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ABSTRACT: We present a combined experimental and theoretical study of small
lanthanum clusters. The experimental photoelectron spectra of Lan

− (n = 1, 3−7) were
obtained using negative ion photoelectron spectroscopy. Electron affinities for these
clusters were found to be in a range of 0.49 eV (La) to 1.5 eV (La7). Our computational
tour de force in exploring the electronic structure and its consequences for the lanthanum
atom and its anion as well as for lanthanum trimer and its anion shows the
multiconfigurational method and large basis set with spin−orbit corrections: CASSCF/
CASPT2/RASSI/ANO-RCC-L level of theory is needed to reproduce experimental
accuracy. The most stable structure for La3

− was established to be an equilateral triangle
(1A1′). Chemical bonding analysis of the La3

− global minimum reveals that this is the first
experimentally observed species with d-AO double σ and π aromaticity.

I. INTRODUCTION

Lanthanum sits at the beginning of the lanthanide series, having
the electronic configuration [Xe]5d6s2; it is the only rare earth
element which does not fill the 4f shell. This metal has
applications in optical fibers, nonlinear optical crystals,1

ZBLAN fluoride glasses,2 catalysts,3 electron cathodes,4,5

scintillators,6 doping materials for the fuel cells, and in studio
lighting and projection. In order to enable the utilization of this
metal at the subnanoscale, studies of the molecular clusters of
La are desirable. Among the molecular properties pertinent to
gas-phase clusters, the electron affinity (EA) is an important
property extensively used in describing electron donor/
acceptor behavior and charge-transfer processes. The EA of
the La atom has been measured by anion photoelectron
spectroscopy to be 0.47 ± 0.02 eV.7 However, it appears that
no electron affinity values have been measured for larger
lanthanum clusters. From the computational point of view, the
electron affinities of lanthanum clusters represent a challenging
task. Due to their complicated valence electronic structure and
bonding, one can expect both multiconfiguration natures and
significant relativistic effects. Several gas-phase studies on the
structure and energetics of small neutral La clusters embedded
in different chemical environments have been published
recently.8−14 An earlier experimental attempt by Knight and
co-workers15 failed to observe the isolated La3 molecule and led
to the conclusion that it either does not exist or acquires linear
form. It is noteworthy that their results indicate the
corresponding lighter transition-metal cluster Sc3 is triangular,
while Y3 is either linear or bent.

Negative ions can be fragile species with relatively weak
binding energies (EA) between the excess electron and its
neutral atom/molecule. Typically, electron affinities range from
a few tenths to several electron volts. EA is a crucial quantity for
better understanding of the properties of negative ions and
their interaction with the environment. Negative ions are
important in astrophysics, atmospheric chemistry/physics (in
particular, in the D region of the Earth’s ionosphere16), gas-
phase chemical reactivity, plasma physics, and materials
processing (plasma etching industry). The development of
negative ion sources is crucial for neutral beam heating systems
in Tokamaks.17 The importance of negative ions is also
reflected by a series of reviews collecting our knowledge of
these extraordinary species.18−20

The most valuable experimental technique for determining
EA values is gas phase anion photoelectron spectroscopy
(aPES).21,22 Here, we present the results of a joint aPES/
computational investigation of La clusters and their anions. On
the basis of quantum-chemical calculations, we also present the
interpretation of the anion photoelectron spectra of the La/La−

and La3/La3
− species.

II. EXPERIMENTAL METHODS

Negative ion photoelectron spectroscopy is conducted by
crossing a mass-selected beam of anions with a fixed frequency
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photon beam and energy analyzing the resultant photodetached
electrons. The photodetachment process is governed by the
energy conserving relationship, hν = EBE + EKE, where hν is
the photon energy, EBE is the electron binding (photodetach-
ment transition) energy, and EKE is the electron kinetic energy.
Our apparatus has been described previously.23 Briefly, the
apparatus consists of an ion source, a linear time-of-flight
(TOF) mass spectrometer, a Nd:YAG (yttrium aluminum
garnet) photodetachment laser, and a magnetic bottle photo-
electron spectrometer (MB-PES). The instrumental resolution
of the MB-PES is 35 meV at 1 eV EKE. The third harmonic
(355 nm, 3.493 eV) of a Nd:YAG was used to photodetach the
cluster anions of interest. Photoelectron spectra were calibrated
against the well-known atomic transitions of Cu−.24

Lanthanum cluster anions were generated in a pulsed arc
cluster ionization source (PACIS) that has been described in
detail previously.25 Briefly, a discharge is triggered between an
anode and a cathode that vaporizes sample from the cathode. A
lanthanum rod (ESPI metals) was used as the cathode. About
150 psi of ultra-high-purity grade helium gas propelled the
resultant plasma into a 10 cm flow tube, where the mixture
cooled and formed cluster anions. The resulting cluster anions
were monitored by the time-of-flight mass spectrometry (TOF-
MS). The species of interest were then mass-selected prior to
photodetachment.

