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The present paper deals with the interpretation of the photoelectron spectrum of the Li3O−. After
several failed attempts to attribute all of the observed peaks in the experimental spectrum to anionic
species, neutral species were considered assuming a sequential two-photon absorption mechanism.
We find that only two of the six observed peaks can be attributed to photodetachments and that all
other observed features can be assigned to ionizations from the ground and excited states of the
neutral. Nuclear distributions other than three lithium atoms surrounding the oxygen are not likely to
be stable. The interpretation of the experimental peak located at about 1.2 eV remains challenging. It
can either be attributed to the second electron detachment (involving the HOMO −1 orbital) energy
from the anion’s triplet C2v state or to higher excited states (involving HOMO +10, 11, 12. . . orbitals)
of the neutral species. Furthermore, we have examined the influence of vibrational displacements on
the location of the observed peaks. We find that this effect is smaller than 0.05 eV and, therefore,
must be considered as negligible. © 2011 American Institute of Physics. [doi:10.1063/1.3636082]

INTRODUCTION

Superatoms are molecular species that sometimes re-
semble atoms of the alkali or halogen families.1 Superalka-
lies constitute valuable molecules with strong electropositive
(electron donation) character that can be used in diverse appli-
cations as, for instance, building blocks of novel ionic solids.2

Superalkalies are characterized by highest occupied molecu-
lar orbitals (HOMO) with a non-bonding or antibonding char-
acter that favors an electron detachment at lower energies.
Among the most prominent superalkalies is the trilithium ox-
ide molecule that is attracting much attention from the ex-
perimental and theoretical standpoints.3–9 Li3O is a stable
molecule in a bound state that breaks the octet rule by hav-
ing one excess electron.10–12 The anion species of the same
molecule possesses a relatively low electron detachment en-
ergy of about 0.65 eV.3

Several computational and experimental studies were
dedicated to hyperlithiated molecules3–6 starting with Kudo’s
works in 1978.6 The first ionization energy of the Li3O
molecule was first found experimentally to be 4.54 ± 0.2
eV,7 a number that was later corrected from ab initio calcula-
tions or more recently joint experimental and computational
chemistry studies to be 3.59 ± 0.02 eV.3, 4 Gutowski and
Simons3 discussed in detail the neutral and anionic species
that turned out to be rich in stable minima. Four (one D3h and
three C2v) bound ground states, studied at the coupled clus-
ter singles and doubles plus perturbative triples or CCSD(T)
(Refs. 13 and 14) level of theory for geometry optimizations
and complete active space plus second-order perturbation the-
ory or CASPT2 for excited electronic states energies, were
found for the neutral species. As for the anionic species, a
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D3h singlet ground state was predicted with 0.66 eV as the
VEDE (vertical electron detachment energy) followed by a
C2v triplet excited state (lying 0.21 eV higher). The latter state
was predicted to have its first two VEDEs at 0.45 and 1.15 eV.
Unfortunately, the above-mentioned studies considered only
the ground and the first few excited states that are less than
2.0 eV above the ground state, probably because the exper-
imental techniques available at that time were more limited
than those of current spectrometers.

Recently the photoelectron spectrum of the Li3O− was
reported, in the Bowen group,15 at a laser energy range up to
3.5 eV. Several peaks were observed at the experimental tem-
perature, including the previously predicted peaks (around 0.5
and 1.2 eV) assigned to the lowest singlet and triplet states of
the anion. Following these peaks there exist other close ones
that are more challenging for interpretation. This raises sev-
eral questions that we will try to answer in the present paper:
(i) Do the peaks between 1.5 and 3.5 eV correspond to the
anion or do they arise from the ionization of Li3O? (ii) Is the
peak at 1.1 eV indicative of the presence of anionic species
or could it be associated with higher excited states of neutral
species? (iii) Are there atomic distributions other than three
lithium atoms surrounding an oxygen atom that can exist as a
bound state? (iv) Can vibronic effects be seen in the reported
spectra? After a brief description of theoretical methods and
computational strategies, two other sections will follow de-
scribing the molecular geometries and the electronic struc-
tures of trilithium oxide. The main results will be reviewed
in the summary and conclusions section at the end of the
paper.

