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CONSPECTUS: Lanthanide (Ln) oxide clusters and molecular systems provide a bottom-up
look at the electronic structures of the bulk materials because of close parallels in the patterns of
Ln 4f" subshell occupancy between the molecular and bulk Ln,Oj size limits. At the same time,
these clusters and molecules offer a challenge to the theory community to find appropriate and
robust treatments for the 4f' patterns across the Ln series. Anion photoelectron (PE)
spectroscopy provides a powerful experimental tool for studying these systems, mapping the
energies of the ground and low-lying excited states of the neutral relative to the initial anion state,
providing spectroscopic patterns that reflect the Ln 4f¥ occupancy. In this Account, we review our
anion PE spectroscopic and computational studies on a range of small lanthanide molecules and
cluster species. The PE spectra of LnO~ (Ln = Ce, Pr, Sm, Eu) diatomic molecules show
spectroscopic signatures associated with detachment of an electron from what can be described as o5
a diffuse Ln 6s-like orbital. While the spectra of all four diatomics share this common transition,
the fine structure in the transition becomes more complex with increasing 4f occupancy. This
effect reflects increased coupling between the electrons occupying the corelike 4f and diffuse 6s orbitals with increasing N.
Understanding the PE spectra of these diatomics sets the stage for interpreting the spectra of polyatomic molecular and cluster
species.

In general, the results confirm that the partial 4f" subshell occupancy is largely preserved between molecular and bulk oxides
and borides. However, they also suggest that surfaces and edges of bulk materials may support a low-energy, diffuse Ln 6s band,
in contrast to bulk interiors, in which the 6s band is destabilized relative to the Sd band. We also identify cases in which the
molecular Ln centers have 4f'*! occupancy rather than bulklike 4, which results in weaker Ln—O bonding. Specifically, Sm
centers in mixed Ce—Sm oxides or in Sm,0,” (y < x) clusters have this higher 4! occupancy. The PE spectra of these
particular species exhibit a striking increase in the relative intensities of excited-state transitions with decreasing photon energy
(resulting in lower photoelectron kinetic energy). This is opposite of what is expected on the basis of the threshold laws that
govern photodetachment. We relate this phenomenon to strong electron—neutral interactions unique to these complex
electronic structures. The time scale of the interaction, which shakes up the electronic configuration of the neutral, increases
with decreasing electron momentum.

From a computational standpoint, we point out that special care must be taken when considering Ln cluster and molecular
systems toward the center of the Ln series (e.g., Sm, Eu), where treatment of electrons explicitly or using an effective core
potential can yield conflicting results on competing subshell occupancies. However, despite the complex electronic structures
associated with partially filled 4f" subshells, we demonstrate that inexpensive and tractable calculations yield useful qualitative
insight into the general electronic structural features.
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1. INTRODUCTION

Lanthanides (Ln), customarily relegated to the bottom margin
of the periodic table of the elements with the actinides, are a
series of elements whose atomic electronic structures are
characterized by close-lying 6s, 5d, and 4f subshells, ranging
from lanthanum (4£°5d6s?) to ytterbium (446s%)." Ln,0; bulk
properties are similar: Ln 4f occupancy tends to increase
incrementally with atomic number. Electrons in the corelike 4f
subshell are nuclear-shielding, and Z. is consequently
relatively constant, resulting in very similar chemical properties
for near-neighbors in this row. The 4f subshell occupancy of
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the Ln ion in lanthanide oxides (generally Ln,0;) is generally
the same as in the atom.”