III. THEORETICAL METHODS
First, we investigated the atomic species (La/La−) in order to
compare our theoretically determined EA with the previously
measured26 and our recently measured EA values. Our aim was
to validate the computational approach used for the triatomic
clusters. Since we are dealing with heavy atoms with incomplete
5d shell, one can expect non-negligible importance of
nondynamical as well as dynamical electron correlation,
especially for our ultimate goalthe La trimers. We used the
state-averaged Complete Active Space (CASSCF) method27,28

combined with the multistate second-order multiconfigura-
tional perturbation theory (CASPT2)29 for the dynamical
correlation energy correction. Scalar relativistic effects were
included via the Douglas−Kroll−Hess (DKH) approxima-
tion.30,31 In the CASSCF step, we included 3(La)/4(La−)
active electrons distributed into 5s/5p/5d/6s/6p shells. Spin−
orbit (SO) effects were added as a posteriori correction using
an effective one-electron spin−orbit Hamiltonian approach.32,33

In this treatment the SO effects are included by mixing different
CASSCF wave functions under the influence of a SO
Hamiltonian. The lowest 15 singlet and 15 triplet CI roots
from the state-averaged CASSCF calculations were included in
RASSI step. Following the strategy adopted in ref 34 the
corresponding CASPT2 energies were used as diagonal
elements of the SO Hamiltonian. Large contraction
[11s10p8d5f3g2h] of all-electron relativistic ANO-RCC basis
set35 was used in atomic calculations. This basis set is denoted
as ANO-RCC-L. We did not use relativistic pseudopotentials
(e.g., cc-pVXZ-PP basis sets) because the above-mentioned a
posteriori spin−orbit correction was successfully used in
conjunction with the all-electron basis sets of ANO-RCC
family34,36−38 and we also wanted to avoid any possible basis
set limitations in our atomic calculations. CASSCF/CASPT2
calculations were performed with the MOLCAS-6 system of
programs.39

Computationally, neutral and anionic three-atomic lantha-
num clusters are rather demanding with a large number of

valence electrons and complicated electronic structure. There-
fore, one must take nondynamical and dynamical electron
correlations and relativistic effects into consideration in a
balanced way. For the geometries, these being less sensitive to
the choice of the method, we performed a systematic search for
the global minimum structures using the Coalescence Kick
(CK) program.40 We adopted the Density Functional Theory
(DFT) approach using the Perdew−Burke−Ernzerhof
(PBE1PBE) functional and Lanl2DZ (effective core potential)
basis set41−43 for the CK search with the Gaussian0944 program
and unrestricted DFT method. Doublet, quartet, and sextet
isomers were examined for the neutral species, while singlet,
triplet, and quintet isomers were for the anions. Subsequently,
we reoptimized the lowest structures at PBE1PBE with all-
electron scalar relativistic basis set45 and restricted RODFT
method. The harmonic frequency analysis revealed that all the
isomers determined in this way are minima on the potential
energy surface.
Chemical bonding analysis of the La3

− cluster was performed
using double-ζ plus polarization Gaussian basis set (DZP) at
the PBE1PBE/DZP46,47 level of theory using the Adaptive
Natural Density Partitioning (AdNDP) method,48 which has
been used successfully to analyze the chemical bonding of
porphyrins,49 silabenzenes,50 mixed carbon−phosphorus,51
carbon−boron clusters,52 and hypervalent iodine compounds.53

The AdNDP method48 is an extension of the natural bonding
orbital (NBO) method developed by Foster and Weinhold54,55

and it analyzes the first-order reduced density matrix in order to
obtain its local block eigenfunctions with optimal convergence
properties for an electron density description. The obtained
local blocks correspond to the sets of n atoms (n ranging from
one to the total number of atoms in the molecule) that are
tested for the presence of two-electron objects (n-center two
electron (nc-2e) bonds, including core electrons and lone pairs
as a special case of n = 1) associated with this particular set of n
atoms. AdNDP initially searches for core electron pairs and
lone pairs (1c-2e), then 2c-2e, 3c-2e, ..., and finally nc-2e bonds.
At every step the density matrix is depleted of the density
corresponding to the appropriate bonding elements. AdNDP
accepts only those bonding elements whose occupation
numbers (ONs) exceed the specified threshold values, which
are usually chosen to be close to 2.00 |e|. Thus, the AdNDP
method recovers both Lewis bonding elements (1c-2e and 2c-
2e objects, corresponding to the core electrons and lone pairs,
and two-center two-electron bonds) and delocalized bonding
elements, which are associated with the concepts of aromaticity
and antiaromaticity.
For the more quantitatively demanding determination of the

vertical detachment energies (VDE) in La3/La3
−, we have

chosen the following strategy. Since both La3 and La3
− may

possess multireference character, we used the DKH-CASSCF/
CASPT2 method with the relativistic ANO-RCC basis set35

contracted to [8s7p5d3f2g1h]. This is a basis set of valence
triple-ζ quality (ANO-RCC-VTZP). In the CASPT2 step, we
prefer the Multi-State (MS) CASPT2 variant of the method,29

since one can expect strong interaction between different
CASSCF wave functions arising from the state averaged
CASSCF. We note that the expected accuracy of CASSCF/
CASPT2 with the basis set of triple-ζ quality is within 0.1−0.2
eV.56