DYSON ORBITALS

In electron propagator theory (EPT), the Dyson equa-
tion provides the foundation of practical calculations and
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subsequent, qualitative interpretation. All of the solutions of
the Dyson equation may be cast in the following form:

[F + �(εi)] �i = εi�i, (1)

where F and � are the Fock and self-energy operator matri-
ces, respectively. � is a Dyson orbital (DO) that is defined
as the overlap between the N and N−1 many-electron wave
functions according to,

�(1) =
√

N

∫
�N

I (1, . . . , N )�N−1
F (2, . . . , N )d2, . . . dN.

(2)

I and F stand for initial and final states. � can be
built from the canonical Hartree-Fock molecular orbitals, as
in the cases of the outer valence Green’s function method
(OVGF) (Ref. 16 and partial third-order approximation (P3)
(Ref. 17) methods, or from Brueckner orbitals18, 19 as in
the Bruekner doubles plus triple field operator or BD-T1
case.20–22 Dyson orbitals are also necessary for calculations
of Compton profiles,23 electron momentum spectra,24, 25 and
interpretation of other orbital imaging experiments.26–28

In general, the DOs are not normalized to unity. Their
norms represent the pole strengths (PS) and may vary between
0 and 1, such that

PS =
∫

|�(1)|2 d1. (3)

Photoionization intensities, transition probabilities, and
electron scattering cross sections are proportional to the pole
strengths. Another comprehensible definition of the PS can be
seen, according to the quasiparticle approach,29 in the follow-
ing expression:

PS = 1

1 − d�(E)
dE

∣∣∣∣∣
E=ε

, (4)

where the dependence of the PS on the variation of the self-
energy becomes obvious.

NORMAL MODE DISPLACEMENTS

Nuclear motion is much slower than electronic redistri-
bution in photoionization experiments.30 The time scale for
nuclear motion is on the order of picoseconds whereas elec-
tronic phenomena take place in the femtosecond range.30 Vi-
brational displacements along normal modes were considered
previously for the interpretation of the electronic spectra of
Li3O.5 Band broadenings due to vibrational motions were
found to be as much as 0.3 eV. A recent study considered
the lowest three normal modes arguing that at about 200 K,
the assumed temperature of the experiment, only these modes
can be populated.5 If the zero-point population of each nor-
mal mode is included, all six normal modes should be con-
sidered because thermal population is here not taken yet into
account by definition. One-dimensional treatment of the prob-
lem might also be risky since the normal mode displacements
are multidimensional as is shown in Fig. 1.

We advocate a simple consideration of the harmonic ap-
proximation. A priori this is a safe starting point, we do not

FIG. 1. Normal modes of the triplet ground state (C2v symmetry).

expect major changes in the nuclear positions at the ZPE
(zero-point energy) of each mode. Given the normal displace-
ment matrices, Q, from a quantum chemical calculation, typ-
ically a numerical frequency analysis using the CCSD(T)
method, we can start by calculating the total electronic en-
ergy at a probe geometry obtained, for example, by moving
the atoms by a small fraction (a1) along normal mode. Thus, if
X0 is the matrix of the Cartesian coordinates at the minimum
on the potential energy surface and Q is the displacement ma-
trix, then the probe geometry X1 is defined by,

X1 = X0 + a1Q. (5)

Having obtained the relative energy of the X1 geometry
(E1–E0) from a single point calculation we can determine the
fraction of the normal mode a2 at the far-side turning point of
the considered mode. At the far-side turning point, the total
energy is the ZPE, and

a2 = a1

√
EZPE

E1 − E0
. (6)

One can easily check that the new geometry defined as

X2 = X0 + a2Q (7)

possesses the ZPE as E2–E0 by performing a single point
energy calculation. When this condition is not satisfied, this
would indicate that the geometry is too far from the minimum
(i.e., a1 is too big) and the harmonic approximation is now
invalid. One can simply overcome this problem by reiterat-
ing the formula starting from the X2 geometry. Here, the new
geometry must be closer to the minimum and typically con-
vergence can be achieved within three iterations.

