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Recently measured photoelectron spectra of the Na3O− anion have been interpreted with the aid of
ab initio electron propagator calculations. As in the case of the Li3O−, we propose that the pho-
toionization of ground and excited neutral states, in a sequential two photon absorption mecha-
nism, plays a role in the interpretation of the observed spectrum. The lowest vertical electron de-
tachment energy of Na3O− corresponds to a Dyson orbital that is composed chiefly of diffuse Na
s functions and connects a D3h singlet anion to an uncharged species with the same point group.
Electron binding energies of isomers of the anion with different point groups or multiplicities have
been considered. The relative magnitudes of the ionization energies of the neutral Li3O and Na3O
species are also discussed. Whereas the most recent experimental data hold that Na3O has the
higher ionization energy, this work asserts the opposite trend. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4728073]

INTRODUCTION

Discovery of novel ionic solids and other unusual mate-
rials motivates the search for highly electropositive molecules
or ions with low ionization energies (IEs) or electron de-
tachment energies.1–3 The IEs of superalkali molecules and
the electron detachment energies of superalkali anions are
smaller than their atomic, alkali counterparts. Hypermeta-
lated molecules with the general formula XMn consist of a
relatively electronegative main group element (X = O, N,
C, . . . ) surrounded by a shell of metal atoms (M = Li, Na,
K. . . ). They exhibit an exceptional stability and a potential
violation of the octet rule. These species are characterized by
highest occupied molecular orbitals that have bonding char-
acter among metallic atoms and X-M antibonding character.
Hypermetalated molecules are also excellent candidates for
superatoms.

Several experimental,4, 5 theoretical,1–3, 6–8 and
combined9 studies have been devoted to the investiga-
tion of superalkalis. The focus of these studies has been
exclusively on neutral and cationic species. Much attention
was attracted to these systems by the pioneering computa-
tional efforts of the Boldyrev group in 19822 where the IE
of the Na3O was estimated to be 3.48 eV from variational
discrete Xα calculations performed with the double -ζ basis
set of Clementi.10 The first experiments on this system were
performed subsequently via photoionization measurements
of the appearance potentials of mass-determined, oxidized
metal clusters formed by reactions in a molecular beam.4

The extracted value of the IE through logarithmic plots
(Watanabe plots after the method of Berkowitz11) was found
to be 3.9 ± 0.15 eV. Wuerthwein and Schleyer recalculated
the ground state of Na3O and found, at the HF/6-31G* level
of theory, an IE of 2.92 eV.12 A higher level of theory,13
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MP2/6-31+G*, later yielded 3.22 eV. This study included
six computational methods (PMP2, PMP3, PMP4, QCISD,
QCISD(T), QCISD(T)+ZPE) and three basis sets (6-31+G*,
6-311+G*, and 6-311+G(2df)) that led to 24 values of the IE
confined to the 3.1–3.4 eV energy range. Zakrzewski et al.6

undertook the first electron propagator calculations on the
system, evaluating an IE of 3.13 eV from the Outer Valence
Green’s Function (OVGF) method. On the other hand,
the measured value was lowered to 3.53 eV by a newer
study of Vituccio et al.5 using photoionization efficiency
techniques. To our knowledge, the latest re-measurement of
the Na3O IE was made using photodepletion spectroscopy
coupled with one-photon ionization mass spectroscopy9 and
produced a value of 3.69 ± 0.15 eV. Theoretical work accom-
panying this same experimental study was performed using
a variety of basis sets. The best calculated value according
to these authors was 3.34 eV.9 Elliott and Ahlrichs8 carried
out B3LYP and MP2 calculations, getting 3.68 and 3.24 eV,
respectively. Finally, the most recent theoretical study on the
subject found an IE of 3.76 eV using a density functional
method with a double-ζ plus polarization basis set.3

