-3) anions should have four Ln-6s or
5d local electrons, and Sm,Ce3_, Oy~ (x = 1-3) anions should
have six. However, the computational results suggest Sm 4f
subshell occupancies greater than five in a number of cases.
Given that it is easy to distinguish the diffuse 6s- and 5d-
based MOs from the more localized Ce- or Sm-local 4f and
Sm-O 4f-2p bonding orbitals, we used the 6s- and 5d-based
MO occupancy (the O-atoms are assumed to be 2p°, leaving
the balance of electrons in the Ln 4f subshells) as a point of
comparison between the anions and neutrals and along suc-
cessive values of x in Sm,Ce3_,O,~. These electron counts
along with a summary of computational results are given in
Tables IV-VI.

Finally, clusters with one or more Sm atoms can, in prin-
ciple, have very high spin states due to parallel spins of the
five or more electrons in the 4f subshells on each Sm center.
Amongst the three Ln (Sm or Ce) atoms in these clusters, the
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FIG. 6. Schematic of the relative energies of occupied molecular orbitals for
Sm,Ce3_,O4~. Solid filled shapes indicate Ce based MOs and hatch-filled
shapes indicate Sm based MOs. The character of the orbitals is indicated by
the colors green, red, and gray for 6s, 4f, and 2p-5d, respectively. A sim-
ilar schematic showing absolute orbital energies rather than relative to the
2p-5d bonding orbitals that correlate with the bulk VB is included in the
supplementary material.

4f electrons on one center can be parallel or antiparallel to the
others, resulting in close lying higher and lower spin states.
Tables IV-VI summarize how the calculations predict these
ferromagnetically coupled and antiferromagnetically coupled
states are competitive, and we additionally include the “ideal”
S(S+1) value for spin states with (S?) values that indicate a
high level of spin contamination due to antiferromagnetically
coupled electrons. Ultimately, we look to the computational
results more for a description of the Ln superconfigurations
and point out that with the seven partially occupied 4f orbitals
on each center being very close in energy, the true elec-
tronic states of these species must be presumed to be heavily
mixed.

y = 4. The Ce3z04~ spectrum and computational results,
which have been reported previously,’? provide a convenient
starting point for describing the electronic structures of this
set of clusters. Figure 5(a) shows the lowest energy structure
found computationally for Ce304~, which is evocative of trin-
uclear lanthanide single molecule magnets.®? This structure
is very similar to the Csy structure of Ce304% determined by
Asmis and co-workers,?* though Ce304~, with two additional
electrons relative to the cation, undergoes modest Jahn-Teller
distortion to Cg symmetry in our calculations. The calcula-
tions, however, generally failed to assign a symmetry higher
than C;.
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TABLE V. Summary of low-lying states calculated for SmyCe3_xO3~ and
Sm3Ce3_xO3 (x =0-3). Results of calculations on Ce304 ™~ and Ce304 updated
from Ref. 73.

Relative energy Occ. of 6s-based

(eV) (822 MOs
Ce303
book A 0.97 3.14(2) 3
book A 0.94 6.05
ring 'A 0.78 2.01(0) 3
ring A 0.78 6.01
ring A 0.74 3.66(2)
Ce303~
book “A 0.05 4.78(3.75) 4
book °A 0.00 8.77
SmCe, O3
ring 1A” 0.94 30.01 2
ring A” 0.93 5.97(2)
asym book 1A 0.90 30.01
sym book A’ 0.68 8.01(6)
sym book %A’ 0.68 20.01
asym book A 0.54 13.05(12)
asym book A 0.53 8.07(6)
SmCe, 03~
sym book $A” 0.11 16.84 3.5-4
ring “A” 0.11 7.34(3.75)
sym book 1°A” 0.09 24.80
ring 104 0.08 25.23
asym book U\ 0.08 10.76(8.75)
asym book %A 0.04 7.02
asym book 104 0.00 24.84
Sm,CeO3
asym books >0.84
sym book MA/ 0.54 31.72 <2
sym book 1A’ 0.54 42.72
sym book 1A’ 0.53 56.02
SmyCeO3~
asym books >0.19 <3
sym book 16A” 0.15 63.78
sym book 1°A” 0.14 27.31(24.75)
sym book 4A’ 0.02 49.08
sym book 12A’ 0.00 36.78
Sm303
Ring A, 0.77 90.03 2
Book '7A” 0.73 72.75
Book 1°A’ 0.72 90.04
book A" 0.64 17.86
Sm303’b
Book 2°A” 0.28 99.8 3
book 8A’ 0.18 20.86(15.75)
book °A” 0.03 15.19(8.75)
book '8A” 0.00 81.17

#In cases of significant spin contamination, the ideal value of (S2) = S(S+1) is included.
"The Sm303~ ring structure energies are 0.30 eV and higher than the lowest book
state.