From the CK search (see section IV-B-1.), it turned out that
the geometries of the lowest structures are either equilateral
triangle (for La3

−) or nearly equilateral triangle (for La3).
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Therefore, for the more demanding subsequent DKH-
CASSCF/CASPT2 calculations of VDE values, we adopted a
simplified computational model with an equilateral triangle and
investigated potential energy curves allowing limited stretching
of the La−La distance in La3/La3

− system. Zhang and Chen8

have found that the difference in binding energy between
equilateral and isosceles forms of neutral La3 is only 0.01 eV
which is well below the accuracy of the corresponding CASPT2
energies. In analogy to CK, a search performed at the DFT
level, these potential energy curves were examined for doublet,
quartet, and sextet isomers for the neutral species, and for
singlet, triplet, and quintet isomers for the anions. For each
multiplicity we carried out the state-averaged calculations
comprising several states with equal weights that usually
spanned ∼1 eV interval which was our target interval dictated
by the experimental photoelectron spectrum (vide infra). In
this manner one can obtain a well-balanced description of the
most important states that can participate in the electron
detachment process. This resulted in 8 doublet, 9 quartet, and 8
sextet states for La3, and 9 singlet, 10 triplet, and 9 quintet
states for La3

−. When trying to average more states it turned
out that there was significant gap between the lower-lying

manifold and the group of higher-lying states for each
multiplicity. Among the states considered in our model, one
can easily identify two groups of states. The first is symmetric
with respect to the symmetry plane (A′ representation or quasi
Σ or Δ), and the second is antisymmetric (A″ representation or
quasi Π). Although the equilateral triangular model implies the
D3h symmetry, and the highest Abelian group available in
MOLCAS is the C2v, we decided to perform all computations in
C1 symmetry. This is because when using C2v symmetry in
MOLCAS, the degenerate states E′ and E″ arising originally
from D3h group are not properly averaged since they would fall
to different representations in C2v (A1 or A2). Then, the
simplest solution is the reduction of the symmetry to C1 where
all the states of given multiplicity are included within SA-
CASSCF and, moreover, they can interact in subsequent MS-
CAPT2 and RASSI procedures. So, in contrast to DFT
calculations (Figures 1 and 2) we will use simplified notation of
the states when discussing CASSCF/CASPT2 data.
In general, the optimal choice of the active space leads to 9

electrons/18 orbitals for La3 and 10 electrons/18 orbitals for
La3

−. This full valence space originates from the condition that
atomic 5d and 6s orbitals must constitute the final valence

Figure 1. DFT geometries of neutral triatomic La3 clusters. Bond lengths are given in Å.

Figure 2. DFT geometries of anionic triatomic clusters, La3
−. Bond lengths are given in Å.
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orbitals used in CAS of the trimer. Full-valence condition can
result in more than 107 configuration-state functions (CSFs).
This is beyond the current limit for CASSCF implementation
and leads to prohibitive length of computations. In such a case,
one has to resort to a different strategy. Therefore, after
performing several trial CASSCF runs with active orbitals
ranging from 12 to 16, we applied the following criteria in the
final choice of the active space: (i) select MOs with the
occupation numbers ranging from 0.03 to 1.98 (for all averaged
states)very low occupation numbers (below 0.03) indicate
negligible importance on the pertinent MO for all states
considered in the averaging procedure; large occupation
numbers (above 1.98) indicate that these orbitals are not
excited in important configurations and can be omitted; (ii)
select balanced number of MOs with σ-like and π-like
symmetrythis criterion is important for planar systems
where one expects σ- and π-aromaticity; (iii) check the shape
of boundary MOs not selected on the basis of rules (i) and (ii)
and add them if necessaryin general, these boundary orbitals
can become more important during dissociation and their
omission can lead to the occurrence of intruder states.57 Since
we scanned the potential energy curves also for stretched bonds
we applied this rule in order to avoid this situation.
Criterion (i) is based on the suggestion of Gagliardi and

Roos58 and was tested in our previous work on alkali metal
borides.59 Using these criteria we arrived at 14 MOs in the
active space, while keeping number of active electrons 9 for
neutral and 10 for anion. The resulting number of CSFs ranged
from 105 to 106. We did not consider the 4f shell because for La
it is not populated. These final 14 active orbitals in the
triangular geometry represent different mixing of 5d, 6s, and 6p
atomic orbitals. We are aware of the limitations of the present
approach; on the other hand, for the interpretation of the
present experiments the accuracy of 0.1 eV seems to be
satisfactory.
In MS-CASPT229 step we treated several states simulta-

neously, because this is a necessity when there are averaged
states close in energy. To remove the possible intruder state
problems, we used a small imaginary shift (0.05) in the energy
denominators. To account for the core-correlation effects, the
semicore 5s and 5p electrons also were correlated at MS-
CASPT2 step. In the RASSI stepthe spin−orbit part for La3/
La3

− specieswe adopted the same computational protocol as
in atomic/ionic calculations. Note that the ANO-RCC basis
was designed to enable inclusion of this part of core-correlation.
In all trimer calculations, the ANO-RCC basis set contracted to
[8s7p5d3f2g1h] was used, a relativistic all-electron basis set of
valence triple-ζ quality.

