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ABSTRACT 
 
 The electronic and molecular structure of the CeB6 molecular unit has been probed by 

anion PE spectroscopy and DFT calculations to gain insight into structural and electronic 

relaxation on edge and corner sites of ionic material. While boron in bulk lanthanide hexaboride 

materials assumes octahedral B63- units, the monomer assumes a less compact structure to 

delocalize the charge.  Two competitive molecular structures were identified for the anion and 

neutral species, which include a boat-like structure and a planar or near-planar teardrop structure. 

Ce adopts different orbital occupancies in the two isomers; the boat-like structure has a 4f 

superconfiguration while the teardrop favors a 4f 6s occupancy. The B6 ligand in these structures 

carries a charge of -4 and -3, respectively. The teardrop structure, which was calculated to be 

isoenergetic with the boat structure, was most consistent with the experimental spectrum.  B6-

local orbitals crowd the energy window between the Ce 4f and 6s (HOMO) orbitals. A low-lying 

transition from the B-based orbitals is observed slightly less than 1eV above the ground state. 

The results suggest that edge and corner conductivity involves stabilized, highly diffuse 6s 

orbitals or bands rather than the bulk-favored 5d band. High-spin and open-shell low-spin states 

were calculated to be very close in energy for both the anion and neutral, a characteristic that 

reflects how decoupled the 4f electron is from the B6 2p- and Ce 6s-based molecular orbitals. 
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I.  INTRODUCTION 

 Lanthanide borides possess a range of interesting electronic and magnetic properties,1 

beyond the common usage of LaB6 as an emitter used in electron guns. CeB6 in particular, which 

is also used as an emitter, is a heavy fermion material, and has temperature dependent and 

“hidden” magnetic phases.  Structurally, these materials are cluster compounds, in which boron 

units assume the form of B63- octahedra with the Ln3+ cations arranging in CsCl-like packing.2,3   

In tetraboride crystals, the octahedra are connected by boron dimers, and form channels filled by 

Ce atoms.  

Fundamentally, the complex electronic and magnetic properties of lanthanide based 

materials arise from partially-filled but contracted core-like 4f orbitals.  While the 4f orbitals are 

generally considered to be core-like and non-bonding, they lie close in energy to the 5d and 6s 

valence electrons, giving rise to a constellation of very close-lying electronic states resulting from 

a single general subshell occupancy, or “superconfiguration,” to borrow a term from seminal work 

on the lanthanide oxide diatomics.4- 18 As an example, the two singly occupied orbitals in the CeO 

neutral diatomic can be largely described as Ce-local 4f and 6s orbitals, the latter being very 

delocalized and therefore modestly antibonding; there are 16 very close-lying electronic states 

arising from this 4f 6s superconfiguration.19 From a molecular standpoint, there have been very 

few electronic spectroscopic studies on lanthanide oxides larger20 than diatomic molecules (a 

sampling is included in the references cited)4 -18 let alone borides, aside from several recent anion 

photoelectron spectroscopic studies, including new and interesting “inverse-sandwich” complexes 

consisting of planar boride rings sandwiched by lanthanide cations. 21- 26  In particular, the studies 

by Wang and coworkers on Pr-doped Bx clusters (x = 3, 4, 7) provide a story of structural evolution 

with increasing B coordination.23,27 
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Since bonding in ionic systems is localized, and in the case of lanthanide borides, the 

material itself is cluster-like, small cluster models provide a particularly powerful platform for 

probing the electronic and molecular structures, both from a computational/theoretical standpoint, 

as well as experimentally owing to the accessibility of mass selected clusters of these systems and 

their spectroscopic characterization.  The molecular and electronic structures of clusters are 

governed by the same attributes that govern bulk properties, as supported by numerous studies on 

elemental and ionic cluster systems across the periodic table.28- 34      

Recently, Bowen and coworkers reported the anion PE spectrum of SmB6−. Electron 

detachment energies were calculated using the CASPT2 method, and Kohn-Sham orbitals were 

used to model the detachment process.21  While they were unable to definitively assign the 

structure based on the calculations, a near planar C2v structure was consistent with their spectrum.  