Each Ce center in the structure shown in Fig. 5(a)
has a singly occupied 4f orbital, and two electrons occupy
close-lying diffuse, largely non-bonding orbitals primarily
with contributions from the three Ce 6s orbitals.”? Relative
orbital energies are shown schematically in Fig. 6 and can be
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FIG. 7. Computation-based spectral simulations (solid colored traces) super-
imposed on the experimental PE spectrum obtained with 2.330 eV photon
energy (dotted black trace) for (a) Ce3037, (b) SmCey037, (c) SmyCeO37,
and (d) Sm3O3~. The lowest energy anion structures are included as well. Sim-
ulation parameters and a comprehensive listing of all structures and relative
energies are included in the supplementary material.

largely correlated with the bulk band structure of Ce,O3 in
that the singly occupied Ce-local 4f orbitals (solid red) are
within a narrow energy window, roughly midway between
the predominantly O 2p bonding orbitals [correlating to the
valence band (VB) and indicated by gray] and non-4f Ce-
local orbitals, in this case, diffuse, 6s based MOs (solid green).
The latter do not strictly correlate with the conduction band
(CB) in Ce;0O3 (or CeO,), which is primarily Ce 5d, but
as described previously,” the diffuse 6s orbitals emerge as
more stable than the 5d orbitals when unconfined by the bulk
lattice.

As summarized in Table IV, doublet, quartet, and sex-
tet anion spin states are predicted to fall within a 0.09 eV
window of energy, with a doublet state having one of the 4f
electrons antiparallel to the other two, predicted to be low-
est energy. However, these three structures are nearly iden-
tical, and the triplet and quintet neutral states (one-electron
accessible from the quartet and sextet states), which are cal-
culated to be approximately 0.6 eV higher in energy than the
anions, are predicted to be nearly degenerate. This result aligns
with how electrons in the 4f and 6s orbitals in CeO/CeO~
are decoupled.”’72 Simulations based on the 3A « “A, A
« %A, and A « °A transitions (the *A « 2A transition is not
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FIG. 8. Schematic of the relative energies of occupied molecular orbitals for
Sm,Ce;_,O3~. Solid filled shapes indicate Ce based MOs and hatch-filled
shapes indicate Sm based MOs. The character of the orbitals is indicated by
the colors green, red, and gray for 6s, 4f, and 2p-5d, respectively. A simi-
lar schematic showing absolute orbital energies, rather than relative to the
2p-5d bonding orbitals that correlate with the bulk VB is included in the
supplementary material.

strictly one-electron allowed, though there is undoubtedly a
low-lying AF-coupled A neutral state not found computation-
ally that would be one-electron accessible from the calculated
’A state) are nearly identical in terms of transition energy
and Franck-Condon profile, as shown in Fig. 5(a); spectro-
scopic parameters are included in the supplementary material.
The calculated transition energies are approximately 0.25 eV
lower than the observed transition energy, which is within the
typical error between DFT-calculated and observed detach-
ment energies.>**®> Structural parameters and depictions
of the orbitals and spin densities are included in the
supplementary material.

The Sm,Ces;_,O4~ (x = 1-3) clusters are predicted to
assume the same general molecular structures. Substitut-
ing a Sm center for a Ce center results in increasing the
total number of 4f-electrons by, minimally (vide infra), four,
and the spin multiplicities for analogous electronic states of
Sm,Ces_,04~ increase by +4 for each incremental increase in
x. The various spin states and relative energies calculated for
the anions and neutrals are included in Table IV, and the rel-
ative energies of occupied orbitals are included in Fig. 6. The
supplementary material includes a similar comparison of the
occupied orbital energies using the actual energies rather than
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TABLE VI. Summary of low-lying states calculated for SmxCe3_xO,~ and
Sm3Ce3_x O (x=0-3). Results of calculations on Ce30, ™~ and Ce30, updated
from Ref. 73.

Relative energy Occ. of 6s-based

(eV) (§%)2 MOs
Ce30,
house A 1.01 3.86(2) 5
kite A 0.99 3.63(2)
house A 0.98 6.70(6)
kite A 0.97 6.54(6)
kite 'A 0.97 2.63(0)
Ce30;~
kite 2A 0.16 2.79(0.75) 6
kite A 0.02 4.78(3.75)
house “A 0.01 3.98
Kite °A 0.01 8.80
house 2A 0.00 2.05(0.75)
SmCe, 0,
sym kite SA” 1.24 9.04(6) 4
sym kite A 1.20 21.05
sym kite A" 1.06 14.02(12)
sym kite 3A 1.05 6.01(2)
sym kite '1A” 0.94 30.02
SmCe, 0, ?
sym kite ‘A’ 0.07 6.77(3.75) 5
sym kite $A 0.04 16.78
sym kite %A’ 0 10.78(8.75)
szCeOz
asym kite A 1.38 72.01 3
house !B 1.19 56.02
house 1B 1.17 43.02
house !B, 1.14 32.02(30)
asym kite 1A 0.89 43.02
asym kite 'A 0.87 32.02(30)
asym kite A 0.84 56.03
SmyCeO,~
house 1°A 0.36 27.78(24.75) 4
house B, 0.32 49.77
house!%B, 0.28 63.78
house %A, 0.28 37.77(35.75)
asym Kkite 2A 0.25 6.79(0.75)
asym kite 1A 0.15 27.73(24.75)
asym kite 12A 0.00 37.74(35.75)
Sm302
kite A 0.69 73.63(72) 3
kite 2A 0.55 110.03
house A 0.47 18.03(12)
house °B, 0.46 90.03
Sm30,~
house A, 0.37 65.81(63.75) 4-5
kite 22A 0.21 120.77
house 20A | 0.17 99.79
house %A, 0.00 81.78(80.75)