We recently considered the detailed study of geometrical
and electronic structures of the Li3O− and Li3O species and
refer the reader to it for a better comprehension of the present
text.14 Bearing in mind the basic concepts explaining the low-
ering of the IE of alkali atoms when going down the periodic
table, we find that the current relative trend of the hypermetal-
lic lithium and sodium compounds is counterintuitive, at least
on the basis of experimental data. The latest study shows that
the IE of Li3O is 3.45 eV, that is, smaller than the value of
3.69 eV found for Na3O.9 This value for Li3O was measured
in 1979 to be 4.52 ± 0.2 eV15 and later to be 3.54 ± 0.3
eV.16 Notice here that at the beginning of the 1980s, the trend
was still as expected, but the progression in the measurements
(that changed dramatically by over 1 eV) may imply the op-
posite trend.
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This paper considers the interpretation of the latest pho-
toelectron spectra of the Na3O− and Na3O species.17 We will
examine first the relative stabilities of several, possible nu-
clear configurations of the Na3O− anion in singlet and triplet
states. Vertical electron detachment energies and ionization
energies of the anionic and neutral species will be evaluated
using electron propagator techniques. The relative IEs of the
neutral M3O species with M = Li or Na will also be dis-
cussed. It will be shown that neither the anionic, nor the neu-
tral photoelectron spectrum is sufficient for the attribution of
all observed peaks in the experimental spectra. Thus, this pa-
per supports a sequential two photon absorption mechanism,
as in the M = Li case.

THEORY

In electron propagator theory, the Dyson equation pro-
vides the foundation of practical calculations and subsequent,
qualitative interpretation. The solutions of the Dyson equation
may take the following form:

[F + �(εi)]�i = εi�i, (1)

where F and � are the Fock and self-energy operator ma-
trices, respectively. � is a Dyson orbital 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
case of the P318 method, or from Brueckner orbitals as in the
BD-T119, 20 case. Dyson orbitals can be used for the calcula-
tions of electron momentum spectra21, 22 and interpretation of
other orbital imaging experiments.23–25

In general, the Dyson orbitals are not normalized to unity.
Their norms represent the pole strengths (PS) and may vary
between zero and one, such that

PS =
∫

|�(1)|2 d1. (3)

Photoionization intensities, transition probabilities, and
electron scattering cross sections are proportional to the pole
strengths. Another formula for the PS can be seen, according
to the quasiparticle (or diagonal self-energy) approach,26 in
the following expression:

PS = 1

1 − d�(E)

dE

∣∣∣∣∣∣∣
E=ε

, (4)

where the dependence of the PS on the variation of the diago-
nal elements of the self-energy matrix is shown.

COMPUTATIONAL DETAILS

Quantum chemical calculations and illustrations of
molecular frames (Figs. 1 and 2) and orbitals (Figs. 3 and
4) were produced with the GAUSSIAN 03 (Ref. 27) code

FIG. 1. Molecular structures and bond lengths of the stationary points on
the Na3O potential energy surface. Spin density distribution is given in bold
italic when nonzero. S and T refer to singlets and triplets, respectively.

and its GaussView extension. Numerical coupled-cluster sin-
gles and doubles plus perturbative triples (CCSD(T))28, 29 ge-
ometry optimizations and harmonic frequency calculations
were done with the 6-311+G*30, 31 basis set. Vertical elec-
tron detachment energies (VEDEs) and IEs were estimated
using electron propagator theory (EPT) methods. Closed-shell
electronic configurations were characterized with the BD-T1
(Refs. 19 and 20) approximation and the P3 (Ref. 18) approx-
imation was used for triplet initial states. The IEs of the neu-
tral species were evaluated as electron affinities (EAs) of the
closed-shell cation. Two basis sets were used for the EPT cal-
culations: 6-311+G* and 6-311+G(2df) plus two series of
diffuse s, p, d, f functions on Na and O atoms. The coefficients
of the diffuse functions were obtained by dividing the small-
est coefficients for each atomic orbital in the 6-311+G(2df)
basis by four. Only 1s-like molecular orbitals on oxygen and
sodium are omitted from consideration in the correlated cal-
culations.

RESULTS AND DISCUSSION

Molecular structures

The chief structural precedent that can be found in the
literature of Na3O and its ions has one oxygen atom sur-

FIG. 2. Mulliken charge distributions of local minima.
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FIG. 3. Na3O molecular orbitals for D3h singlet, C2v triplet, C2v singlet, and
Cs singlet structures (contour 0.05).

rounded by a triangle of three sodium atoms. After several
failed attempts by us to attribute the observed photoelectron
spectrum17 entirely to such an anionic species, we considered
different nuclear distributions inspired by our previous studies
on Li3O.14 Similar minima, located here closer to the global
minimum, were found. Whereas the C2v and Cs singlet struc-
tures were about 1.5 eV higher than the global D3h minimum
in the Li3O− case, the equivalent Na3O− structures are only
1.0 eV over the ground state (Figs. 1 and 2). These structures
are not likely to be observed at experimental temperatures. An
additional structure with the oxygen atom facing a vertex of
the Na3 triangle from the exterior was found to have a triplet
ground state 3.5 eV higher than the global minimum. This
structure will be omitted in the following discussions.