The spectrum appeared to be congested with numerous, overlapping electronic transitions, making 

assignments particularly challenging. The Sm center in bulk SmB6 has a 4f 5 subshell occupancy, 

and nominally the same was found in calculations on the molecular unit, though there was some 

delocalization of the 4f electrons into the 2p molecular orbitals predicted, which is contrary to the 

general viewpoint of the core-like character of the 4f subshell. The near-half-filled subshell does 

result in exceptionally complex electronic structure. However, a similar study on LiB6− 

photoelectron spectrum with attending theoretical treatment by Wang and coworkers was similarly 

complex, with an anion PE spectrum as congested as the SmB6− spectrum.  Calculations on LiB6− 

suggested a B62− ring complexed to the Li+ cation, with all the detachment transitions being 

associated with B62− orbitals.35   

CeB6− offers a molecule with interactions between the metal center and the boron cluster 

that is comparable to SmB6−, but should be simpler from a computational standpoint, since the 4f 
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subshell would at most be singly occupied.  Based on the comparison of a large number of 

calculated structures with photoelectron angular and vibrationally resolved anion PE spectra 

reported in this paper, the molecular unit assumes a planar C2v or near-planar Cs structure, that can 

be described as Ce2+(B6)3− for the anion and Ce3+(B6)3− for the neutral. We compare the relative 

energy of more bulk-like unit structures to the planar structure determined from the spectrum, and 

relate the findings to what would likely be structural changes in the bulk (B6)3- octahedral units 

located on edges or corners, and the impact on the electronic structure and emission properties.  

II. METHODS 

 CeB6− molecular anions were produced, mass separated in a time-of-flight (TOF) mass 

spectrometer, and probed by PE spectroscopy using an apparatus that has been described 

previously;36,37 A brief description follows.  CeB6− and a wide range of other CexOyBz− species, 

were produced using a pulsed laser ablation source in which a rotating CeB6 rod (QS Rare 

Elements 99%) was ablated by the second harmonic output of a Nd:YAG laser (532 nm, 2.33 

eV) operating at a repetition rate of 30 Hz.  A pulse of high pressure ultra-high purity He carrier 

gas introduced by a solenoid-type molecular beam valve swept the resulting plasma through a 

coupling piece similar to the design of Dietz et al.,38 into a 25-mm long, 3-mm diameter 

clustering channel. After expanding into a vacuum chamber, the gas mixture was collimated as it 

passed through a 3 mm skimmer.  Anions were then accelerated to 1 keV and entered a 1.2 m 

beam-modulated TOF mass spectrometer.  Ions collided with a microchannel plate detector 

assembly at the end of the field free drift region.   

 Before colliding with the ion detector, CeB6− was selectively photodetached with the 

second (532 nm, 2.330 eV) or third (355 nm, 3.495 eV) harmonic output of a second Nd:YAG 

laser. A second microchannel plate detector assembly detected the small fraction of the detached 
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electrons that travelled the length of a 1-m field-free drift tube, perpendicular to the ion beam 

drift tube. The drift times were recorded with a digitizing oscilloscope, accumulating signal over 

2.52 x 106 laser shots with 2.330 eV photon energy, and 3.36 x 106 laser shots for 3.495 eV 

photon energy, at each laser polarization (vide infra).  The drift times were converted to electron 

kinetic energy, e−KE, by calibrating with the well-known spectra of O− and OH−.  While the 

target was in the vacuum chamber, minor oxidation of the target after several weeks of data 

collection became evident from the appearance of detachment signal from the mass-coincident 

CeO2B3− ion, the spectrum of which had been reported previously.22  The CeO2B3
− signal was 

subsequently subtracted from the spectra shown below.   

 The spectra presented below are plotted as a function of electron binding energy, e−BE, 

which is related to the photon energy (hv) by: 

  𝑒𝑒−𝐾𝐾𝐾𝐾 = ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸 −  𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ℎ𝜈𝜈 −  𝑒𝑒−𝐵𝐵𝐵𝐵  (1) 

EA is the neutral electron affinity, 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the internal energy of the neutral (electronic, 

vibrational and rotational energy), and 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is similarly the internal energy of the anion, which 

is taken to be nearly zero.  As a consequence, the e−KE distribution observed reflects energy 

levels of in the neutral.    