In cases of significant spin contamination, the ideal value of (SZ) = S(S+1) is included.
bStructures with Ce, O, trapezoid units with Sm bound to an O atom in one of the Ce—
O-Ce bridge bonds (sym kite) are 0.6 eV and 0.5 eV more stable, respectively, for anions
and neutrals than CeSmO; trapezoid units with Ce bound to an O-atom in the Ce—O-Sm
bridge (asym kite).

energies relative to the VB-like orbitals. Among this series
of anions, the singly occupied Ce-local 4f orbitals (solid
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FIG. 9. Computation-based spectral simulations (solid colored traces) super-
imposed on the experimental PE spectrum obtained with 2.330 eV photon
energy (dotted black trace) for (a) Ce30,7, (b) SmCer 0,7, (¢) SmpCeO; ",
and (d) Sm3O; ™. The lowest energy anion structures are included as well. Sim-
ulation parameters and a comprehensive listing of all structures and relative
energies are included in the supplementary material.

red) lie between the orbitals correlating with the VB (gray)
and the CB (green), while the introduction of Sm centers
also introduces numerous Sm-local 4f orbitals (hatched red)
closer in energy to the VB analogs. In addition, 4f-covalency
with O 2p orbitals is also predicted (hatched red and gray),
an effect previously reported by Bowen and co-workers in
studies on SmBg~/SmBg.%® These relative occupied orbital
energies are evocative of the bulk band structure of Sm,O3,
in which the 4f band is energetically embedded at the top of
the VB.37:88

Calculations on the lowest energy structure found for
SmCe,04~ [Fig. 5(b)] predict very close-lying octet, sextet,
and quartet spin states within 0.08 eV of the lowest lying
107" electronic state, as summarized in Table IV. The 1°A’
state is analogous to the 6A state of Ce304~, in which the two
electrons in the diffuse 6s based orbitals are parallel to each
other and the 4f electrons. An important difference with the
SmCe,O4~ cluster is that the Sm atomic 6s orbital is not degen-
erate with the two degenerate 6s orbitals on the Ce atoms,
and the three resulting MOs can be described as a Sm 6s
orbital and the o(cc 65 - ce 65) and 0™ (e 65 — Ce 65) cOmbinations
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FIG. 10. Schematic of the relative energies of occupied molecular orbitals
for Sm,Ce3_,O;~. Solid filled shapes indicate Ce based MOs and hatch-filled
shapes indicate Sm based MOs. The character of the orbitals is indicated by
the colors blue, green, red, and gray for 5d, 6s, 4f, and 2p-5d, respectively.
A similar schematic showing absolute orbital energies, rather than relative to
the 2p-5d bonding orbitals that correlate with the bulk VB is included in the
supplementary material.

of the two identical Ce 6s orbitals. The Sm 6s orbital is 0.5 eV
lower in energy from the diffuse bonding formed between the
two Ce 6s orbitals, as shown schematically in Fig. 6 (hatched
green; depictions of the orbitals and their energies are included
in the supplementary material). The Sm 6s orbital and the
O(Ce 65 — Ce 65) Orbital are both singly occupied in all four anion
states included in Table II, with the different spin states aris-
ing from different electron spins in the o(ce 65 — ce 65) and Ce
4f orbitals.

The lowest energy transitions, in principle, should involve
detachment of the electron from the Ce 6s-based o orbital.
However, the calculated ADE values associated with the
detachment of the close-lying “A” and '°A’ anion states,
accessing the neutral 5A and A’ states, are 0.22 eV and
0.31 eV, respectively, much lower than the observed detach-
ment transition energy, 0.825 eV. In addition, a survey of the
occupied MOs in both the anion and neutral suggest that these
transitions are not strictly one-electron. The HOMO of the
neutral is an Sm-local 4f-like orbital, and while it appears
to be modestly hybridized with the 6s orbital, it is markedly
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less diffuse than the Sm-local 6s HOMO-1 singly occupied in
the anion. A side-by-side comparison of the SmCe,O4 anion
and neutral orbitals and energies along with a comparison
with Ce3zO4 neutral orbitals are included in Figs. S17 and
S18 of the supplementary material. The lowest energy unoc-
cupied neutral orbitals are the O(ce 6s - Ce 65)> O (Ce 65 — Ce 65)»
and the Sm 6s orbital, in the order of increasing energy,
the first and third of which are occupied in the anion. The
extra electron occupying the Sm-4f orbital is accompanied
by destabilization of the Sm 6s orbital and elongation of
all three Sm—O bond lengths. The orbital occupancy of the
higher-lying A’ neutral state that converged in calculations
includes a singly occupied, diffuse, Sm-6s orbital. However,
simulations based on transitions to this excited state show a
more extended progression in the highest frequency stretch
modes.