Cerium is the lightest Ln atom with 4f subshell (single)
occupancy, and despite the “rare earth” moniker, it is more
abundant in the earth’s crust than both copper and nickel.’
Intrigued by the burst of interest in ceria as a catalyst support
material,”® we undertook several cerium oxide cluster anion
reactivity studies’”® and determined the molecular and
electronic structures of these clusters by anion photoelectron
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(PE) spectroscopy and density functional theory (DFT)
studies.” However, to better understand the complex electronic
structures arising in systems with partially filled 4f subshells, we
investigated a number of LnO/LnO~ diatomics'®™** and small
mono-Ln polyatomics.*~'® These studies informed subse-
quent analyses of studies on mixed metal oxide clusters,''”"®
some of which exhibited new and anomalous features in their
anion PE spectra.'”*’

To set the stage, we invoke a useful construct used by Field
in a seminal paper detailing the ligand field theory treatment of
LnO electronic structure,”’ the “superconfiguration,” which is a
simplified, general characterization of the orbital occupancy
shared by the constellation of close-lying electronic states in
these systems. For example, the Ce®* center in the ground state
of the CeO molecule, the subject of numerous detailed
spectroscopic”””*® and ab initio”*”” investigations, has a singly
occupied 4f orbital and a singly occupied diffuse 6s-like orbital:
its superconfiguration is 4f6s. More highly oxidized lanthanide
centers may have empty 4f and 6s subshells.'****’

Why do so many close-lying electronic states arise from the
4f6s superconfiguration? We first consider the spin—orbit
coupling in Ce** with the 4f6s superconfiguration. Ce is a fairly
heavy element, with strong spin—orbit coupling, and the j—j
coupling scheme, where the angular momenta of the individual
electrons are considered separately (j; j;) and then combined
to obtain the total electron angular momentum (J, for the
atomic center), is appropriate. In the j—j coupling scheme, the
Ce™" center has lower-energy states with J, = 2 or 3 from j; =
3/, (4f electron) and j, = +'/, (6s electron) that are very close-
lying, along with higher-energy states with ], = 4 or 3 from j; =
7/4 js = £'/,. The electrons in the 4f and 6s orbitals are very
weakly coupled. These relative energies are largely preserved in
the ligand field of O®7, leading to 16 close-lying states
associated with projections of ], onto the internuclear axis, L.
The case is somewhat simpler for the seven electronic states of
CeO~ with the 4f6s* superconfiguration, resulting in J, = °/,
and the higher-lying J, = 7/, states.'"” The anion states and
(known) neutral states are shown schematically in Figure 1.

2. ELECTRONIC STRUCTURES OF LnO DIATOMIC
ANIONS AND NEUTRALS

Considering the electronic states summarized in Figure 1, the
PE spectrum of CeO™ should reflect detachment transitions
involving the 6s orbital, ie, CeO~[4f6s] + e (KE) «
CeO™[4f65%]. Despite the energetic proximity of the 4f and
6s orbitals, the 4f°6s> superconfiguration lies much higher in
energy. In addition, one of our previous findings from
measuring the spectrum of Ce™ is that the cross section for
detaching an electron from a 4f orbital is comparatively very
small,’® as predicted theoretically.’’ Assuming that one-
electron transitions are dominant, we expect a change only in
j (Ajs = =/, +'/,), with j; being conserved (as illustrated in
Figure 1). From the lowest-lying state of the anion, only the
two lowest-lying neutral states are accessible. However, the
assumption of one-electron transitions may not be appropriate
(vide infra).”

Figure 2 shows the PE spectra of CeO™, PrO~, SmO~, and
EuO~ (contributions from the EuOH™ contaminant are shown
as orange peaks) measured using an experimental apparatus
described previously.”** Spectra measured with the laser
polarization parallel and perpendicular to the electron drift
path are both shown: the spectra measured with parallel
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Figure 1. Schematic showing electronic states of CeO (top) and
CeO~ (bottom) resulting from the 4f6s and 4{6s> superconfigurations,
respectively. One-electron-allowed transitions from the two lowest-
energy states of the anion are indicated with arrows, with red
indicating the transition to the lowest-energy one-electron-accessible
state of the neutral (Aj; = —'/,) and green indicating the close-lying
but higher-energy transition (Aj; = +'/,). Energies and labels for the
CeO neutral states were adapted from ref 23.

polarization are more intense than those with perpendicular
polarization, which is consistent with detachment from the 6s
orbital***° An obvious trend in these spectra is increasing
spectral congestion with increasing 4f subshell occupancy. The
spectrum of CeO™ is very simple and appears to be a single
transition with a short vibrational progression, though in fact
two electronic transitions separated by 84 cm™' are present
(Figure 1). The PE spectrum of PrO~ supports this assertion:
the splitting between the analogous Aj; = —'/,, +'/, transitions
in PrO~ is slightly larger, and the two transitions are partially
resolved in the spectrum (Figure 2b).