IV. RESULTS AND DISCUSSION
Estimated EA and VDE values extracted from experiment are in
Table 1. Comparisons of our theoretical EAs for the atom
(spin-free as well as spin−orbit corrected) with the literature
data are in Tables 2 and 3. The electronic selection rule states
that the spin quantum number must change by 1/2; therefore,
there are three possible modes of vertical electron detachment
from the low lying states of La3

− to neutral species considered
in this study: (i) singlet to doublet, (ii) triplet to doublet or
quartet, (iii) quintet to quartet or sextet. Tables S1−S8
(Supporting Information) comprise information on spin-free
states (ordered according to occupation numbers) with
different multiplicities at La−La distances referring to the
energy minima of parent anions needed for the analysis of

electron detachments. They contain the coefficients of the
leading configurations for neutral/anionic species, their spin
couplings and average occupation numbers for the most
populated molecular orbitals. MO labels are only approximate,
they indicate which AO-types dominantly contribute to the
resulting MOs. In Tables S1 and S2 we present the leading
configurations together with MO icons, spin couplings, and
occupation numbers for singlet and doublet spin-free states of
La3 at R(La−La) = 3.35 Å (equilibrium distance for the lowest
singlet La3

−). In Tables S3−S5 we present the leading
configurations with MO icons, spin couplings, and occupation
numbers for the triplet (La3

−), doublet and quartet spin-free
states (La3) at R(La−La) = 3.20 Å (equilibrium distance for the
lowest triplet La3

−). Finally, in Tables S6−S8 we present the
leading configurations with MO icons, spin couplings, and
occupation numbers for the quintet (La3

−), quartet and sextet
spin-free states (La3) at R(La−La) = 3.00 Å (equilibrium

Table 1. Estimated EA Values of La1‑2,4‑7 and VDE Values of
La1‑2,4‑7

− Extracted from Experimenta

Species EA VDE

La− 0.49 -
La3

− 0.8 1.00
La4

− 1.0 1.28
La5

− 1.3 1.42
La6

− 1.4 1.55
La7

− 1.5 1.71
aAll values are in eV.

Table 2. Comparison of Experimental and CASPT2/ANO-
RCC-L Data for Electron Affinity of La [eV]

species energy [Hartree] state EA EA (exptl)

spin-free data
La −8486.81359252 2D

La− −8486.82926576 3F 0.426

spin−orbit corrected
La− −8486.81644420 2D3/2

La −8486.83284087 3F2 0.446 0.47 ± 0.02, 0.5

Table 3. Comparison of Few Lowest Energy Levels [eV] for
La Atom and La−a

La experiment theory wrt 2D3/2 La− theory wrt 3F2
2D3/2 0.000 0.000 3D2 0.000
2D5/2 0.131 0.123 3F3 0.084
4F3/2 0.331 0.236 3G4 0.176
4F5/2 0.373 0.279 1D2 0.310
4F7/2 0.433 0.338 1D2 0.342
4F9/2 0.511 0.415 3D2 0.453
2F5/2 0.869 0.836 3S0 0.471
2F7/2 0.998 0.963 3P1 0.503
4P1/2 0.897 0.984 3F3 0.504
4P3/2 0.929 1.006 3P2 0.553
4P5/2 0.952 1.020 1G4 0.585

... 3G5 0.601
3D3 0.615
3F4 0.680

aExperiment taken from ref 63 Theory - CASPT2-RASSI/ANO-RCC-
L data.
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distance for the lowest quintet La3
−). Final VDEs derived from

SO analysis are collected in Table 4.

Figure 3 exhibits the anion photoelectron spectrum of La−

along with the photoelectron spectra of Lan
−, n = 3−7. In our

experiments La2
− was not observed. That very likely means that

it was not stable. One reason could be a low or even
nonpositive electron affinity of La2. Indeed, our preliminary
calculations indicated that EA for lanthanum dimer might be
between 0.2 and 0.6 eV, depending on the level of theory.
Recently, two papers on lanthanum dimers appeared60,61 but
none of them reported EA of La2. Although this issue seems to
be very interesting, it was not a primary focus of this paper and
will be a topic of a separate project.
Experimentally determined EA values for La1,3−7 and VDE

values for La1,3−7
− are presented in Table 1. Given the

complexity of these systems, our calculations have focused only
on La− and on La3

−. Figures 1 and 2 contain DFT geometries
and relative energies of the lowest neutral and anionic clusters.
The relative energies indicate that for the subsequent
CASSCF/CASPT2 calculations no linear isomers need to be
considered. In Figure 4 we present AdNDP analysis of La3

−

cluster (top), electron densities of singlet La3
− (middle) and of

doublet, quartet, sextet La3 (bottom). The division into σ- and
π-density is rather pragmatic; it just reflects whether the
contributing orbitals are symmetric (σ, δ) or antisymmetric (π,
δ) with respect to the molecular plane. Contour levels were
0.013 for σ-densities and 0.010 for π-densities, respectively.
Finally, Figures 5 and 6 show the manifolds of the limited
scan−potential energy curves in the vicinity of energy minima
for both spin-free model of La3/La3