We note that ongoing work by our labs on europium
oxide and related species has found qualitatively different MO
descriptions that appear to be dependent on subtle variations
in model chemistry.8>°° Such model chemistry differences
include the choice of ECP or all-electron metal basis sets and
the choice for treating relativistic effects (i.e., implicit treat-
ment of scalar and/or spin-orbit contributions using ECPs,
explicit treatment using the Douglas-Kroll-Hess approach,
etc.). In particular, the energy and occupation of the Eu 6s
based MO varies with such changes relative to the energy
of the 4f manifold. In addition to suggesting different inter-
pretations of photodetachment, these model chemistry vari-
ations also yield significant differences in Franck-Condon
simulations to high-energy neutral states. The implications of
this disagreement between experimental and computational
results will be examined in more detail below. As noted ear-
lier, the relatively high density of spin-states available for the
samarium-based systems makes it highly likely that the initial
anionic state in the experiment is prepared as a wavepacket
state that is a combination of multiple spin states. This is
quite similar to the case already noted in Ref. 74 and will
be treated in greater theoretical detail in a future publication
and may account for the poor agreement between the molec-
ular orbitals for the anionic and neutral systems discussed
above.

Calculations on SmyCeO4 /Sm;CeO4 and Sm3O4~/
Sm304 show a similar discrepancy in the predicted and
observed adiabatic transition energies, and in both cases, the
anions have two electrons occupying orbitals having signif-
icant 6s character, while the neutrals have zero (Table IV).
That is, transitions between the lowest energy anion and neu-
tral electronic states found computationally are not strictly
one-electron allowed. The two equivalent Sm centers in
the Sm,CeOy4 neutral therefore have 4f>- subshell occu-
pancy, and on average, the Sm centers in the Sm3O4 neu-
tral have 4f33 subshell occupancy. The Ce 4f subshell
occupancy is unambiguously 1 for all species with a Ce
center (depictions of the molecular orbitals are included in
the supplementary material). While the transitions between
the lowest lying anion and neutral states of SmyCeO,s and
Sm304 are clearly not one-electron, simulated vibrational
manifolds based on the vibrational frequencies and normal
coordinate displacements from the anion and neutral structures
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[Figs. 5(c) and 5(d)] are in fair agreement with the profile
of their respective spectra. The lowest lying states for the
anions and neutrals are summarized in Table IV, with a more
comprehensive compilation of computational results included
in the supplementary material.

In bulk Sm,03, the 4f° state arising from the promotion
of an electron from the VB to the Sm 4f sub-band lies within
the traditional band gap.®” For these small clusters, which
are suboxide relative to the bulk, the 4f 6 subshell occupancy,
rather than the 4f> 6s occupancy (analogous to promotion
to the CB rather than 4f%), could therefore be expected to
be most stable, raising the question of the validity of the
computational results suggesting that the 4f> 65 Sm supercon-
figuration is more stable in Sm,Ce;_,O4~ anions. However,
the excess charge may be stabilized by Sm 4f> subshell occu-
pancy, which increases the effective nuclear charge on the Sm
centers, stabilizing the occupancy of the diffuse Ce and/or Sm
6s-based molecular orbitals. For context, the Sm centers in
the ground electronic states of SmO and SmO~, in which
Sm is in a lower oxidation state than the tetroxide clusters
described here, are in 4f> 65 and 4f> 6s superconfigurations,
respectively.

The striking disagreement between computed and
observed detachment energies raises critical questions regard-
ing the qualitative validity of the calculations. However, if
the results on the neutral species are correct, the disagree-
ment could simply reflect the inability to converge excited 4f°
states and that these excited states are those actually accessed
from the initial anion states. It is not uncommon in metal and
metal suboxide systems for the neutral ground state to be inac-
cessible via one-electron detachment from the anion ground
state, with atomic Ce being an example.’! In any event, these
results strongly suggest that further theoretical study is neces-
sary. Such work, including new methodological developments,
is ongoing in our labs.

y = 3. Figure 7 summarizes computational results on
Sm,Ce3;_,037/Sm,Ces_, O3 (x = 0-3) with the lowest energy
structures for each species shown alongside simulations gen-
erated from the calculated structural parameters (included in
the supplementary material, along relative energies of other
structures and spin states). Again, multiple close-lying spin
states were calculated to be energetically competitive for
each of these structures, with the lowest energy states and
their Ce and/or Sm 6s based MO occupancies summarized
in Table V. Calculations on Ce3O3~ were presented previ-
ously, though we have generated several additional simula-
tions based on additional spin states that converged in the
current study. In general, the calculated detachment ener-
gies and transition profiles are in reasonable agreement with
the experimental spectra, and low-lying anion states and
low-lying neutral states can be connected by one-electron
transitions.