The global minimum of the anion is characterized by a
central oxygen surrounded by three sodium atoms in a D3h

structure with O–Na bond lengths of 2.09 Å. The latter result
is about 0.3 Å longer than the Li–O distance in Li3O−. This

FIG. 4. Molecular orbitals involved in neutral-to-cation ionizations (D3h ge-
ometry, contour, or isovalue = 0.005). The x and y axes are in the plane of the
page unless the z axis is shown explicitly in the plane next to a given orbital
(contour 0.05).

is not surprising because the atomic radius of the sodium is
about 0.3 Å larger than that of the lithium. In addition, the
Na–O bond is expected to have more ionic character where
the negative charge is more localized on the oxygen atom. The
Mulliken charge distribution is Na3

0.5O−1.5 (Fig. 2), whereas
it was approximately Li30.0O−1.0 for the hyperlithiated anion.
The triplet state possesses C2v symmetry, a result that is con-
sistent with the occupation of one of the in-plane orbitals by
an α electron. The metal-oxygen antibonding character of this
orbital leads to a longer length for the bond lying along the C2

axis, as shown in Fig. 3, column C2v T.
The Cs and C2v structures possess distinctive charge dis-

tributions in their ground states. If the negative charge is, as
expected from electronegativity differences, localized on the
oxygen atom in the D3h structure, negative charges are shared
between the oxygen and the peripheral sodium atom in the
singlet Cs and C2v structures (Fig. 2). One can rationalize this
behavior by looking at the shapes of the pertinent molecular
orbitals (Fig. 3). In particular, the highest occupied molecu-
lar orbital (HOMO) of the Cs structure is clearly centered on
the peripheral sodium atom, but this orbital is shared more
between the oxygen atom and the peripheral sodium in the
singlet C2v case. This explains the higher negative charge on
the sodium in the Cs structure. Thus, the Cs charge distribu-
tion is closer to Na2O0Na−1, whereas, in the singlet C2v case,
it is Na2O−0.7Na−0.3.

A doublet C2v structure was found in 19977 to be
the global minimum for Na3O according to Hartree-Fock
calculations using a (14s3p/7s3p) basis set for Li and a
(14s8p1d/7s4p1d) basis for O. However, in 1998, a D3h

ground state was found from a theoretical study that used the
SVP+ basis set and DFT-BP86 methods and confirmed this
conclusion with MP2/TZVPP calculations.8 Similar contra-
dictions in the literature preceded our study of Li3O.14 Here,
we find that the D3h structure is the global minimum using the
highly correlated CCSD(T) method with the 6-311+G* basis
set.

Electron propagator calculations

Despite the similarity between the main features of the
observed Li3O− and Na3O− spectra, EPT calculations show
that the initial states that correspond to the calculated peaks
can be different. Table I summarizes the BD-T1 results on the
VEDEs of the anionic structures.

The lowest, calculated VEDE of 0.6 eV for the D3h struc-
ture can confidently be attributed to the first low intensity
peak of the spectrum at 0.6–0.7 eV17 and involves the dif-
fuse HOMO of Na3O−. The HOMO-1 orbital is responsible
for the far-right peak centered around 3.4 eV in the spectrum.
This orbital is mainly composed of the pz atomic orbital of
the oxygen that is perpendicular to the nuclear plane. For the
sake of comparison, we note that the HOMO-1 orbital of the
Li3O− was not assigned to an experimental feature because its
VEDE is higher than the photon energy, ∼3.5 eV. The destabi-
lization of this orbital in the Na3O− case can be related to the
longer bond lengths that disfavor the very small constructive
interference between the sodium and oxygen atomic orbitals.
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TABLE I. BD-T1 VEDEs (eV) of singlet, ground-state structures (see Fig.
3) of Na3O−.

Structure Initial state and basis sets VEDE

D3h
1A′

1 5e′ 5e′ 2a2
′′ 6a1

′

6-311+G* +diff.a 3.85 3.85 3.43 0.60
6-311+G(2df) +diff. 3.95 3.95 3.57 0.61

C2v
1A1 6b2 10a1 3b1 11a1

6-311+G* +diff. 2.31 2.30 1.97 1.23
6-311+G(2df) +diff. 2.41 2.40 2.10 1.26

Cs
1A′ 15a′ 4a′′ 16a′ 17a′

6-311+G* +diff. 2.60 2.60 2.58 1.20

aThe definition of the extra diffuse functions can be found in the computational details
section.