− (Figure 5) as well as for
the spin−orbit corrected model (Figure 6). In Figure 5 the

lower manifold of states belongs to anions and is well separated
from the upper block belonging to neutrals. In Figures 5 and 6
the energies (in eV) are relative to the lowest anionic singlet
species. In Figure 7 we present a reduced picture of the
detachment process at orbital level, namely, only those
potential energy curves that obey the selection rule and are
acceptable also according to the matching orbitals between
parent anion and pertinent neutral. Finally, in Figure 8 we
present the detail of the La3

− spectrum with tentative
assignments of the theoretical spin−orbit corrected VDEs
(vertical lines) utilizing data from Table 4 and Figure 7.

A. La/La− Pair. Total CASPT2/ANO-RCC-L energies for
La/La−, along with EA values, are collected in Table 2. For the
EA value, we have obtained very good agreement with the
current experiment (0.49 eV). The calculated results in Table 2
added by 0.49 eV (EA) are plotted as stick spectrum and
embedded in the spectrum of La− shown in Figure 3. Each of
the calculated transitions is under a certain PES peak, indicating
that this transition is indeed observed by experiment. Due to
the resolution limit, some transitions fall within the same peak
shown in the experiment. The spin-free EA value lies quite
close to the experimental datum and the spin−orbit correction
improves the agreement by 0.02 eV, leading to the error in EA,
compared to the most recent published experiment, which is
below 0.03 eV. This agreement is acceptable and in line with
the expected errors in individual SO corrections predicted
beyond the fifth row atoms.34 This gives fair credibility to our
computational strategy for trimers, outlined in the previous
section, together with expected cancellation of these errors
when evaluating the EA values. In Table 3, we present the
comparison of the few lowest energy levels for La atom and
La−. It is interesting that Covington and co-workers have noted
that at least one bound excited state of the anion could be
observed in the photoelectron spectra, and that the respective
binding energy with respect to neutral ground state lanthanum
was measured to be 0.17 eV.7 If we combine our CASPT2/

Table 4. Vertical Detachment Energies in [eV] Derived from
the SO Analysis and Orbital Considerations (see also
Figures 7 and 8)

parent ion product VDE

dominant
contributing spin-

free states MO
line in
Figure 8

1A
La3

−
→ 2A(1,2)

La3 + e−
1.04 0.41 × 2A(1)+0.41 ×

2A(2)
3σ/
4σ

f

→ 2A(8) La3
+ e−

1.40 0.99 × 2A(8) 2σ i

3A
La3

−
→ 2A(1,2)

La3 + e−
0.70 0.50 × 2A(1)+ 0.49

× 2A(2)
2π b

→ 2A(4) La3
+ e−

0.77 0.97 × 2A(4) 4σ c

→ 2A(6) La3
+ e−

0.85 0.85 × 2A(6) 3σ e

→ 4A(1,2)
La3 + e−

0.60 0.57 × 4A(1)+ 0.38
× 4A(2)

3σ a

→ 4A(9) La3
+ e−

1.40 0.99 × 4A(9) 1π i

5A
La3

−
→ 4A(1,2)

La3 + e−
0.79 0.56 × 4A(1)+0.44 ×

4A(2)
2σ d

→ 4A(3,4)
La3 + e−

1.16 0.55 × 4A(3)+0.41 ×
4A(4)

1π/
2π

h

→ 6A(1) La3
+ e−

1.06 0.99 × 6A(1) 3δ g

→ 6A(2) La3
+ e−

1.16 0.92 × 6A(2) 1δ/
3δ

h

→ 6A(6) La3
+ e−

1.49 0.99 × 6A(6) 2δ j

→ 6A(7) La3
+ e−

1.62 0.71 × 6A(7) 1δ k

Figure 3. Anion photoelectron spectra of La− and Lan
−, n = 3−7,

measured with 355 nm photons.
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RASSI EA = 0.45 eV for La with this 0.17 eV, we arrive at
estimated energy level 0.62 eV. Our computational approach
systematically underestimates the energy levels for neutral La
(Table 3, the third row) by 0.05−0.1 eV. If we expect that this
error is for an anion (at least) as large as for an atom the excited
state observed by Covington co-workers might correspond to
above-mentioned energy level 0.62 eV and to the states
between 1G4 and

3F4, or in the range 0.585−0.680 eV (bottom
of the fourth row of Table 3). Of course, one could exploit a
more elaborate, four-component relativistic approach for
atomic calculations, but this would lead to a prohibitively
large task in the case of La3/La3

− clusters.
B. Calculations of Neutral and Anionic La-Trimers.