COMPUTATIONAL DETAILS

All calculations were carried out using the GAUSSIAN 03
(Ref.31) package. The 6-311+G* /CCSD(T) (Refs. 32 and
33) level of theory was used for geometry optimizations and
numerical (double differentiation) frequency analysis as well
as for the single point calculations of several electronic states
at each minimum for the estimation of vertical transition
energies.
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Several computational methods of the EPT34 were used
for the direct estimation of the VEDEs in combination with
several basis sets. OVGF,16 P3,17 and a method based on
Brueckner-doubles (BD) (Refs. 18 and 19) orbitals, i.e.,
BD-T1.20, 21 BD-T1 is used for closed shell initial states, and
OVGF and P3 were reserved for the open-shell initial states.
Whereas the first and second VEDEs of the anionic species
were calculated directly, we used another approach for the es-
timation of the ionization potentials of the excited states of
the neutral. Electron affinities of the cationic species corre-
spond to ionization potentials of the neutral. It will be shown
later that this approach is useful for the interpretation of the
experimental spectra. Ten basis sets were tested for the esti-
mation of the VEDE from two EPT methods (see supplemen-
tary material Ref. 35). Each of the predefined 6-311+G*, 6-
311+G(2df), and 6-311+G(3d2f) sets (basis sets 1, 4, and 7,
respectively) was supplemented by one or two diffuse sets of
s and p functions defined by dividing the smallest (Gaussian
function) exponents of the Li and O atoms by 3 and 9. The
first additional set is included in basis #2 and both sets are
included in basis #3. A similar argument applies to the gen-
eration of sets 5 and 6 from basis 4 and to the generation of
sets 8 and 9 from basis 7. For comparison, aug-cc-pvtz (#10)
(Ref. 36) results are compared to those from Pople basis sets.

Results and discussions

Molecular geometries

Geometry optimizations were first performed using the
coupled-cluster single and double (CCSD) (Ref. 37) method
starting from C3v, D3h, and C2v geometries in an attempt to
have a large scan of the potential energy surface. Two starting
points were further considered for the C2v point group: two
long with one short (2L) and two short with one long (1L) Li–
O distances. At the CCSD level, D3h and C2v (1L) were found
to be unique ground states for the singlet and triplet states
of the Li3O− species, respectively. C2v (2L) was found to be
a stationary point for the neutral Li3O species. Single-point
CCSD(T) calculations of the VEDEs at the D3h and C2v (2L)
geometries were also performed. The energy of the doublet at
the (singlet) D3h geometry was found to be lower. However,
frequency analysis showed that the C2v (2L) structure is a sta-
tionary point at the CCSD level of theory. This was a sign that
the CCSD and CCSD(T) potential energy surfaces may dis-
agree about the correct minimum structure.3–5 For this reason,
we had to check the CCSD results by performing more costly
numerical CCSD(T) geometry optimizations and vibrational
analysis starting from different points of the potential energy
surface of each electronic state.

Twelve geometry optimizations were performed starting
from four structures and three electronic states. C3v (dihe-
dral angle = 112◦) and the two C2v geometries obtained from
CCSD calculations together with the optimized D3h struc-
tures were considered for geometry optimizations of the sin-
glet, triplet (anionic), and doublet (neutral) states. Only three
minima were obtained. D3h with dLi–O = 1.702 and 1.699 Å
were found for the singlet and doublet states, respectively.
The triplet state has C2v (1L) symmetry with dLi–O = 1.725

FIG. 2. Energy levels of several Li3O− structures with different nucleus dis-
tributions relative to the D3h structure. Mulliken charge distributions are pro-
vided next to each atom. In the case of a triplet ground state (top), the spin
density population is indicated in parentheses.

and 1.703 Å and Li-O-Li = 128.2◦. Similar problems arising
from the inclusion of perturbative triple excitation corrections
were encountered previously in the calculations on the dou-
blet state.3, 38

Further structural inspections have been performed start-
ing from nuclear distributions other than a central oxygen sur-
rounded by the three lithium atoms (see Fig. 2). It turns out
that the new minima are over 1.5 eV higher than the ground
D3h state at the CCSD(T) level of theory. These geometries
will not be considered further for the interpretation of the ex-
perimental photoelectron spectra treated in this paper. They
are very unlikely to be thermally populated under experimen-
tal conditions, for 1 eV corresponds to about 11 600 K.