The Ce3;03~ anions converged exclusively in the book
structure shown, with the open ring structure slightly ener-
getically favored by the neutral.”?> By contrast, SmCe,O3~
ring and asymmetric book structures (Sm center on the book
corner) are energetically competitive: The lowest energy spin
state of the ring structure [shown in Fig. 7(b)] is calculated
to be within 0.1 eV of the lowest energy spin state of the
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asymmetric book structure for the anion. Neutral book struc-
tures are approximately 0.4 eV more stable than the open
ring structures, which corresponds to a higher predicted ADE
value, as can be seen in the simulation included for the
open ring structure shown in Fig. 7(b). Symmetric book
structures, with the Sm in the central position, are approxi-
mately 0.1-0.15 eV higher in energy for the anion and neu-
tral, respectively. Since the central atom in the book struc-
ture is bound to three O-atoms, a Ce atom in that central
position is favored because Ce—O bonds are stronger than
Sm-0 bonds.”>?* Simulations based on these various states
and structures support the presence of the asymmetric book
structure.

For this same reason, the symmetric book structure is
favored by Sm;CeO3~ shown in Fig. 7(c) (again, Ce in the
central position of the book). The open ring structure and the
asymmetric book structure (Ce on a corner position) are less
stable by approximately 0.2-0.3 eV for the anion and neutral,
respectively. Simulations based on the symmetric book predict
less vibrational congestion than what is observed, suggesting
that some asymmetric book structure may be present; the cal-
culated ADE values for both are in fair agreement with the
observed transition energy. Calculations on Sm303~/Sm303
predict that the book structure is 0.3 eV more stable than the
open ring structure for the anion and 0.13 eV more stable for
the neutral. High and relatively low spin states arise from either
parallel or antiparallel spins of the 4f electrons on the central
Sm center relative to the two corner Sm 4f electrons. Simula-
tion parameters for all simulations shown are included in the
supplementary material.

Figure 8 shows the evolution of the Sm,Ce;_, O3~ elec-
tronic structures with x. We note here that a general description
of orbital energies and occupancies for the different structural
isomers are very similar (depictions of the MOs are included
in the supplementary material). As calculated for the tetroxide
series, the occupied Sm-4f orbitals (hatched red) of Sm303~
and SmyCeO3™~ are predicted to be energetically close to the
orbitals that correlate with the VB (gray) of the bulk sesquiox-
ide, and in Sm304~, with several of the 4f orbitals appearing
to be involved in covalent bonding with the O-atoms (hatched
red and gray). By contrast, the occupied 4f orbitals in the
SmCe, O3 anion lie energetically above the two singly occu-
pied Ce 4f-local orbitals (solid red). Additionally, while all
anions in the tetroxide series had the same number of elec-
trons occupying diffuse Ce and/or Sm 6s-based MOs, the
SmCe;0O3~ and SmyCeO3~ anions have three (rather than four,
as in Ce3037), or slightly less than three, taking into account
4f-6s hybridization (hatched red and green). Sm3O3~ has an
electronic structure more similar to Ce3O3~, with 4 electrons
in the Sm 6s-based orbitals (hatched green), though one also
exhibits more 4f-6s hybridization. A side-by-side comparison
of the Ce303~ and Sm303~ frontier orbitals is included in Fig.
S19 of the supplementary material. Neutral electronic struc-
tures have the same 4f subshell occupancies as their anionic
counterparts, with one less electron occupying the diffuse
orbitals.

y = 2. Figure 9 shows a summary of computa-
tional results on the Sm,Ces_,O,~ species, again, with the
previously reported results on Ce30,7/Ce3;0; included for
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direct comparison [the simulations shown in Fig. 8(a) were
not previously reported]. The relative energies of the most
competitive spin states for the various structures are summa-
rized in Table VI, along with the diffuse Ce and/or Sm 6s-based
MO occupancies. In these more reduced systems, 5d-based
MOs are also occupied, and these electrons are included in
the count. We note here that the calculations on this dioxide
series have the additional challenge of very floppy molec-
ular structures, so the results should be treated with extra
caution.

Two structural isomers, house and kite, were calculated
to be nearly isoenergetic for Ce3O,~, while the kite structures
emerge more definitively as the lowest energy isomer for both
SmCe,O,~ and Sm,CeO, . In both the heterometallic cases,
the least coordinated kite’s tail position is occupied by a Sm
center, which is, again, less oxophilic than Ce.”>?* The cal-
culated transition energies and band profiles for both mixed
species are in reasonable agreement with the observed ground
state transitions.