The spectrum of SmO~™ exhibits numerous overlapping
transitions, as confirmed by higher-resolution slow photo-
electron velocity-map imaging of cryo-cooled anions (cryo-
SEVI) measurements by Neumark and co-workers,” reflecting
extensive mixing between close-lying neutral states arising from
the 4f6s superconfiguration. This observation is a distinct
indication that the one-electron view of photodetachment
transitions is inadequate. Indeed, the low-intensity transitions
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Figure 2. Anion PE spectra of (a) CeO™ (4f6s” superconfiguration),
(b) PrO™ (4£%6s%), (c) SmO~ (4£6s), and (d) overlapping EuO~
(4f’6s and 4£°6s?) and EuOH™. All exhibit analogous LnO(4f" 6s) +
e (KE) < LnO(4fV6s*) transitions, with additional transitions
evident in (d). As N increases, spectral congestion increases because
of increased coupling between electrons in the corelike 4f and diffuse
6s orbitals. The spectra were measured with a photon energy of 2.330
eV (532 nm) with the laser polarization parallel to (black) or
perpendicular to (red) the electron drift path. Portions of the PE
spectra of SmO™ and EuO™/EuOH™ measured with a photon energy
of 3.495 eV (355 nm) are included as blue traces to show the low-
intensity signals assigned to transitions involving two electrons
(detachment and excitation), indicated with an asterisk (*) at higher
electron binding energy for all four species.

indicated by asterisks (*) in Figure 2 are at energies where no
one-electron transitions are predicted, though ab initio
calculations on low-lying excited states of CeO predict 6s —
5d transitions to states that lie approximately 1.25 eV above
the ground state.”” We had suggested that these low-intensity
features are shake-up (two-electron) transitions'*~"* in which
detachment of an electron from the doubly occupied 6s orbital
is accompanied by a 6s — 5d, promotion of the other electron.
Shake-up transitions are not without precedent, having been
observed previously in anion PE spectra.38 Curiously,
theoretical calculations attending the cryo-SEVI study of
SmO~ did not predict states in the energy range of the
observed (*) transitions;*” nonetheless, the fact that they were
observed is a reflection of how fraught calculations on complex
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molecules like SmO can be and how critical experimental
measurements are for characterizing these species. We note
that these (*) transitions are not due to detachment of
electrons from 4f orbitals, which as noted previously have
exceptionally small photodetachment cross sections, in
contrast to the exceptionally large cross sections for transitions
associated with 6s electron detachment.'**%*!

In our studies on these small molecules, DFT calculations
provided useful qualitative results. Good agreement between
the relative energies of the anions and neutrals along with the
range of neutral energies from a particular superconfiguration
was achieved using the B3LYP hybrid density functional with
an effective core potential (ECP) employed to implicitly treat
scalar relativistic effects. However, in the case of EuO, for
which the 4f and 4f%s superconfigurations are compet-
itive,””* use of an ECP and an all-electron basis set with
explicit inclusion of scalar relativistic effects gave conflicting
results as to which is lower in e:n(erg}f.4l_43 Calculations on
mid-lanthanoids must therefore be treated with caution and
care.

Since the goal of the studies summarized in this section was
to gain insight into the electronic structures of more complex
molecules and clusters, a summary of these insights is
warranted and follows:

(i) Anion and neutral diatomics generally shared the same
4f subshell occupancies, with excess charge in the anion
carried in a diffuse nonbonding Ln 6s orbital.