 Spectra were collected with detachment laser polarization either parallel (θ = 0º ± 10º) or 

perpendicular (θ = 90º ± 10º) to the direction of electron detection, to approximate the anisotropy 

parameter, β,  

  𝛽𝛽 =  (𝐼𝐼0−𝐼𝐼90)
(0.5𝐼𝐼0+𝐼𝐼90)

        (2) 

which is 0 for isotropic photoelectron angular distributions, 2 for distributions that are parallel to 

the laser polarization, and −1 for distributions that are perpendicular to the polarization.  In 
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molecular systems, this value can give insight into the nature of the molecular orbitals from 

which the electrons are being detached.  

 Computational Methods  Release and local development versions of the GAUSSIAN 

16 quantum chemistry package were used to test the viability of a plethora of molecular and 

electronic structures of CeB6− and CeB6.39,40  The unrestricted B3LYP hybrid density functional 

method was used.  The Stuttgart relativistic small core atomic natural orbital basis set and 

corresponding effective core potential (ANO/ECP) basis set with 28 core electrons and a 

contracted Gaussian basis for the valence electrons (14s 13p 10d 8f 6g)/[6s 6p 5d 4f 3g]  was 

used for Ce,41 and a Dunning-style correlation consistent basis set for the B atoms.42 A wide 

range of isomers in numerous spin states were calculated, and vibrational analyses were 

performed to ensure structures were at local minima.  The relative energies of the plethora of 

anion and neutral structures and spin states reported are zero-point energy corrected values.  The 

Natural Ionization Orbital (NIO) model has been used to provide an orbital picture of the 

electron detachment process.43 

 In all cases, the stability of KS determinants has been verified.44,45 The electronic 

structures of all converged Kohn-Sham DFT determinants have been fully characterized as part 

of our standard analysis. For the systems studied in this work, such a process requires special 

attention as multiple stable electronic configurations can be optimized with standard SCF 

optimization approaches. Of particular concern was ensuring that located electronic 

configurations resulted in anion/neutral electronic structure pairings corresponding to allowed 

one-electron transitions. In addition to manual inspection of each SCF solution obtained in our 

calculations, NIO analysis assisted with such concerns and, in some cases, was used to identify 

improved sets of orbitals for the SCF engine’s initial guess. 
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 The calculation of electronic excited states was carried out using the linear response form 

of time-dependent DFT.46-47 Such calculations were carried out using optimized ground state 

geometries. The nature of each excitation was characterized using the Natural Transition Orbital 

(NTO) model of Martin.48 To ensure convergence of the Davidson diagonalization process, 

TDDFT results reported below requested 30 states. 

 To compare computational and experimental results, the adiabatic and vertical 

detachment energies (ADE and VDE) of each anion was computed. The ADE is the difference 

between the zero-point corrected energies of the anion and one-electron accessible neutral with 

the common structure, and the VDE is the difference between the ground state energy of anion 

and single-point energy of neutral confined at anion geometry.  Furthermore, spectral simulations 

were generated using spectroscopic parameters extracted from the computational output files 

using home-written codes that use structures and normal coordinates of the anion and neutral 

species as inputs.49  Vibrational wavefunctions were approximated as harmonic oscillator 

wavefunctions, and the parallel approximation was assumed. 

III. RESULTS AND ANALYSIS 

Figure 1 shows the PE spectra collected for CeB6− with (a) 2.330 and (b) 3.495 eV 

photon energies with laser polarization parallel (dark green and blue traces) and perpendicular 