Calculations on Sm30,7/Sm30; predict that the house
structure is more stable than the kite structure by 0.21 eV.
However, the calculated ADE values do not agree with the
experimental spectrum. The simulation based on the higher
energy kite structure is similarly unsatisfactory. The appear-
ance of the Sm30,~ PE spectra taken both with 3.495 eV and
2.330 eV are is similar to the SmyCeO,~ spectra [Figs. 4(d)
and 4(c), respectively] with the main differences being the
slightly lower ADE values and broader bands X and A in
the Sm30, ™~ spectra. The spectral similarities suggest similar
molecular and electronic structures for Smy;CeO,~/Sm,CeO,
and Sm30O,7/Sm30,. However, the plethora of structures
and spin states attempted in calculations on Sm30,7/Sm30,
(see the supplementary material) are all inconsistent with the
observed spectrum. Bi-pyramidal structures with the O-atoms
situated above and below a Smj triangle failed to converge
but were energetically competitive before failing. We there-
fore restrict the analysis of the computational results to the
heterometallic systems.

Figure 10 shows the evolution of the electronic structures
of the dioxide cluster anions, with depictions of the orbitals
in the supplementary material. Again, for species, Ce 5d-
based or 5d-6s hybridized MOs are occupied, indicated in
blue. For both heterometallic species, the occupied Sm-local
4f orbitals lie above the Ce-local 4f orbital(s). Overall, as
the clusters become less oxidized, the Sm-local 4f orbitals are
destabilized and more so in the Ce-rich heterometallic clusters.
However, the Sm 4f° subshell occupancy is still maintained
for the single Sm center in SmCe,O,~ and both Sm centers in
Sm,CeO, ™.

As with the trioxide series (and in contrast to the tetroxide
series), in the SmyCe3_xO0,7/SmyCes_4O, progression with
incremental increases in x, the number of electrons in the dif-
fuse orbitals decreases by 1. The Ce 4f subshell occupancy
remains unambiguously at 1, and the Sm centers assume a 4f°
subshell occupancy. While calculations on Sm30,7/Sm30,
did not compare well with the observed spectrum, they pre-
dict that the Sm subshell occupancy is between 5 and 6. As
noted above, the spectra of Sm;CeO,~ and Sm30,~ sug-
gest very similar electronic structures, which would imply on
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average a lower Sm 4f subshell occupancy in Sm3O,~ than in
Sm,CeO;".

IV. DISCUSSION

The combination of experimental and computational
results presented above reveals the exceptional electronic com-
plexity of these Sm,Ce3_, 0, /Sm,Ce3_, O, (x =0-3;y=2-4)
suboxide species. There are three interesting trends in partic-
ular that have emerged: First, the variations in relative excited
state transition intensity with photon energy, observed pri-
marily for x = 1-3, y = 3, 2, become increasingly dramatic
with the more Sm-rich and O-deficient species. Second, the
Sm centers in these various species present different x and
y-dependent 4f subshell occupancies, with increased occu-
pancy favored in the heterometallic clusters and more reduced
clusters. In the case of the species closest to bulk stoichiom-
etry (Sm,Ces;_,047/Sm,Ces;_,04), this effect appears to be
charge-state dependent. Third, energy of the Sm 4f subshell
systematically changes relative to the O 2p-predominant bond-
ing orbitals that correlate with the bulk VB. The stability
of the subshell increases both with increasing oxidation and
proportion of Sm atoms. The energy of the Ce 4f occupied
orbitals relative to the O 2p bonding orbitals remains fairly
constant. These three effects will now be discussed in greater
detail, followed by a comment on the computational results in
general.

A. Sm 4f subshell occupancy

As noted above, the chemistry of the lanthanoids is
similar because, generally, the contracted, largely non-
bonding 4f orbital occupancy increases incrementally with
the atomic number across the lanthanoid row in the peri-
odic table. The Ln,O3 sesquioxide materials favored by
most lanthanoids have partially filled, narrow 4f bands
within the conventional band gaps, though in the case
of Smy03, this band lies energetically at the top of the
VB.3%97 The Sm,Ce;_, 04~ /Sm,Ce;_, 04 tetroxide clusters
behave differently from the Sm,Ce;_,O37/Sm,Ce;_,03 and
Sm,Ce3_,0,7/Sm,;Ce;_,0, clusters, and we address their
electronic structure first. The superconfiguration description
of the Ln centers in all four Sm,Ces;_,O4~ anions have 4f
subshell occupancies that align with the sesquioxide band
structure, with the two excess electrons occupying the highly
diffuse Ln 6s-based MOs. Again, these diffuse orbitals are dif-
ferent from the traditional Ln 5d conduction band: In these
very small systems, the delocalized 6s orbitals are appar-
ently stabilized relative to the bulk because they are not con-
fined by an infinite lattice. The computational results show
that the Sm-containing neutral analogs have higher 4f sub-
shell occupancy (the Sm center in SmCe, Oy has 4f°, while
the multiple Sm centers in SmpCeO4 and Sm30, share the
additional 4f electron), which is not surprising considering
that the 4f° bulk state in the sesquioxide lies within the
traditional band gap.®” The prospect of switching the rela-
tive stability of the 4f> and 4f° subshell occupancies with
charge in these localized systems is interesting because of
the fairly significant impact on the Sm—O bond strength and
potential change in the magnetic moment. In effect, donation


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012830
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012830

054305-14 Topolski et al.

of one electron to the neutral results in a change of +2 elec-
trons in the diffuse orbitals that correlates with the CB of the
bulk.