(ii) Large photodetachment cross sections and parallel
transitions are hallmarks of a detachment transition
associated with the 6s orbital. These electrons are not
strongly bound.

(i) With initial 4f'6s* superconfigurations, shake-up tran-
sitions that appear to involve promotion of a 6s electron
to a 5d (or possibly 6p) orbital coupled with detachment
of an electron from the 6s orbital appear to be a
common phenomenon.

(iv) With increasing 4f subshell occupancy, increased mixing
between the states within the manifold associated with a
particular superconfiguration results in greater spectral
congestion, pointing to the inadequacy of treating
transitions as one-electron.

(v) Although their limitations must be recognized, DFT
calculations provide useful qualitative insights into the
leading superconfiguration description of the electronic
structure of the lanthanide oxides.

3. Ce MOLECULES

Cerium materials beyond the oxides have fascinating proper-
ties. For example, cerium hexaboride, a hard ceramic used as
an electron gun cathode material, is a heavy fermion material
and possesses hidden magnetic phases.44’45 In the bulk lattice,
the boron atoms constitute hexaboride octahedra and form a
CsCl crystal structure with the Ce** (4f6s°) centers. Of course,
on surfaces, edges, and corners it is unlikely that the By units
would remain octahedral. Furthermore, CeB, oxidizes under
typical operating conditions. To determine how the electronic
structures of molecular models of edge or corner sites evolved
from the boride to the oxoboryl to the boronyl to the oxide, we
considered the PE spectra of CeB4~,'® CeB;0,~, Ce(BO), "
and CeO,”."*

The spectra, molecular structures consistent with the
spectra, and natural ionization orbitals (NIOs) associated
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Figure 3. PE spectra and detachment NIOs of (a) CeB4~, (b)
Ce(B;0,)7, (c) Ce(BO),™, and (d) CeO, . Dark traces indicate laser
polarization parallel to the electron drift path, and lighter traces
indicate perpendicular polarization. The dominant features are more
intense in the parallel polarization spectra, supporting the 6s-like
NIOs shown. The features at higher electron binding energy in (a)
and (b) are more isotropic, consistent with detachment from the
boride or oxoboryl ligand. Blue and green traces indicate photon
energies of 3.495 and 2.330 eV, respectively.

with the lowest-energy transitions in each spectrum are shown
in Figure 3. NIOs provide a compact orbital-based illustration
of the one-electron orbital where the change in charge occurs
in the transition from the anion to the neutral.”® In Koopmans
electron detachment processes, the NIO model is rigorously
equivalent to the Dyson orbital model. In other situations,
NIOs appear essentially equivalent to Dyson orbitals derived
from high-order propagator methods. However, the formal
relationship between NIOs and Dyson orbitals under such
conditions remains an area of active research.

In all four molecular anions, the NIO is a diffuse 6s-like
orbital, as with the diatomics. These molecules are ionic: the
CeBs~ anion can be described as Ce®*(4f6s)Bs>~, with the
most intense feature observed in the spectrum (Figure 2a)
associated with a transition to Ce**(4f)Bs’~, while detach-
ments of electrons from the By ligand appear as broad features
with isotropic photoelectron angular distribution (PAD) to
higher electron binding energy. Particularly interesting is the
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neutral molecule, which adapts the same ionic character as the
bulk, though the By ligand is clearly less compact than the
octahedral structures in the bulk material, relaxing to a planar
or nearly planar structure to accommodate the high negative
charge. The teardroplike structure of CeB,~/CeBy is similar to
the structure inferred from the anion PE spectrum of SmBg~
reported previously.”” Wang and co-workers have undertaken
extensive studies of metal borides,**>*
planar or near-planar boride cluster ligands.