(light green and blue traces) to the direction of electron detection. The spectra show an intense 

band exhibiting partially resolved vibrational structure with irregular spacing in both spectra, 

with an onset at approximately 1.36 eV.  The feature is tentatively labeled to indicate two 

transitions, x and X, with x being much narrower than other features in the 1.3 eV to 1.7 eV e−BE 

range.  Both bands X and x are parallel transitions with β = 1.1(1), consistent with detachment 

from a Ce-local 6s-like molecular orbital.11,13,14,22 An additional broad feature, labeled A, with 
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isotropic photoelectron angular distribution is observed with a vertical detachment energy (VDE) 

of 2.28 eV.  The origin of band A is difficult to identify because of the continuum signal 

observed from band X to higher e−BE.  This band is assigned to detachment of an electron 

nominally from the hexaboride unit, since detachment of a 4f electron is expected to have a very 

small cross section.50  

 Computationally, two general structural isomers were found to be energetically 

competitive: A planar or near-planar teardrop structure, and a boat-like structures in which the B6 

cluster assumes a structure comparable to the boat conformation of cyclohexane, with the Ce 

center serving as a mast.  Figure 2 shows these structures and relative energies of several spin 

states of anions (bottom half) and neutrals (top half).  Optimized geometries for these species 

along with a more comprehensive figure showing all converged structures is included in the 

Supporting Information. Table 1 summarizes the relative energies, a general description of the 

electronic structures, and the 〈𝑆𝑆2〉 values. 

The lowest energy CeB6− structure features a distorted boat-like B6 unit coordinated to a 

Ce center, in a pure doublet spin state.  The geometry of this molecule is trivially distorted from 

C2 symmetry.  A similar structure with C2v symmetry lies 0.57 eV higher in energy.  Within the 

accepted error of the computational model chemistry, a planar C2v teardrop structure in a quartet 

spin state was found to be only 0.01 eV above the lowest lying boat structure.  Several open-shell 

anion doublet spin states were also identified within 0.1 eV of the quartet state (vide infra).  The 

lowest energy detachment transition associated with the boat structure is 1.74 eV.  In better 

agreement with experimental observation, the lowest energy detachment for the teardrop 

structure is calculated at1.52 eV. 
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 We note that an anion structure most similar to the bulk, which is a Ce center coordinated 

to the face of a B6 octahedron (Supporting Information), converged over 1.7 eV higher in energy. 

Isolated B6 in neutral, anionic and dianionic charge states are predicted to be planar, with anion 

PE spectra of B6− supporting the computational results for the neutral and anion.51 A comparison 

of the electronic structures of the more bulk-like structure to the teardrop structure is included in 

the Supporting Information. 

 Based on the orbital occupancies of the asymmetric boat structure, the anion can be 

described as Ce3+(B6)4-, with the hexaboride cluster being closed shell and the Ce center having a 

4f occupancy.  A higher lying quartet state with this structure can be described as Ce2+(B6)3-, 

with the Ce center having 4f 6s occupancy, and the hexaboride cluster in a doublet state. The 

lowest energy electronic states of the neutral boat structure are accessed from the ground 

electronic state of the anion by detaching an electron from the hexaboride ligand Ce3+(B6)3-, 

which can yield open-shell singlet or triplet states, associated with antiparallel and parallel 

alignment of the two unpaired electrons.  The calculations predict the open shell singlet energy to 

be only slightly lower than the triplet energy.  The proximity of these two states suggests that the 

unpaired electrons in the Ce-local 4f orbital and the B6-local orbital are weakly (spin) coupled.  

Simulations of the 1A ← 2A and 3A ← 2A transitions generated from the computational results 

are shown in Figure 3(a). Both transitions are fairly vertical, with the short 264 cm−1 vibrational 

progressions associated with the Ce−B6 metal-ligand stretch.  

 The teardrop structure of the anion has a different occupancy, which can be described as 

Ce2+(B6)3-, with the Ce center having a 4f 6s orbital occupancy and the hexaboride unit in a 2A2 

state.  Again, the 4f electron generally is decoupled from the other unpaired electrons, and the 

anion can assume pure quartet spin and open shell doublet spin states featuring anti-parallel 
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electrons occupying Ce 4f and 6s like orbitals.  Furthermore, with five nearly degenerate 4f 

orbitals, calculations on states with the single electron occupying different 4f orbitals (symmetry 

broken by the B6 ligand) are very close in energy.  Two examples of open shell doublet states 

that differ only by the symmetry of the singly occupied 4f orbital are included in Table 1. 

The lowest energy state of the neutral can be described as Ce3+(B6)3-, with the Ce center 

having 4f orbital occupancy and the hexaboride unit having a singly occupied pπ orbital. 