The following MOs (HOMO-2 and HOMO-3), centered on
the px and py orbitals of the oxygen, are more stable and thus,
need higher energies for electron detachment (see Table I).

If the Cs and C2v singlet species were present in the ex-
perimental samples, they would be responsible for peaks at
1.2, 2.1, 2.4, and 2.6 eV, but these structures are unlikely to
be observed under normal experimental conditions given their
very high energy relative to that of the D3h anion. However,
the triplet species of the structure composed of an oxygen
atom surrounded by three sodium atoms may be present in the
experimental sample due to its relative stability. This struc-
ture lies 0.22 eV higher in energy than the ground state and
has two singly occupied molecular orbitals that correspond
to the VEDEs given in Table II. The shapes of these MOs
are displayed in Fig. 3, column C2v, T. The first VEDE of
the triplet at 0.5 eV approximately coincides with the broad,
low-intensity feature at 0.6–0.7 eV in the spectrum. The 11a1

orbital of the triplet seems responsible for the second exper-
imental peak centered on 1.1 eV. This MO possesses a sim-
ilar shape to that of the HOMO of the D3h structure. Its rel-
atively higher stability can be attributed to stronger bonding
between the two lower sodium atoms in Fig. 3 that compen-
sates for some of this orbital’s antibonding oxygen-sodium
character.

The calculated pole strengths display the reliability of the
calculated transition energies via EPT. The results of Table III
indicate that correlation effects are moderately strong and
support use of the renormalized BD-T1 approximation. The
PSs of the triplet state (see Table IV) are higher relative to
those of the singlet state. These results provide justification
for the use of the perturbative P3 treatment for this open-shell
state.

The lowest peak corresponding to the neutral doublet
state is the second peak (from right to left) on the right side
of the photoelectron spectrum,17 centered around 3 eV. Here
again, as in the Li3O case,14 only the D3h and C2v structures

TABLE II. P3 VEDEs (eV) for the triplet state of Na3O−.

3A1 11a1 12a1

6-311+G* +diff. 1.09 0.49
6-311+G(2df) +diff. 1.10 0.50

TABLE III. BD-T1 pole strengths for VEDEs of singlet anions.

Structure Initial state and basis sets Pole strength

D3h
1A′

1 5e′ 5e′ 2a2
′′ 6a1

′

6-311+G* +diff. 0.87 0.87 0.79 0.83
6-311+G(2df) +diff. 0.87 0.87 0.79 0.83

C2v
1A1 6b2 10a1 3b1 11a1

6-311+G* +diff. 0.81 0.81 0.82 0.86
6-311+G(2df) +diff. 0.81 0.81 0.82 0.86

Cs
1A′ 15a′ 4a′′ 16a′ 17a′

6-311+G* +diff. 0.81 0.83 0.85 0.85

of the anion singlet and triplet respectively will be taken into
account (see Table V). The corresponding orbital is almost
identical to the HOMO of the singlet anion. Of course, the
removal of an electron from this orbital is energetically more
demanding than in the case of the anion’s VEDE because of
the lack of intra-orbital electron-electron repulsion.

The low intensity peak at about 2.5 eV can be assigned to
the 6e′ MO of the D3h neutral structure and 12a1 and 7b2 of the
C2v structure. The low intensity of this peak might be rational-
ized from the shapes of the corresponding molecular orbitals.
Removal of an electron from the degenerate, in-plane HOMO
+1, and HOMO +2 orbitals in Fig. 4 will produce a struc-
tural change. In consequence, the overlap between the vibra-
tional normal vectors of the initial and final states is expected
to be relatively small in this case. The following ionization
confirms this observation, for it involves the diffuse, out-of-
plane 3a2

′′ (4b1 in the C2v structure) orbital. In this case, the
observed intensity at 1.9 eV17 is much higher.

The 7e′ orbitals of the D3h structure together with the
13a1 and 8b2 orbitals of the C2v structure are responsible for
the highest peak at 1.7–1.8 eV in the observed spectrum.17

These degenerate, d-like orbitals have nonbonding character
and the removal of an electron from these levels will have
only a small structural effect.