Oxidation of CeByg surfaces is believed to play a role in the
electron emission properties, and the electronic structures of
the oxoboryl, boronyl, and oxide complexes give some insight
into why. Similar to CeBs~, CeB;O,” can be described as
Ce*"(4£6s)[B;0,]°". As shown schematically in Figure 4, both
CeB;~ and CeB;0,™ have molecular orbitals crowded between
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Figure 4. Schematic of the relative molecular orbital energies and
occupancies of CeBg~, Ce(B;0,)”, Ce(BO),”, and CeO,”, showing
the presence of boride or oxoboryl-local orbitals just below the diffuse
Ce 6s orbital and core-like 4f orbital. In other molecular systems
described in this report (e.g, LnO~, Ce(BO),”, larger metal oxide
clusters), there is a significant energy gap between the 4f an 6s-like
orbitals. B 2p-based MOs are indicated in orange, O 2p-based MOs in
blue, Ce 6s-based in green and 4f-based in red. Mixed B/O 2p-based
are indicated by blue and orange striped bars.
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the Ce 4f and 6s orbitals. However, in the case of CeB;0,7, the
HOMO-1 localized on the oxoboryl ligand is particularly
close in energy to the 6s singly occupied MO (neutral
LUMO). Under the assumption that the diffuse 6s orbital plays
a role in the thermal emission of the lanthanide borides, an
occupied orbital lying energetically just below the 6s orbital
would enhance the thermal emission. However, it should also
be noted that this effect is reversed in the more oxidized
Ce(BO),” and CeO,” molecules.

This study gives insight into how the Bs*~ ligands may relax
and oxidize at the surface and shows that with or without
partial oxidation, the frontier orbitals are very close in energy
to a diffuse 6s-like orbital (which would form a delocalized
band on the surface). A recurring theme in these spectra is the
fairly modest binding energy of electrons in this diffuse orbital,
which by extension to the bulk facilitates electron emission
from the surface.

This series of molecules provides another interesting insight.
Ce(BO),” features the Ce center with the CeO™-like 4f6s>
superconfiguration, while the Ce center in CeO,™ has the 4f°6s
superconfiguration. Why is the 4f orbital in the anion not
occupied, given the 6s orbital is higher lying in all of the other
species? This is a poignant example of how the stronger Ce—O
ionic bonding afforded by the empty 4f subshell in
combination with the stabilization of the polarized 6s orbital
by the dipole of the neutral “core” of CeO, yields the non-
aufbau orbital occupancy. The same effect was predicted for a
C,, Ce,0,” anion. However, (CeO,),” clusters with n > 2
favor structures with small dipoles, and the HOMO is the 4f
local orbital."*

4. MIXED Ce—Sm OXIDE CLUSTERS

Because bonding in metal oxides is localized, cluster models
provide a powerful platform for probing the properties of low-
abundance bulk features such as corners, O vacancies, and
dopants.”** Interested in the possibility that O*~ mobility in
ceria may play a role in ceria support enhancement of catalyst
performance and notin§ that Sm doping in ceria enhances the
ionic conductivity,”* " we carried out studies of mixed Ce—
Sm oxide clusters."”"® Samplings of PE spectra obtained at
photon energies of 2.330 eV (green) and 3.495 eV (blue) for
Ce;_,Sm,0,” and Ce,;_,Sm,0;~ (x = 0—3) are shown in
Figures S and 6, respectively. As with the other species
described above, the transitions to the ground states of all
neutrals (X) exhibit parallel photoelectron angular distribu-
tions. Figure S shows the spectra of the Ce;_,Sm, O, series, all
of which exhibit nearly identical spectral signatures of
detachment of a fairly weakly bound electron from a
nonbonding orbital with a much less intense shake-up lying
ca. 0.5 eV higher in energy. While not shown here, the
HOMOs of these anions can be described as linear
combinations of the diffuse Ln 6s orbitals. The similarity of
these spectra illustrates the chemical similarity noted above,
with the incremental increase in the occupancy of the corelike
4f subshell with Z having a small impact on valence bonding.
Since these tetroxide species have the simplest electronic
structures of the various Ce;_ Sm,0O,~ (y = 3, 4) clusters, we
discuss their electronic structures first.