Calculations identified both high-spin triplet and low-spin open-shell singlet configurations of the 

neutral. In both cases, the planar C2v neutral teardrop structures have one imaginary frequency, 

with the minimum energy puckered teardrop structure with Cs symmetry, similar to the structure 

of AlB7− cluster,52 lying ~370 cm−1 lower in energy. This difference is sufficiently low to raise the 

possibility that, on average, the neutral geometry could be considered planar. 

Notably the spin-squared expectation value for the open-shell singlets were all roughly 

1.0, suggesting that the spin contaminated determinants can be characterized as equal admixtures 

of pure singlet and triplet determinants.53 Previous work on metal oxides by our labs has 

demonstrated that in some cases spin contaminated results pose significant challenges for 

spectral analyses and that such cases can be improved using spin-projection methods.54,55 With 

this in mind, geometry optimizations and analytic frequency calculations using the approximate 

projection (AP) model were carried out on these species.56- 60 The result of these calculations 

indicated that spin contamination has a small effect on the spectral analysis of the CeB6 teardrop. 

AP energy corrections are less than 0.01 eV, and AP calculations provide negligible changes to 

geometries force constants relative to the open-shell results.  

 Figure 3 includes simulations based on transitions from the quartet (X) and open-shell 

doublet anions (x) to the (b) triplet neutral and open-shell singlet confined to the planar structure 
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and (c) the triplet neutral and open-shell singlet allowed to relax.  Note that the transition 

energies in both panels are very similar because of the very small relaxation energy of the 

neutral.  Their profiles are slightly different, with the progression in the Ce-B6 stretch (305 cm−1 

for the planar structure, 309 cm−1 for the relaxed structure) being more extended for the planar 

teardrop structure, and the activation of the 73 cm−1 pucker mode adding congestion to the 

profile for the simulation for the relaxed neutral structure.  Figures 3(d) and (e) show the 

simulations with all origins shifted to modestly lower e−BE to overlay the simulated spectra with 

the experimental spectrum (0.12 eV for the planar structure simulations, 0.07 eV for the relaxed 

structure simulations). All of the spectroscopic parameters extracted from the output files and 

used to generate the simulations are summarized in the Supporting Information. 

 While we are unable to definitively assert whether the structure is puckered or, on 

average, planar, the simulations based on the teardrop structures are in better agreement with the 

observed spectrum than the boat structure.  Recall that the anionic boat and teardrop structures 

have a fundamentally different orbital occupancy, with the boat structure having more negative 

charge carried by the (B6)4− unit compared to the (B6)3− planar unit of the teardrop.  Figure 4 

shows the NIOs associated with the lowest energy one-electron transitions from the ground states 

of the boat and teardrop structures.  The NIO analysis clearly shows that detachment from the 

doublet anion state of the boat structure involves an orbital that is highly delocalized through the 

B6 boat; detachment from the quartet anion involves a diffuse Ce 6s like orbital that also includes 

very modest σ bonding character with the adjacent B atoms.  In all cases, the photoelectron in 

the teardrop structures involves the Ce 6s like orbital. The fact that the boat and teardrop 

structures are predicted to be isoenergetic suggests competition between Coulombic stabilization 

and the particular stability of planar boron cluster structures.61   In the boat structure, the 
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negative charge spread over the (B6)4− unit is more wrapped around the Ce3+ center, maximizing 

the Coulombic stabilization of this ionic compound. The HOMO of the teardrop structure of the 

anion is a diffuse Ce 6s-like orbital, which allows for a more stable planar structure of the B6 

unit.51  

 Finally, we note that band A, which lies under 1 eV above bands X and x, exhibits an 

isotropic PAD, and is less intense than band X, suggesting that this detachment transition is 

likely associated with the hexaboride unit, resulting in a Ce2+ (4f 6s) (B6)2− neutral. In addition, 

this band is embedded in a rising continuum, suggesting strong vibronic coupling between the 

ground state and the low-lying Ce2+ (4f 6s) (B6)2− states. TDDFT calculations were carried out to 

explore this possibility. As shown in the Supporting Information, excited electronic states were 

characterized using the NTO model. A neutral excited state corresponding to a transition from a 

Ce 6s like orbital to a hexaboride based π orbital was located roughly 1.4 eV above the neutral 

ground state. Detachment from the anion to this neutral excited state would correspond to 

detachment of a photoelectron from the singly occupied B6 localized pπ orbital.  