Electronic states

As understood from the Molecular geometries section,
states labeled by the totally symmetric irreducible representa-
tion were obtained for the singlet, doublet, and triplet, 1A1

′,
2A1

′, and 3A1, respectively. The 1A1
′ state lies 0.217 eV un-

der the 3A1 state and 0.645 eV under the 2A1
′ state (Table I

and Fig. 3). In the harmonic approximation, these two values
become 0.218 and 0.642 eV, respectively, because of the ZPE
corrections. VEDEs were estimated to be 0.447 and 0.646 eV
from the triplet and singlet states, respectively, to the doublet.
These values are summarized in the following tables and will

TABLE I. Adiabatic and vertical transition energies between electronic
states of Li3O− and Li3O from 6-311+G*/CCSD(T). 1A′

1 and 3A1 are an-
ions, 2A′

1 is neutral.

Adiabatic (eV) Adiabatic with ZPE Vertical

1A′
1 →2 A′

1 0.65 0.64 0.65
3A1 →2 A′

1 0.43 0.42 0.45
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FIG. 3. Relative energies of various charge and electronic states calculated
at the 6-311+G*/CCSD(T) level and including zero-point energies.

help us as references for assessing the quality of the electron
propagator approximations.

Analysis of the electronic and spin density distributions
allows more insight into the detachment and molecular relax-
ation processes (Fig. 4). Indeed, the singlet state (left bottom)
has a zero spin density everywhere until an electron is de-
tached that opens the shell with one unpaired electron. This
doublet state at the geometry of the singlet (top left) possesses
more important spin polarizations on the Li atoms than on the
oxygen. One can notice here that the charge and spin density
distributions do not change when the molecular structure re-
laxes (to center) to the doublet electronic state’s minimum.
This is expected because the structural changes are still mi-
nor in this case, unlike the relaxation from C2v to D3h. The

FIG. 5. Highest occupied molecular orbitals with spin up (α) and down (β)
of the triplet ground state (isovalue = 0.005).

triplet ground state (bottom right) concentrates the unpaired
electrons mainly on the Li atoms. Almost one unpaired elec-
tron is localized on the Li atom on the z axis (longer Li–O
distance) and the second spin is shared by the two other equiv-
alent Li atoms. This can be understood from the shape of the
molecular orbitals (MO) given in Fig. 5.

The two unpaired electrons occupy α spin-orbitals 6a1

and 7a1. 1b1 β has a shape similar to 1b1 α. These two latter
spin-orbitals have similar shapes similar to that of the 1a2

′′

HOMO−1 of the singlet (Fig. 6).

FIG. 4. Mulliken atomic charges and spin density distributions (in parenthesis when �= 0). Depicted bond length differences in the C2v structures are slightly
exaggerated for clarity.
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FIG. 6. Highest occupied molecular orbitals of the singlet ground state (iso-
value = 0.005).

The 6a1 α spin-orbital is symmetric relative to the plane
bisecting the lower Li-O-Li plane, which explains the shar-
ing of one electron’s spin by the two lower Li atoms. The
other unpaired electron occupies the 7a1 α spin-orbitals, that
is, localized chiefly on the upper Li atom. After electron de-
tachment (Fig. 4, top right), it is this electron that is removed,
thus the spin density on this specific Li is drastically reduced
with relatively small changes in the atomic spins of the other
two Li atoms. Now when the doublet molecular geometry is
allowed to relax, from C2v (top right) to D3h (center), it will
induce an electronic flux to the Li atom on the z axis from the
other two, in order for the HOMO to regain D3h symmetry.
This is also illustrated by the decrease of positive charge of
the top Li and increase of its spin density. This phenomenon
marks the main difference between the effects of geometrical
relaxations of the doublet states in Fig. 4.

The absolute values of the charge and density distri-
butions can vary according to the method of analysis, e.g.,
the natural population analysis39 or atoms in molecules40

schemes. This should be true in our case,8 but here we are
more interested in the charge distribution changes accompa-
nying transitions rather than the absolute values. Thus, we ex-
pect the above-presented analysis to be qualitatively valid for
any method. Nevertheless, it must be indicated that our Mul-
liken analysis supports a O−Li3+ picture following Pople’s
description.9

Electron propagator theory calculations

BD-T1 gives VEDE values of 0.67 eV for the first elec-
tron detachment from the singlet with a PS of 0.82 for basis
sets 1, 4, and 6. Pople basis sets with two diffuse functions
(i.e., 2, 5, and 8) give the same results for the first VEDE.
Basis set #10 gives similarly 0.67 eV and 0.83 for the VEDE
and PS, respectively. The BD-T1 value coincides with the adi-
abatic result calculated at the CCSD(T) level.