Our earlier studies of Ce,O,” clusters’ suggested interesting
parallels between the cluster and bulk electronic struc-
tures.”*”®* For example, as with bulk Ce,Os, the singly
occupied 4f orbitals in the small Ce,O, anion and neutral
clusters lie energetically several electronvolts above the O-2p-
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Figure 5. PE spectra and molecular structures of Ce;_,Sm, O, (x =
0-3) clusters, showing close similarity in electronic structures across
the series, including the low-intensity features attributed to shake-up
transitions. The slight broadening of the transitions with increasing x
reflects the higher density of states in the 4f subshell occupancy in
Sm versus 4f in Ce.

predominant orbitals, correlating to the bulk valence band.
Additional electrons beyond those occupying the 2p or 4f
orbitals lie in delocalized orbitals, evocative of the conduction
band, that lie several electronvolts above the 4f orbitals. Figure
7 shows the relative occupied orbital energies schematically."®
Similarly, our studies of Sm,O,” clusters suggest that the 4
“band” lies energetically with the highest-energy O 2p
molecular orbitals and exhibits some 4f—2p covalency, as is
the case with bulk Sm,0;. Included in Figure 7 are the
molecular structures of Ce;O,” and Sm;O, and the two
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Figure 6. PE spectra and molecular structures of Ce;_,Sm,O;~ (x =
0—3) clusters, which contrast with those of the Ce;_,Sm,0,” (x = 0—
3) series in that the species with x # 0 have a distinctly lower electron
binding energy (position of band X) and more pronounced excited-
state transitions (A, B, and C) than the pure Ce;O;  cluster. In
addition, these excited-state transitions are significantly more intense
relative to X in the spectra measured with a photon energy of 2.330
eV compared with the spectra measured with a photon energy of
3.49S eV.

mixed species determined from our studies, along with the
calculated orbital energies. All of the orbitals lying above the
gray boxes, which represent the energy range of the fully
occupied O-2p-predominant orbitals (correlating to the
valence band of bulk Ln,0;), are singly occupied, so species
with Sm centers assume very high spin states or antiferro-
magnetically coupled spin states. While these calculated orbital
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Figure 7. Schematic of the relative energies of singly occupied
molecular orbitals for Sm,Ce;_,0,” (x = 0—3) along with the fully
occupied O 2p—Ln Sd-based bonding MOs (gray), showing the
incremental destabilization of the Ce 4f orbitals and the bulklike
crowding of the Sm 4f “band” near the bonding orbitals with
increasing x. Solid-filled shapes indicate Ce-based MOs, and hatch-
filled shapes indicate Sm based MOs. The characters of the orbitals
are indicated by the colors green, red, and gray for 6s, 4f, and 2p—5d,
respectively.

energies do not align perfectly with the bulk band structure,
from a qualitative standpoint the parallels are evident.

An interesting distinction between the Ln,O, anion and
neutral clusters and the bulk is that the bulk conduction band
has predominantly Ln Sd character. In small clusters, the 6s
orbitals are stabilized relative to the Sd orbitals, and the
HOMOs of these systems can be described as delocalized
orbitals that envelope the cluster. The inference is that the 6s
band is destabilized in the bulk because the interatomic
distances are confining to these diffuse orbitals, BUT on edges,
corners, and O vacancies on the surface, the 6s orbitals lie
below the conventional conduction band.

For a number of Sm,0,” clusters or mixed Ce—Sm oxides
with average metal oxidation states lower than +3, an
interesting effect was observed in the PE spectra. As can be
seen in the spectra of Ce;_,Sm,0;” (x = 1—3) shown in Figure
6b—d, the intensities of transitions to excited states (A, B, ...)
relative to X are higher in the spectra measured with 2.330 eV
photons than with 3.495 eV photons. The PE spectrum of
Ce;0;~ does not share this effect. While increases in the
transition intensity with photon energy are observed when the
detachment energy is resonant with transitions to excited anion
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states embedded in the detachment continuum, it seemed
unlikely that a wide range of Sm and mixed Ce—Sm oxides
happened to coincidentally have excited anion states lying
2.330 eV above their anion ground states.