The Sm,Ce3_,0O37/Sm,Ce;_,03 and
Sm,Ces_,0,7/Sm,Ces_,O, clusters do not exhibit the
charge-state dependent Sm 4f subshell occupancy. We first
consider the Sm,Ce3_,O37/Sm,Ce;_,03 series, the neutrals
of which feature Ln centers in the same formal oxidation states
as the well-characterized CeO and SmO diatomic molecules,
which favor the 4f 6s and 4f> 6s superconfigurations, respec-
tively’! (Ref. 71 refers to these diffuse, slightly polarized 6s
orbitals as the o* orbital). Neutral Ce3O3 has an electronic
structure that is easily related to a trimer of CeO diatomic
molecules, in which there are three electrons in the 6s-based
orbitals (four in the anion) and three electrons in distinctly
non-bonding 4f orbitals. Neutral Sm303 has two electrons
occupying diffuse 6s-like orbitals, an average 47> subshell
occupancy on each Sm atom. On the other hand, the Sm
centers in neutral SmCe;O3 and Sm,;CeO3 are more dis-
tinctly 4f%. This effect can be rationalized in the following
manner: The bulk Ce,O3 VB is lower in energy than the
bulk Sm;0O3 VB, an effect reflected out in the calculations
on the cluster systems (analogs to Figs. 6, 8, and 10, with
orbital energies plotted on an absolute scale rather than rel-
ative to the highest energy O 2p-predominant MO). In the
heterometallic oxide clusters, the stronger bonding between
Ce and the limited number of O-atoms results in an inherent
asymmetry, with Ce being more strongly bound to the lim-
ited O atoms at the expense of Sm. The Sm-O ligand field
stabilized 4f> 6s superconfiguration is bond-length depen-
dent, with longer bond lengths resulting in the stabilization
of the 4f° subshell occupancy relative to the 4f> subshell
occupancy.

A similar picture emerges within the Sm,Ces;_,O,7/
Sm,Ces_, O, series, in which the Ce center unambiguously
maintains the singly occupied, ligand field favored 4f sub-
shell occupancy, while for both heterometallic clusters, the
Sm center unambiguously favors the 4% subshell occupancy.
The Sm centers in the Sm30, anion and neutral, on aver-
age, lie between 4f5 and 4f6. So, while the more reduced
homometallic samarium oxide systems exhibit Sm 4f>+
(& ~ 1/3), on average, only the heterometallic oxides feature
the Sm—O bond weakening 4f° occupancy. The implication of
this finding is that Sm dopants in cerium oxide could generate a
local disruption in the Ln—O bonding network. This effect may
play a role in the increased ionic conductivity of Sm-doped
ceria.

B. Occupied Sm 4f orbital energies

The computational results again suggest different trends in
electronic structures for the tetroxide species when compared
to the tri- or di-oxide species, though in terms of the Sm 4f band
energy, the distinction lies primarily with the Sm,Ces_,O4~
(x = 1-3) series of anions. As noted above, the electronic
structures of the Sm,Ce3_,O4~ (x = 0-3) anions are evoca-
tive of the bulk sesquioxide band structure, with the occupied
Sm-local 4f orbital energies close to the orbitals correlating
with the VB, and the singly occupied Ce-local 4f orbitals
(x = 0-2) situated midway between the VB and CB. However,
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in the neutral Sm,Ces_,O4 clusters, the Sm 4f band is desta-
bilized relative to the anions, an effect that is likely related
to the 4f>*® (1/3 < & < 1) subshell occupancy. Given this
rationalization and the discussion on the Sm 4f subshell
occupancy in Sec. IV A, the computational results on the
Sm,Ce;_,O3~ and Sm,Ces_,O,~ series follow suit. That is,
in these series, the Sm 4f subshell occupancies for the het-
erometallic species are greater than those of the homometallic
species, with the higher occupancy resulting in an overall
destabilization of the occupied Sm 4f orbitals.

This effect, again, is consistent with the 4f 6 state of bulk
Sm, O3 lying energetically close to the CB, but within the tra-
ditional band gap, in contrast to the energy of the 4f> ground
state. The calculations suggest that the Sm 4f band energy
can be tuned with the specific Sm,Ce;_,O,7/Sm,Ce;3_,0O,
cluster composition, which affects the 4f5+5 (3<d<]
Sm occupancy. Figures 8 and 10 show clear trends in the
occupied Sm 4f orbital energies: With increasing x (which
incrementally decreases & in the 4f>*® subshell occupancy),
the occupied Sm-local 4f local orbital energies incrementally
decrease relative to both the Ce local 4f orbital energy and
approach the VB orbital energies. Concomitantly, compar-
ing Sm,Ces;_,O3~ to Sm,Ces;_, 0,7, the occupied Sm-local
4f orbital energies are incrementally lower in the trioxides
than the dioxides. These systems raise the prospect of tunable
Sm 4f band energies, while the Ce 4f band remains relatively
unchanged.