The HOMO−2 and HOMO−3 are degenerate. These
correspond to the px and py orbitals of the oxygen atom
while the HOMO−1 is the non-bonding pz of the oxygen.
Table II results indicate that the second electron detachment
from the singlet occurs at energies higher than 3.5 eV, the
upper (or right hand) limit of the experimental spectrum we
discuss here.

TABLE II. BD-T1 VEDEs of the 1A1
′ state of the anion using 6-311+G*.

Orbital VEDE (eV) PS

HOMO−3 5.80 0.79
HOMO−2 5.80 0.79
HOMO–1 4.93 0.85
HOMO 0.67 0.82

The P3 method was considered for the estimation of the
first two VEDEs of the triplet species (Table III) since in
the current implementations of BD-T1 only calculations of
closed shells are available. BD-T1 calculations on the singlet
show that the inner electrons are too stable for the laser en-
ergy used in the presently discussed experiments. Therefore,
only singly occupied molecular orbitals are considered here
(6a1 and 7a1 α in Fig. 5). The first VEDE is very close to
the first VEDE of the singlet even though the latter involves
a completely different molecular orbital. The second VEDE,
however, appears at about 1.2 eV and seems to be responsible
for the second peak we see in the experimental spectrum. It
involves an orbital that resembles the HOMO in the singlet
state. This stabilization can be explained chiefly by the higher
number of exchange interactions involving only the open-
shell (spin up or spin down) electrons in the triplet electronic
state. This number is higher for the majority spin in open-shell
systems.

Table IV shows IPs (ionization potentials) of the ground
and excited states of the neutral species as calculated at the
D3h and C2v geometries of the anion. Columns 4 and 8 in Ta-
ble IV indicate the hydrogen-like classification of the molec-
ular orbitals. When higher excited states are considered, elec-
trons occupy more diffuse Rydberg orbitals and the potential
of the molecular frame resembles more a positively charged
entity, as in the hydrogen atom case. They resemble very
closely the Dyson orbitals and play a key role in the in-
terpretation of the intensities and locations of the observed
peaks. When the molecular orbital is spread over the molec-
ular frame, in other words when they are engaged in bonding
or antibonding interactions, one expects smaller intensities of
the corresponding peak and a shift in the ionization energy
since geometry changes are then expected to occur after the
electron removal. This qualitative interpretation follows from
the Frank-Condon factors dependence on the vibrational over-
lap between nuclear coordinates of the initial and final states.
When the orbital involved in the transition has a non-bonding
character, small changes in the molecular geometries are ex-
pected after a transition and, thus, higher overlap and larger
Frank-Condon factors.

TABLE III. P3 results of the VEDEs of the triplet state of Li3O−. More
detailed data on the influence of the basis set size on the calculated properties
are given in the supplementary material (Ref. 35).

Orbital VEDE (eV) PS

3A1 HOMO –1 1.19 0.96
HOMO 0.51 0.97
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TABLE IV. Ionization potentials and symmetries of the excited neutral
states of the Li3O calculated with basis set #8 at the BD-T1 level of theory.

D3h IP PS H-like C2v IP PS H-like

4a1
′ 3.45 0.99 3s 6a1 3.53 0.99 3s

3e′ 2.78 0.99 3py 7a1 2.83 0.99 3py

3e′ 2.78 0.99 3px 3b2 2.73 0.99 3px

2a2
′′ 2.01 0.99 3pz 2b1 2.03 0.99 3pz

4e′ 1.75 0.99 3d(x2−y2) 8a1 1.81 0.99 3d(x2−y2)

4e′ 1.75 0.99 3dxy 4b2 1.70 0.99 3dxy

1e′′ 1.49 0.99 3dxz 3b1 1.52 0.99 3dyz

1e′′ 1.49 0.99 3dyz 9a1 1.49 0.99 4s
5a1

′ 1.47 0.99 4s 1a2 1.45 0.99 3dxz

6a1
′ 1.34 0.99 3dz2 10a1 1.34 0.99 3dz2

5e′ 1.24 0.99 4py 11a1 1.26 0.99 4py

5e′ 1.24 0.99 4px 5b2 1.23 0.99 4px

3a2
′′ 1.05 0.99 4pz 4b1 1.06 0.99 4pz

1a2
′ 0.93 0.99 4fy(3x2−y2) 6b2 0.93 0.99 4fy(3x2−y2)