1. DFT Geometries and Relative Energies. The lowest energy
structures of La3

− and La3 obtained with CK search are
collected in Figures 1 and 2. In our CK procedure the triangular
and/or bent structures clearly prevail among the lowest
isomers, while the linear structures are either higher-order
stationary points or lie too high in energy. Closer inspection of
the lowest structures in the relative energy range 0−10 kcal/
mol reveals that they acquire a shape of either equilateral or
isosceles triangle, e.g., D3h (1A1′) La3

− is perfectly equilateral
and C2v (

4B1) La3 is isosceles. The deviation from equilateral

triangle in the lowest La3 isomer is fairly small, 0.03 Å. The
multiplicities present in the lowest clusters (relative energy
range 0−10 kcal/mol) are doublet, quartet, and sextet for
neutrals and singlet, triplet, and quintet for anions. Guided by
the DFT geometries and relative energies we have used these
multiplicities in the CASSCF/CASPT2 calculations (sections
IV-B-3 and IV-B-4) and subsequent CASPT2/RASSI runs.

2. Chemical Bonding in La3
− Cluster. To gain more insight

into the structure and chemical bonding in La3
− cluster, we

performed chemical bonding analysis of this species. The global
minimum La3

− (D3h,
1A1′) cluster has the following valence

electronic configuration: 1a1′2 1a2″2 2a1′2 1e′4. The La3− as well
as valence isoelectronic Y3

− and Sc3
− systems were first

analyzed by Chi and Liu62 through molecular orbital analysis.
They showed that 1a1′ and 1e′ molecular orbitals (MOs) are
formed by the ns-atomic orbitals (AOs) and do not contribute
to the bonding significantly, since all the bonding and
antibonding MOs, which consist of the ns-AOs with rather
small contributions from d orbitals, are occupied and the
bonding effect from the 1a1′-MO is compensated by the
antibonding effect from the 1e′-MOs. The remaining valence
MOs 1a2″ and 2a1′ are responsible for bonding in La3

−. The
2a1′ MO is a bonding σ MO and renders σ aromaticity, while

Figure 4. Top: geometric structure of La3
−, three 2c−2e La−La σ bonds, delocalized 3c−2e d-AO based σ bond, and delocalized 3c−2e d-AO based

π bond revealed by the AdNDP analysis. Middle: corresponding σ- (left) and π-electron densities (right) from CASSCF/ANO-RCC active orbitals
of the lowest singlet La3

− species. Bottom: comparison of CASSCF/ANO-RCC σ- (left) and π-electron densities (right) of neutral La3 (a−doublet,
b−quartet, c−sextet).
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Figure 5. Spin-free MS-CASPT2 potential energy curves for La3 and La3
−. Multiplicities are placed to the left of the root symbol. Degenerate/

quasidegenerate roots are shown only once. Solid lines−singlet/doublet species, dashed lines−triplet/quartet species, dotted lines−quintet/sextet
species. We used simplified notation in legend: “n rm” where n is multiplicity and m is the sequence number of pertinent root.

Figure 6. Spin−orbit MS-CASPT2/RASSI potential energy curves for
La3 and La3

−. Degenerate/quasi-degenerate roots of dominant
multiplicities contributing to SO states are shown only once.

Figure 7. Illustration of the allowed detachment processes from the lowest SO-corrected singlet (left), triplet (middle), and quintet (right).

Figure 8. Detail of the anion photoelectron spectrum of La3
− and

tentative assignments of the theoretical spin−orbit corrected VDE’s
(vertical lines). For the legend (letters a−k) consult Table 4.
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1a2″ MO is a completely bonding π MO and is responsible for
π aromaticity in La3

− cluster. Therefore, La3
− represents species

with d-orbital based double (σ and π) aromaticity. Chi and
Liu62 also reported large negative NICS values for the La3

−,
thus supporting the presence of aromaticity in La3

−.
The results of NBO analysis for La3

− do not support the
conclusions of Chi and Liu62 concerning chemical bonding
between La atoms. Though our NBO results at PBE1PBE/
LanL2DZ are in agreement with those of the authors,62 the
calculations at higher level of theory (PBE1PBE/DZP) show
that 1a1′ and 1e′ MOs represent hybrids with substantial
contribution from d-AOs and responsible for the formation of
three 2c-2e La−La σ bonds with the following hybridization: s
(48.9%), p (8.5%), d (42.6%). The results of our AdNDP
analysis are consistent with the results of NBO analysis (Figure
4, top inset). The general AdNDP search revealed three 2c-2e
peripheral σ bonds with occupation numbers (ON) of 1.98 |e|.
In addition, the AdNDP identified one 3c-2e delocalized σ
bond (ON = 2.00 |e|) and one 3c-2e π bond (ON = 2.00 |e|),
highlighting double σ and π aromaticity in La3

− cluster (Figure
4). On the basis of our AdNDP analysis we conclude that La3

−

represents an example of a d-AO doubly aromatic σ and π
system, though appreciable multiconfiguratioal character of the
1A1′ wave function may affect the strength of those two
aromaticities.
3. Spin-Free CASSCF/CASPT2 Results for La3 Clusters.