C. Relative intensities of transitions to excited states

We had previously reported the observation of photon
energy dependent relative intensities of excited state tran-
sitions in the spectra of small homometallic SmyO~ and
Sm,0,~,7* and in the current study, the effect has also been
observed in heterometallic Sm—Ce oxides. We proposed that
the photoelectron and neutral were strongly coupled in the
initial stages of the photodetachment process and the time-
evolution of the (electron + neutral) results in the population
of excited states of the neutral. The effect is necessarily more
pronounced when the electron is closer to the threshold due to
the prolonged strong interactions. The strong coupling is asso-
ciated with the exceptionally high density of states that arise
from the larger number of microstates in the 4f> or 4f% sub-
shell occupancy compared to the Ce 4f subshell occupancy;
homometallic Ce,O,~ cluster PE spectra do not exhibit this
effect.

In the case of the reduced Ce3;0,™ cluster, the spectrum
surprisingly does not reflect the fairly high density of low-
lying electronic states arising simply from the six electrons
occupying both Ce 6s- and 5d-based molecular orbitals, which
should be close in energy. The relatively simple appearance of
the spectrum, compared to the very congested PE spectrum of
its Sm3O,~ congener, could suggest that the spectrum of the
former may be affected by “shake-down” transitions. How-
ever, only (and most of) the Sm-containing clusters exhibit this
striking photon energy dependent intensity variation. The new
results presented here also suggest that the energetic crowd-
ing of open, close-lying 5d and 6s based molecular orbitals
in clusters with Sm atoms contributes to the effect, given
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that it becomes increasingly pronounced with lower oxidation
states.

Further details on the theoretical treatment of the strongly
coupled electron-neutral system are included in a separate
study, in which we include spectra measured with a wide range
of photon energies, which demonstrate unambiguously that
this effect is not due to a common coincidence of autode-
taching anion states at 2.33 eV above the ground state of the
anion.”®

D. Reliability of the computational results

In most cases, the computational results are in qual-
itatively good agreement with the experimental results. In
previous studies on Ln—-O diatomic molecules and a wide
range of homometallic cerium oxide clusters, the agreement
was generally better than in the current study. We note here
that much higher level calculations (spin-orbit complete active
space calculations with corrections from second order per-
turbation theory) on the much smaller SmO~/SmO molecule
recently reported by Neumark and co-workers’”> were in very
good agreement with the low-lying electronic structure of
SmO; however, those theoretical results did not shed light
on the nature of apparently important® excited neutral states
lying ~2 eV above the SmO ground state. The more com-
plex systems presented in this current study underscore the
distinct challenge this class of systems presents electronic
structure calculations. In particular, it appears that a more com-
putationally robust treatment of these complicated electronic
states must be developed and an explicit treatment of elec-
tron dynamics is necessary to capture essential elements of
photodetachment in many lanthanide oxides, especially those
including Sm. Efforts of this sort are currently underway in
our labs.

V. CONCLUSIONS

A systematic study of small homo- and heteronuclear
Sm,Ce;_,Oy~ (x = 0-3; y = 2-4) suboxide molecules using
anion PE spectroscopy, supported by a qualitative inter-
pretation of the results of DFT calculations, suggests that
small heterometallic Sm-Ce oxides have unique, composition-
dependent electronic properties. The spectra compared with
computational results suggest interesting x and y-dependent
Sm 4f subshell occupancy with implications for Sm-doped
ionic conductivity of ceria, as well as the overall electronic
structure of the heterometallic oxides. In particular, the Sm
centers in the heterometallic species have higher 4f subshell
occupancy than the homonuclear Sm30,~/Sm30, clusters.
The higher 4f subshell occupancy both weakens Sm—O bonds
and destabilizes the 4f subshell relative to the predominantly
O 2p bonding orbitals in the clusters. Parallels between the
electronic structures of these confined cluster systems with
bulk oxides are explored.

In addition, we observe unusual increases in the rel-
ative excited state transition intensities in the spectra of
Sm,Ce;_,0,~ (x =1-3; y =2, 4) measured with lower photon
energies similar to those observed previously in the PE spectra
of Sm;O~ and Sm,O;, ", suggesting that the phenomenon may
be general for species with exceptionally complex electronic
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structures. The new results suggest that the effect is enhanced
with lower oxidation states and more Sm atoms, implying both
the prevalence of electrons in the diffuse Sm 6s-based molec-
ular orbitals and a more populated 4f subshell contribute to
this phenomenon. Finally, we consider the utility, challenges,
and limitations of inexpensive DFT calculations in treating
exceptionally complex electronic structures.

SUPPLEMENTARY MATERIAL

See supplementary material for details on spectro-
scopic parameters used to generate PE spectral simulations,
absolute orbital energies from calculations, structures of
all species considered in the spectral simulations, diagrams
showing all structures and energies that converged in calcu-
lations, spin densities, and representative orbitals and occu-
pancies (Cartesian coordinates for all species are available
on request) and several direct comparisons of specific species
(vide supra).
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