6e′ 0.91 0.99 4d(x2−y2) 12a1 0.93 0.99 4d(x2−y2)

6e′ 0.91 0.99 4dxy 7b2 0.89 0.99 4dxy

7a1
′ 0.83 0.99 5s 13a1 0.83 0.99 5s

2e′′ 0.81 0.99 4dxz 5b1 0.83 0.99 4dxz

The HOMO of the neutral species appears to be respon-
sible for the far right peak in the Li3O spectrum.15 The rela-
tively high intensity of this peak should come from its cor-
respondence to a completely symmetric s-like orbital, and
that minor geometry changes are expected after such ioniza-
tion. The HOMO+1 and the HOMO+2 (3e′) are responsi-
ble for the peak centered at about 3.0 eV. These two polar-
ized molecular orbitals are expected to distort slightly the
geometry of the neutral species, when involved in the tran-
sition, and hence they are shifted and possess lower inten-
sities when ionized. The observed intensive peak, at about
1.95 eV, can be attributed to the 2a2

′′, orbital that is of 3pz

nature, centered on the oxygen atom. The in-plane degenerate
d-like MOs, HOMO+4, and HOMO+5 (4e′), give rise to the
highest peak in the spectrum centered at about 1.75 eV. These
MOs have non-bonding shapes which together with their de-
generacy could explain the high intensity of the associated
peak. The width of this peak may find origins in the C2v ge-
ometry of the triplet together with the expected Jahn-Teller
effects in the excited doublet of the D3h structure.

The interpretation of the flat peak about 2.25 eVs, in
the experimental spectrum, led us to the consideration of the
shake-up states (Table V) corresponding to the simultaneous
promotion of the molecule to an excited neutral state together
with an electron detachment. This peak can be attributed to
a shake-up from the ground anionic singlet state to the 4E′

excited neutral state (2.37 eV). One can still speculate about
the presence of the triplet species of the anion because the
large peak centered about 1.1 eV could be the result of the
photoionization of higher neutral states (HOMO+11, 12. . . ),
shake-up (to the 3E′ state) or the photodetachment from the
HOMO−1 of the triplet. It could also be the result of the con-
volution of these three transitions.

Our computational results are supported by the resonance
enhanced two-photon ionization spectroscopy experimental
spectrum reported between 0.7 and 2.75 eV.5 Figure 2(a) of

TABLE V. Shake-up transition energies.

Final state Shake-up energy (eV)

3e′ 1.34
3e′ 1.34
2a2

′′ 2.12
4e′ 2.37
4e′ 2.37

Ref. 5 displays four broad absorption bands of the neutral
doublet named A, B, C, and D and centered around 0.8, 1.7,
1.9, and 2.2 eV, respectively. We will also discuss here a small
peak located next to B with lower intensity and we will call
it here B′. In the following discussion the excitation energies
between the ground and excited neutrals will be simply con-
sidered as the energy differences between the excited doublets
and the 2A1

′ state calculated with the BD-T1 method. The
high intensity A peak is the signature of the excitation to the
first excited doubly degenerate 3E′ states. The B peak comes
from the 4E′ ← 2A1

′ excitation while the B′ peak can be at-
tributed to the 2A2

′′ ← 2A1
′ excitation. The lower intensity

of this peak finds its origins in the non-degeneracy of the ex-
cited state. The C peak is the result of the excitation to the 1E′′

← 2A1
′ state. This peak, has a similar intensity with the A and

B bands. D is the broadest of all peaks with a lower intensity,
it should result from the excitation to all remaining excited
states that are displayed in Fig. 7. At this energy level, the

FIG. 7. Ground and excited doublet states as calculated from the BD-T1
method and basis set #8.



164307-7 Spectra of Li3O and Li3O− J. Chem. Phys. 135, 164307 (2011)

gaps between excited states become narrower. This explains
the breadth of the experimental peak.