Electron σ- and π-densities of neutral doublet, quartet, and
sextet species are in the bottom inset of Figure 4 (bottom
inset). Comparing these densities with the La3

− cluster, one can
see that shapes of the doublet densities qualitatively map onto
the singlet ones, just reflecting the effect of the detached
electron. The quartet and sextet densities reveal the gradual
reduction of the σ-subspace on account of promoting unpaired
electrons to the density in π-subspace. The coefficients of the
leading configurations and fractional occupancies clearly
indicate that all the neutral trimer species possess significant
multireference character, so the choice of state-averaged
strategy in CASSCF/CASPT2 steps is justified. In terms of
energy (Figure 5), the neutral trimers lie quite close to each
other at crucial distances (3.00, 3.20, and 3.35 A), they can
easily interact, and so for the subsequent comparison with the
experimental spectrum, all three multiplicities might be
important.
The manifold of CASPT2 potential energy curves are in

Figure 5, for better visibility degenerate/quasi-degenerate roots
are shown only once and the energies are relative to the lowest
La3

− singlet species. The lowest La3 structure found with the
3.0−3.4 Å interval is the quartet, in agreement with the DFT
4B1 structure (Figure 1) but the CASPT2 equilibrium distance
is shorter (R(La−La) = 3.116 Å). The lowest doublet La3 has
optimum R(La−La) = 3.289 Å, which is in good agreement
with the DFT 2B2 structure (Figure 1). The lowest sextet state
acquires CASPT2 equilibrium distance R(La−La) = 3.141 Å.
Tentatively, we can match the computed spin-free CASPT2
states with the features in Figure 3 for this La−La distance. The
ordering of the first three states from CASPT2 calculations
follows the ordering obtained from DFT ones and their
energies (relative to La3

− singlet) correspond with the observed
small features of the final neutral state in the photoelectron
spectrum between 0.9 and 1.1 eV. The rest of the curves in the
manifold in Figure 5 are rather dense and their energies can be
attributed to peaks between 1.2 and 2.0 eV in the photoelectron
spectrum. We postpone more detailed bottom-line discussion

and comparisons on electron detachments to the spin−orbit
section.

4. Spin-Free CASSCF/CASPT2 Results for La3
− Clusters. The

shapes of active MOs selected for La3
− singlets, triplets, and

quintets used in DKH-CASSCF/CASPT2 calculations are
displayed in Tables S1, S3, and S6 (see Supporting
Information). In the lowest La3

− singlet, with equilibrium
distance R(La−La) = 3.35 Å, the closed-shell configuration is
dominating, so one can expect only second-order spin−orbit
contribution for this closed-shell anion. This closed-shell
domination can be clearly seen also in the middle part of
Figure 4 where the CASSCF σ- and π-electron densities for the
lowest singlet species nicely match the 2c-2e and 3c-2e σ-bonds
as well as the 3c-2e π-bond revealed by AdNDP analysis from
DFT calculation (top inset of Figure 4). In the lowest La3

−

triplet the equilibrium distance is shorter; R(La−La) = 3.20 Å,
while the lowest quintet has the shortest R(La−La) = 3.00 Å.
One can expect that the dominant contribution coming from
the vertical electron detachment process to the peaks observed
in the La3

− spectrum will arise from these lowest singlet, triplet,
and quintet states at their pertinent equilibrium distances
(Tables S1, S3, and S6 in Supporting Information) that span a
relatively small energy gap 8 kcal/mol and are distinctively
separated from the rest of the manifold in Figures 5 and 6.
Keeping in mind the spin selection rule, we shall analyze the
spin orbit results combining the possible vertical electron
detachments as follows: (i) R(La−La) = 3.35 Å, detachment
from the lowest singlet La3

− to doublet La3; (ii) R(La−La) =
3.20 Å, detachment from the lowest triplet La3

− to doublet/
quartet La3; (iii) R(La−La) = 3.00 Å, detachment from lowest
quintet La3

− to quartet/sextet La3.
5. Spin−Orbit CASPT2/RASSI Results. The manifold of

potential energy curves resulting from spin−orbit MS-
CASPT2/RASSI calculations are displayed in Figure 6. The
analysis of the weights of the five most important spin-free
states for both the neutral and anionic species revealed that the
majority of the low-lying spin−orbit states are dominated by
the original spin-free ones with the weights ranging from 0.99
to 0.70; thus, the state interaction is only small-to-moderate.
There are a few exceptions in this picture: spin−orbit states
composed of doublets are usually a mixture of two lowest spin-
free doublet states, and the same holds for quartets (cf. Table
4). For this situation we use the notation, e.g., 2A(1,2),
reflecting that two doublet spin-free roots 1 and 2 contribute to
the mixed SO-state. For the majority of other cases one can
conclude that the CASPT2/RASSI correction represents the
second-order SO effect.
Figure 6 reveals that the spin−orbit corrections only

moderately affect both the manifold of neutral states (especially
between 3.0 and 3.2 Å), leading to numerous avoided crossings.
The most significant change upon SO-coupling is the change in
equilibrium La−La distance for the lowest quintet anionic state,
which is shifted to 3.0 Å. Spin−orbit corrections in La3

− also
result in approach of the (originally) spin-free triplet and
quintet curves. This is probably the result of the stronger spin−
orbit interaction between the manifold of triplet and quintet
states. Otherwise, the overall pattern of the spin−orbit curves
does not differ significantly from the spin-free ones and
indicated only slight stabilization of higher multiplicities in the
La3/La3

− clusters. For the subsequent discussion, the lowest
anionic states will serve as the energy reference.