Figure 5 shows a schematic of the orbital energies and occupancies of CeB6−, with green 

boxes indicating Ce 6s-like MOs, the orange lines indicating B 2p-based MOs, the blue 

indicating O 2p-based orbitals, and red lines indicating Ce 4f orbitals.  To indicate single 

occupation of orbitals in the schematic, the widths lines representing singly occupied orbitals are 

half that of doubly occupied orbitals.  Unlike cerium oxide molecules in which there is a 

pronounced energy interval between the 4f and 6s orbitals similar to that in the bulk cerium oxide 

band structure, there are four B 2p orbitals crowded between the 4f orbital and the 6s orbital in 

CeB6−.  To further underscore the relative high energy of the B 2p orbitals, schematics of the 

orbital energies and occupancies of Ce(B3O2)−, Ce(BO)2−, and CeO− are included for 
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comparison.  Therefore, the low-lying excitations in neutral CeB6 are expected to involve 

promotion from the pool of electrons in close-lying B 2p orbitals into the Ce 6s orbital.  As will 

be discussed below, this is evocative of the thermal conductivity of the bulk material.  

IV. DISCUSSION 

 The goal of this study was to determine how the electronic and molecular structure of the 

ionic CeB6 cluster differed from the bulk material, as a way of gaining insight into structural and 

electronic relaxation on edge and corner sites.  Our results suggest that the general charge 

separation between the Ce centers and the hexaboride clusters are similar in molecular units and 

the bulk, though the structures of the hexaborides are profoundly impacted when removed from 

the lattice, and the diffuse Ce 6s-like orbital is stabilized in the cluster relative to the bulk.  While 

the molecular structures determined in this study deviate significantly from bulk CeB6, 

particularly in the structure of the hexaboride unit, there are several notable similarities.  Bulk 

CeB6, as with most other LnB6 compounds, is a trivalent material, with each Ce center having a 

singly occupied 4f subshell,62 a feature that figures prominently in its electronic and magnetic 

properties.  With its highly ionic character, the overall electronic structure of the material has 

been described as Ce3+ (B6)3−,63 as the neutral molecular units probed in this study.  However, 

with increasing temperature, conductivity increases 64 as electrons are promoted from the B 2p 

orbitals to partially occupy the Ce 5d conduction band.  In the case of small molecular units, the 

diffuse Ce 6s-based molecular orbital is stabilized relative to the Ce 5d orbitals, suggesting that 

the bulk lattice confines and therefore destabilizes the Ce 6s band.  This study therefore suggests 

that on the surface, edges and corners, the lower energy excitations associated with promoting an 

electron to the 6s state, which can readily couple to the detachment continuum because it is 

diffuse, play a role in the electronic emission properties of this material. The bulk lattice constant 
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is 4.14 Å, placing the Ce−B6 center separation at 3.58 Å.65  In the neutral relaxed teardrop, along 

the Cs plane, the average Ce−B internuclear distance is 3.33 Å. 

 Finally, we compare these results to recently reported studies on similar species. The 

planar, or near-planar, structure giving rise to the experimental spectrum in this study is nearly 

identical to the structure tentatively assigned to the spectrum of SmB6− collected by Bowen and 

coworkers.21 While the molecular structures of SmB6− and CeB6− in the present work are 

predicted to be similar, a few key differences emerge in the electronic structure. The B6 unit 

carries a different charge between complexes, adopting a B62− electron configuration in SmB6− 

and B63− in CeB6−. Following this, the lanthanoid centers, too, must adopt different oxidation 

states of Sm1+ and Ce2+. One of the most striking differences between the PE spectra is the 

origins of the photoelectrons. In SmB6−, all of the photoelectrons originate from 2p-based 

molecular orbitals, leaving Sm in an oxidation state of +1 in both the anion and neutral. For 

CeB6−, the transition to the ground state neutral very clearly results from detachment of an 

electron in a Ce-based 6s-like molecular orbital, confirmed by the polarization dependence of 

bands X and x. Thus, in the neutral monomer, CeB6 takes on the same ionic character of the bulk 

material. The Sm center distinctly lacks occupation of its 6s-like molecular orbital; though 

surprising, it has been shown previously that Sm can alter its superconfiguration to favor 4f 

occupancy over 6s.66 The polarization dependence of band A in the 3.49 eV PE spectrum of 

CeB6− does, however, suggest detachment from B-based 2p-like orbitals as is seen with SmB6−.    