It is worth mentioning that numerical results on the neu-
tral doublet ionization potentials are readily converged at the
Hartree-Fock (HF) level. HF, OVGF, and P3 results for this
species are very similar to those of BD-T1 displayed here.
This must follow from the accuracy of the approximation we
adopted of calculating the IPs of the excited neutral as the
electron affinities of the cation. Also, the correlation effects
are expected to be less important for the excited doublets since
single electrons occupy molecular orbitals in these states.
Consequently, no same-orbital correlation effects should be
present. In addition, the overcounting of occupied orbitals
that can be “seen” by virtuals is removed by considering the
(N−1)-electron system, i.e., the cation in this case.

Molecular breathing

Numerical estimation of the normal mode vibrational fre-
quencies with the harmonic approximation using quantum
chemistry methods provides, in addition to the infrared spec-
trum, the attribution of normal modes to specific frequencies.
For example, in our case we have several electronic ground
states possessing different structures; one would then be inter-
ested in following the variation of the frequencies as the struc-
tural parameters change (see supplementary material Ref. 35).
At first glance, some shifts in the frequencies are expected
when going from a state to another but the hierarchy of the
normal modes should not change. If that were the case, we
would have to attribute a b1 irreducible representation to the
lowest normal mode of the triplet in Fig. 8, for a2

′′ in the D3h

FIG. 8. Normal-mode vibrational frequencies calculated at the 6-
311+G*/CCSD(T) level of theory. See Fig.1 for the associated displace-
ment vectors. Numerical values are tabulated in the supplementary material
(Ref. 35).

group leads to a b1 irreducible representation in the C2v group
(the shape of the normal mode of each irreducible representa-
tion is given in Fig. 1). However, the computational analysis
does not agree with this assumption. The order of the lowest
b1 and b2 vibrations in the triplet is inverted relative to the sin-
glet and the doublet states. Without the explicit calculation of
the normal modes, using quantum chemistry techniques, this
information would have been very difficult to access.

In general, the bending modes are more influenced
by the change in the charge numbers than the stretching
modes. The scissoring mode in the singlet state (e′) vibrates
more easily in the triplet state structure than in the singlet
(Fig. 8). In fact, the HOMO of the anion singlet (illustrated in
Fig. 6) exhibits constructive interference on the ring linking
the three Li atoms. This continuity leads to the stabilization
of the MO. This can be seen to some extent as strengthening
the restoring force among Li atoms on the ring, leading to a
more difficult displacement of the Li atoms towards C2v sym-
metry. Thus, the change in the symmetry of this MO from 4a1

′

to 6a1 (Figs. 5 and 6) leads to a softer scissoring mode. The
scissoring and rocking modes (b1 and a1, upper right side of
Fig. 1) bend at lower frequencies in the neutral 2A1 state. This
can be attributed to the lowering of the occupation number of
the HOMO (MO 4a1

′) that weakens the restoring force dis-
cussed above.

We notice no important changes of the ZPEs associ-
ated with the structural changes. The lowering of the vibra-
tional frequencies of some normal modes in the triplet state is
compensated by the increase of other frequencies. The dou-
blet state possesses the lowest ZPE. This can be understood
mainly from the lower parts of the infrared spectra since the
doublets are the lowest of all electronic states as illustrated in
Fig. 8.

The influence of the vibrational motions on the electronic
spectra of the hyperlithiated system was previously studied in
the literature and was believed to have important effects.5, 10

We have undertaken similar studies by scanning the electronic
state levels along the normal-mode pathways. In particular,
we were interested in checking the effects of the geometry
changes at the far-side turning points of the anion on the ex-
cited states of the neutral species. No thermal population of
the higher vibrational states was considered since the experi-
mental temperature is believed to be too low for any of these
effects to be observed. Table VI summarizes the results.

No significant changes are observed between vibrational
frequencies of the D3h anionic and neutral species, for bond
lengths remain practically unchanged. We do not find any im-
portant influence of the vibrational motions on the IPs. Ta-
ble VI shows that these changes are smaller than 0.05 eV,
a negligible amount that confirms the well-known flatness
of the potential energy surfaces of hyperlithiated molecules.
This result does not contradict the findings of Neukermans
et al. because here we consider the vibrational modes as
the eigenvectors of the Hessian matrix and do not reduce
them to one-dimensional angles and dihedrals as was done in
Ref. 5. If we take the out-of-plane vibration mode as an ex-
ample, we find that our displacements are different because
the displacement vectors are perpendicular to the Li3 plane
while Neukermans et al. simulated this vibration by taking the
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TABLE VI. Relative changes in the ionization potentials (eV) of the excited
neutral states of the Li3O molecule at the far-side turning point geometries of
the anionic species.