6. Vertical Detachment EnergiesComparison with the
Anion Photoelectron Spectrum. From our calculations we can
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also deduce the vertical electron affinities (VEA). For VEA one
must consider neutral as a parent system in its equilibrium
geometry. Using the spin-free data in Figure 5 one can expect
that the dominant contribution to VEA can come from the
minima corresponding to sextet/quintet, doublet/triplet, and
from doublet/singlet electron attachments. The corresponding
vertical energy differences yield VEA values in the range 0.7−
1.0 eV which can be accepted as a lower and upper bound of
EA and are in good agreement with our experimental value 0.8
eV. With accuracy of CASPT2 method (±0.1−0.2 eV) in mind,
this is still an acceptable lower bound for VEA. SO corrections
are small and change shifts the lower bound to 0.8 eV.
The experimental photoelectron spectrum of La3

− (Figure 3)
exhibits several distinct peaks that can be compared with MS-
CASPT2/RASSI data in Figures 6 and 7. For the assignment in
which we use the electronic selection rule that the spin
quantum number must change by 1/2, the pertinent possible
detachment routes are summarized in Table 4 and Figure 8.
Electron detachment from the singlet state will produce the
doublet, electron detachment from a triplet will produce either
doublet or quartet, and electron detachment from a quintet will
produce either quartet or sextet. However, adding the orbital
considerations (σ/π symmetries, spin couplings, and occupa-
tion numbers) we can reduce this set to only those
detachments in which one can find matching MOs.
The vertical detachment energies corrected for spin−orbit

coupling can be calculated from the minima on the potential
curves of anions with respect to the corresponding energy
points on the potential curve of neutrals (Figure 7). The most
important parent states for the detachment process are the
states dominated by closed-shell singlet (Re = 3.35 Å), by the
quintet state (Re = 3.1 Å, lying approximately 0.24 eV above)
and by the triplet (Re = 3.2 Å, ∼0.36 eV above singlet). The
parent anionic states (1A, 3A, and 5A) span the interval of
energies easily accessible within the collision process during the
generation of anions.
Starting from the parent states one can deduce the

approximate matches with the peaks recorded in the La3
−

spectrum as summarized in Table 4. In light of the accuracy of
the CASPT2/RASSI method,34,56 especially for heavy elements,
there are roughly three typical patterns of theoretical “lines”:
a−e, f−h, and i−k that can be compared with the peaks in La3

−

spectrum (Figure 8). The minute, low-intensity feature around
0.8−1.0 eV can be associated with the vertical transition a−e;
they refer either to detachment from 3A state to 2A (doublet
roots 1, 2, 4, and 6) or 4A (quartet roots 1, 2, and 9). For
example, the detachment process 3A → 2A(1,2) can be
associated with emptying the orbital 2π (Tables S3 and S4,
compare roots with CSF coefficient 0.632 in triplet and 0.732 in
doublet). Similar matching VDEs and participating orbitals (σ/
δ) can be found for the next three lines f−h in the range 1.0−
1.2 eV; they fit within the computational accuracy to the first
significant experimental peak around 1.1−1.2 and contributing
detachments are 1A → 2A(1,2), 5A → 6A(1), and 5A → 6A(2).
The last three theoretical lines i−k belong approximately to the
second peak at 1.5−1.6 eV and contributing detachments are
1A → 2A(8), 5A → 6A(6), and 5A → 6A(7).
This analysis revealed that all spin-free states considered in

both neutral and anionic lanthanum trimers play equally
important roles in the spin−orbit mixing and, subsequently, in
the interpretation of anion photoelectron spectrum of La3

−.
Detailed orbital considerations revealed that not all of the roots
included in CASSCF/CASPT2 calculations are directly

involved in the electron detachment process due to absence
of matching molecular orbitals.

C. Conclusions. A combined experimental and theoretical
investigation of small lanthanum clusters in the gas phase is
reported. Electron affinities (EAs) and vertical electron
detachment energies (VDEs) of Lan

− (n = 3−7) clusters
were experimentally measured for the first time. Multiple peaks
in the experimental photoelectron spectra and the broad shape
of many peaks indicate a high density of electronic states for the
La anions and corresponding neutral species. We theoretically
evaluated EAs and VDEs for the La− and La3

− simplest species
with experimental accuracy using large-scale multiconfigura-
tional calculations including relativistic corrections. The
presented level of theory reproduces an experimental electronic
excitation spectrum of La within 0.1 eV and the experimental
EA of La within 0.02 eV. However, even for the smallest La3

−

cluster we observed a significant multiconfigurational character
of wave functions for both neutral and anionic states.
Therefore, accurate La cluster calculations, which take into
account the multiconfigurational nature of wave function and
relativistic effects, represent a very challenging task for modern
quantum chemistry. Analysis of chemical bonding in the La3

−

global minimum structure shows that this anion can be
considered as an example of d-AO based double σ and π
aromaticity.
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