 As a point of comparison, the PE spectrum of the incrementally more boron rich PrB7− 

molecule is consistent with a 4f 2 6s electron configuration for the Pr center, which is analogous 

to the Ce center configuration in CeB6−.23  And, as with CeB6−, the first transition observed 
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corresponds to detachment from the 6s-like orbital. In the ground state neutral, both Ce and Pr 

assume oxidation states of +3, while the Bn unit maintains its trianionic charge. Subsequent 

excited neutral states in PrB7 also correspond to detachment of orbitals with mostly B 2p 

character. The B-based orbitals, however, are significantly more stabilized compared to CeB6−. 

Two of the 2p orbitals in CeB6− are only about 1 eV lower in energy than the Ce 6s, with two 

additional orbitals lying just above the occupied 4f orbital (Fig. 5). In PrB7−, the first occupied 2p 

orbitals are energetically below the singly occupied 4f orbitals, about 2 eV lower in energy than 

the 6s. These energetic differences may simply be the result of the different structure favored by 

PrB7−, in which the B73− ligand adopts a highly symmetric six-membered ring with a central 

boron atom buckled out-of-plane.  

The distorted geometry is reminiscent of the puckered teardrop of CeB6−, but in the case 

of PrB7−, Pr is located over the center of the ring and directly coordinates every B atom, which 

may result in better charge stabilization on the B73− ligand. The puckering of the teardrop 

structure is also interesting when compared with the B-poorer clusters, PrB3− and PrB4−, which 

are planar.27 This structural change demonstrates how the stabilization provided by the planarity 

of anionic boride clusters only begins to be outcompeted by Coulombic stabilization when the 

clusters approach the stoichiometry of the bulk hexaborides. 

V. CONCLUSIONS 

 The electronic and molecular structure of the CeB6 molecular unit has been probed by 

anion PE spectroscopy and DFT calculations to gain insight into structural and electronic 

relaxation on edge and corner sites of ionic material.  Two competitive molecular structures were 

identified: an asymmetric boat-like structure and a planar or near-planar teardrop structure. Ce 
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adopted different superconfigurations between isomers; the boat-like structure had a 4f 

superconfiguration while the teardrop favored a 4f 6s occupancy. The B6 ligand in these 

structures carries a charge of -4 and -3, respectively. The teardrop structure, which was 

calculated to be 0.01 eV higher in energy than the boat structure, was most consistent with the 

experimental spectrum.  The conclusion is that the unique stability of planar B6 structure51,61 

compensates for the reduced Coulombic stabilization between the Ce cation and B6 anion in the 

teardrop structure relative to the boat structure.   

 From an electronic structure standpoint, B6-local orbitals crowd the energy window 

between the Ce 4f and 6s orbitals. A low-lying transition from the B-based orbitals is observed 

slightly less than 1eV above the ground state. The transition is embedded in a continuum of 

detachment signal, which is evocative of the thermal conductivity that is characteristic to the 

bulk material. However, unlike the bulk, our results suggest that edge and corner conductivity 

involves stabilized, highly diffuse 6s orbitals or bands rather than the bulk-favored 5d band. 

Finally, high-spin and open-shell low-spin states were calculated to be very close in energy for 

both the anion and neutral, a characteristic that reflects how decoupled the 4f electron is from the 

B6 2p- and Ce 6s-based molecular orbitals. 
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Figure Captions 

Figure 1.  PE spectra of CeB6− measeured with (a) 2.330 eV and (b) 3.495 eV photon energies.  
Laser polarizations relative to direction of electron collection is indicated. 