Normal mode #
MO # 1 2 3 4 5 6

HOMO − 0.03 − 0.02 − 0.03 0.03 0.00 0.00
HOMO+1 − 0.01 − 0.05 − 0.04 0.01 − 0.02 − 0.02
HOMO+2 − 0.01 0.05 0.04 0.01 0.02 0.02
HOMO+3 − 0.01 − 0.01 − 0.01 0.02 − 0.01 0.00
HOMO+4 − 0.01 − 0.04 − 0.03 − 0.01 − 0.02 − 0.02
HOMO+5 − 0.01 0.03 0.03 − 0.01 0.02 0.02
HOMO+6 0.01 − 0.02 − 0.02 0.00 − 0.02 − 0.02
HOMO+7 0.00 0.01 0.01 0.00 0.02 0.02
HOMO+8 − 0.02 0.00 0.00 0.01 − 0.01 0.00
HOMO+9 0.01 0.00 0.00 0.01 0.00 0.00
HOMO+10 − 0.01 − 0.02 − 0.01 0.01 0.00 0.00
HOMO+11 − 0.01 0.02 0.01 0.01 0.00 0.00
HOMO+12 0.00 0.00 0.00 0.01 0.00 0.00
HOMO+13 0.00 0.00 0.00 − 0.01 0.00 0.00
HOMO+14 0.00 − 0.01 − 0.01 0.00 0.00 0.00
HOMO+15 0.00 0.01 0.01 0.00 0.01 0.01

displacement vectors as tangential to the sphere centered on
the oxygen, leaving the Li–O bond distance intact. While in-
tuitively this assumption is correct, our numerical calculations
at the CCSD(T) level suggest (see Fig. 1) that a small stretch-
ing is mixed with the bending assumed in Ref. 5. Our pro-
cedure is indeed incomplete since thermal populations of the
lowest vibrational states (n = 1, 2. . . ) are not taken into ac-
count at least for the first three normal modes.

SUMMARY AND CONCLUSIONS

This paper deals with the quantum chemical interpreta-
tion of the photoelectron spectra reported recently for the hy-
perlithiated Li3O− and Li3O species at a relatively high en-
ergy range of up to 3.5 eV.15 One of the major findings of this
paper concerns the nature of the observed transitions in the
experimental photoelectron spectra. The observed spectrum
displays a superposition of VEDEs from anionic and neutral
species.

The singlet (D3h, 1A1
′) as well as the triplet (C2v, 3A1)

anions coexist in the experimental sample. The presence of
the triplet together with the singlet ground state is established
by the second peak in the experimental spectrum that is
centered around 1.1 eV. The numerous peaks between 1.5
and 3.5 eV cannot be attributed to lower molecular orbitals
(electronic states) of the anion, singlet or triplet. Instead,
they are evidence of the presence of neutral species. The
sequence of events may be explained as follows. The first
photon de-ionizes the anion to ground and excited neutral
states of the neutral. A second photon ionizes these states
to the corresponding cation. Our calculated ionization
energies of the ground and excited neutral states explain
most of the peaks observed between 1.5 and 3.5 eV as
well as all of the features observed in previous resonance
enhanced two-photon ionization spectroscopy experiments
performed on the neutral doublet.5 We inspected the stability

of nuclear distributions other than those with a central
oxygen surrounded by three lithium atoms, but every other
stable nuclear distribution lies over 1.5 eV higher than the
global ground state. These structures are very unlikely to be
observed experimentally under regular conditions. At 0 K, no
major shift in transition energies following nuclear motion
along normal mode vibrations could be found. The biggest
energy change, after molecular breathing, was smaller than
0.05 eV, which is negligible given the order of magnitude of
the energies we are considering here.

The present work indicates that experimental and the-
oretical investigations of other hyperalkali systems could
be as rich in complexity as those of hyperlithiated com-
pounds. Higher laser energies and more precise experiments
coupled to propagator calculations may lead to significant
insights and in some cases, as shown in the present pa-
per, corrections to old results. Therefore, we are undertaking
further investigations on hypersodiated and hyperpotassiated
systems.
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