The simplest system that exhibited this effect was Sm,0~,"
and the PE spectrum of Sm,0~ was subsequently measured
over a range of photon energies, as shown in Figure 8. The
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Figure 8. PE spectra of Sm,O~ collected over a range of photon
energies, along with a plot of the populations of excited states
corresponding to bands “A” and “B” relative to “X” as functions of the
vertical electron kinetic energy.

spectra are plotted as a function of electron kinetic energy
(e"KE) to illustrate that there are not particular electron
kinetic energies that are enhanced, as would be the likely if
autodetachment of a quasibound anion state were the root
cause: in general, autodetachment of a quasi-bound anion is
coupled with vibrational relaxation of the neutral core, which
imparts a unique quantum of electron kinetic energy.

‘What does this series of spectra shown in Figure 8 tell us? As
the detachment energy is reduced, and the overall e"KE is
reduced, the probability of populated excited neutral states
relative to the ground neutral state is increased. The very high
density of electronic states observed in these Sm-rich clusters
in low oxidation states is quite unique. Consider the simple
diatomic SmO (vide supra): the more reduced triatomic Sm,0O
would have more than double the number of states of SmO.
We therefore proposed a theoretical platform that rejects the
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typical treatment of photodetachment as an instantaneous
process. Instead, a time-dependent treatment was employed
wherein the final neutral state is derived from the superposition
of densely packed neutral states interacting with the photo-
electron and evolving in time. Slower electrons interact with
the neutral for a longer time, resulting in a more pronounced
effect.” This treatment predicted that the final excited-state
population is inversely proportional to the electron momen-
tum, ie., proportional to the amount of time the electron
resides in the range in which electron—neutral interactions are
strong, which tracks well with the general shape of the ratio of
the intensity of band A to the intensity of band X, which is
shown in the top panel of Figure 8. However, we believe that
the oscillation in the experimental relative intensity is due to 6s
— 5d or some other electronic excitation in the anion. This
effect is an ongoing line of research in our laboratory.

5. CONCLUDING REMARKS

The conclusion we draw from the strong electron—neutral
interactions suggested in the PE spectra of the mixed Sm—Ce
oxide cluster anions is that future models should assume that
the one-electron picture of anion PE spectroscopy is
inappropriate for molecules with exceptionally complex
electronic structures and high densities of accessible neutral
states. The molecule with the simplest electronic structure
presented here, CeO, is still complicated in that it has 16
electronic states sharing a common superconfiguration within
the energy range of several vibrational levels, with numerous
additional low-lying states associated with the close-lying
unoccupied 5d orbitals. In the case of Sm,0” and
Ce;_,Sm,0;~ (x = 1-3) clusters, the dramatic increase in
the intensity of very low lying excitations with decreasing
electron momentum invokes a picture in which a photo-
electron induces electronic rearrangement in the neutral as it
departs.

There are a number of unanswered questions, such as the
following: (1) What exactly is the nature of the excitations that
are enhanced by strong electron—neutral interactions? (2) Can
the effect be tuned with Ln identity toward the center of the
lanthanide row and are there other Ln—Ln’ combinations that
would produce a more dramatic effect? (3) What can be
learned from the resonances in the I(A)/I(X) ratio? (4) What
is the lifetime of these excited states?

Future theoretical work will involve enhancements to spin
projection models for handling the multitude of available spin
configurations in mixed lanthanide oxide clusters as well as the
incorporation of such theories with models treating relativistic
effects, particularly spin—orbit effects. The work described here
has also inspired new theory based on the NIO model. Among
new directions is the use of NIOs as a basis for (real-time)
time-dependent simulations exploring relaxation of the
electron density in response to electron detachment. Such a
model will be used to explore strong electron—neutral cluster
interactions, which will clearly have broader implications.
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