Figure 2.  Calculated relative energies of anion and neutral CeB6 structures and spin states.  
Open shell low spin states are indicated with dashed lines 

Figure 3. (a) Spectral simulations based on the asymmetric boat structure, (b) planar teardrop 
structure, and (c) buckled (relaxed) teardrop structure.  (d) and (e) show the simulated spectra 
from (b) and (c), respectively, shifted to lower e−BE to overlap with the observed spectra.  

Figure 4.  NIO’s for the one-electron allowed transitions associated with the (a) boat and (b) 
teardrop structures of CeB6−. 

Figure 5.  Schematic showing the relative orbital energies of CeB6−, Ce(B3O2)− [Ref. 22)], 
Ce(BO)2− [Ref. 22)] and CeO− [Ref. (14)]. Orange lines indicate B 2p-based MOs, the blue lines 
indicate O 2p-based orbitals, and red lines indicate Ce 4f orbitals.  Orbitals that are singly 
occupied are indicated with lines that are half the width of those representing doubly occupied 
orbitals.  
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Table 1. Summary of lowest energy structures and electronic states for CeB6− and CeB6, in order 

of decreasing energy. 

 Symme
try General electronic description 〈𝑆𝑆2〉 

Relative 
energy/eV ADE/eV 

CeB6      
Sym. boat 3B1 C2v 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6 ( 𝐴𝐴2 )]3− 2.01 2.18 1.61 

Asym. boat 3A C1 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6 ( 𝐴𝐴2 )]3− 2.04 1.76 1.76 
Asym. boat 1A C1 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6 ( 𝐴𝐴2 )]3− 1.03 1.74 1.74 

      

Planar teardropa 3A1 C2v 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6( 𝐴𝐴22 )]3− 2.01 1.57 1.56 
(1.53)b 

Planar teardropa 1A1 C2v 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6( 𝐴𝐴21 )]3− 0.99 1.56 1.52 
Buckled teardrop 1A″ Cs 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6( 𝐴𝐴21 )]3− 1.02 1.53 1.49 

Buckled teardrop 3A″ Cs 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6( 𝐴𝐴″2 )]3− 2.01 1.53 1.52 
(1.48)b 

      
CeB6−      

Bulk monomer 4A C1 𝐶𝐶𝑒𝑒2+(4𝑓𝑓6𝑠𝑠)[𝐵𝐵6( 𝐴𝐴2 )]3− 3.88 1.96  
Sym. boat 2A1 C2v 𝐶𝐶𝑒𝑒2+(4𝑓𝑓𝑏𝑏1 5𝑑𝑑𝑏𝑏1)[𝐵𝐵6 ( 𝐴𝐴12 )]3− 1.77 0.73  
Sym. boat 4B1 C2v 𝐶𝐶𝑒𝑒2+(4𝑓𝑓𝑎𝑎1 5𝑑𝑑𝑏𝑏1)[𝐵𝐵6 ( 𝐴𝐴12 )]3− 3.77 0.57  
Asym. boat 4A C1 𝐶𝐶𝑒𝑒2+(4𝑓𝑓6𝑠𝑠)[𝐵𝐵6( 𝐴𝐴2 )]3− 3.78 0.51  
Teardrop 2B2 C2v 𝐶𝐶𝑒𝑒2+(4𝑓𝑓6𝑠𝑠)[𝐵𝐵6( 𝐴𝐴22 )]3− 1.76 0.05  
Teardrop 2A1 C2v 𝐶𝐶𝑒𝑒2+(4𝑓𝑓6𝑠𝑠)[𝐵𝐵6( 𝐴𝐴22 )]3− 1.74 0.04  
Teardrop 4A2 C2v 𝐶𝐶𝑒𝑒2+(4𝑓𝑓6𝑠𝑠)[𝐵𝐵6( 𝐴𝐴22 )]3− 3.76 0.01  

Asym. boat 2A C1 𝐶𝐶𝑒𝑒3+(4𝑓𝑓)[𝐵𝐵6 ( 𝐴𝐴1 )]4− 0.76 0.0  
 

 

 
a One imaginary frequency 
b ADE for transition from 2A1 excited state. 
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