Our data may be compared to the theoretical work by
Bonacic-Koutecky et al.7 and the experimental-theoretical pa-
per by Hampe et al.9 on the prediction and measurement
of the optical spectrum of Na3O. The depletion spectrum
in the range of 1.3–3.3 eV is provided in the latter pa-
per. The nature of the excited states and their positions will
be compared here. The first two, low intensity, peaks ob-
served in the experimental spectrum at 1.3 and 1.4 eV cor-
respond to the 3a2

′′ ← 6a1
′ and 7e′ ← 6a1

′ transitions, re-
spectively. (Energy differences inferred from Table V are
1.3 and 1.4 eV, respectively). Our attribution of the peaks
differs slightly from those of Hampe et al., who state that
their excitation energy values are overestimated. It is note-
worthy that this study leads to different orders of excited

TABLE IV. Pole strengths for VEDEs of the triplet anion.

3A1 11a1 12a1

6-311+G* +diff. 0.97 0.97
6-311+G(2df) +diff. 0.97 0.97
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TABLE V. BD-T1 IEs (eV) of D3h and C2v Na3O calculated as EAs of Na3O+.

D3h C2v

6-311+G* +diff. 6-311+G(2df) +diff. 6-311+G* +diff. 6-311+G(2df) +diff.

EA PSa EA PS EA PS EA PS

6a1
′ 3.07 0.99 3.09 0.99 11a1 3.12 0.99 3.14 0.99

6e′ 2.43 0.99 2.44 0.99 12a1 2.46 0.99 2.48 0.99
6e′ 2.43 0.99 2.44 0.99 7b2 2.41 0.99 2.41 0.99
3a2

′′ 1.76 0.99 1.81 0.99 4b1 1.78 0.99 1.83 0.99
7e′ 1.64 0.99 1.67 0.99 13a1 1.68 0.99 1.70 0.99
7e′ 1.64 0.99 1.67 0.99 8b2 1.60 0.99 1.62 0.99
2e′′ 1.36 0.99 1.39 0.99 5b1 1.38 0.99 1.42 0.99
2e′′ 1.36 0.99 1.39 0.99 14a1 1.36 0.99 1.39 0.99
7a1

′ 1.34 0.99 1.37 0.99 2a2 1.34 0.99 1.37 0.99
8a1

′ 1.18 0.99 1.26 0.99 15a1 1.18 0.99 1.26 0.99
8e′ 1.10 0.99 1.13 0.99 16a1 1.11 0.99 1.14 0.99
8e′ 1.10 0.99 1.13 0.99 9b2 1.09 0.99 1.12 0.99
4a2

′′ 0.94 0.99 0.96 0.99 6b1 0.94 0.99 0.97 0.99
2a2

′ 0.78 0.99 0.96 0.99 10b2 0.80 0.99 0.96 0.99
9e′ 0.76 0.99 0.87 0.99 17a1 0.78 0.99 0.88 0.99
9e′ 0.76 0.99 0.87 0.99 11b2 0.73 0.99 0.85 0.99
3e′′ 0.67 0.99 0.78 0.99 18a1 0.70 0.99 0.80 0.99
3e′′ 0.67 0.99 0.78 0.99 7b1 0.66 0.99 0.78 0.99
9a1

′ 0.59 0.99 0.78 0.99 19a1 0.59 0.99 0.79 0.99

aPS = Pole strength.

states depending on the use of equation-of-motion, coupled-
cluster singles and doubles (EOM-CCSD) or simple molec-
ular orbital schemes (compare the order of excited states in
Figs. 3 and 5 in Ref. 9). According to the authors, such re-
sults complicated the application of a qualitatively simple
molecular orbital scheme to the spectra. Electron propaga-
tor methods suffer from no such conceptual impediments,
for correlated transition energies are rigorously connected
to their corresponding Dyson orbitals. These results may
be systematically improved with higher levels of theory.
The large, high intensity bands (Fig. 3(b) in Reference 9),
observed between 1.5 and 1.8 eV, can be attributed to exci-
tations from 6a1

′ to 2e′′, 7a1
′, and 8a1

′. These transitions are
electric-dipole-forbidden, but experience shows that excep-
tions to these rules, induced perhaps by vibronic effects, are
not uncommon. Another feature seen near 1.9 eV may be as-
signed to the excitation from 6a1

′ to 8e′ calculated to be 1.96
eV. The large, high-energy peak in the experimental spectrum
around 2.1–2.3 eV seems to be the result of a large number
of excitations to closely-space orbitals such as 4a2

′′, 9e′, 2a2
′,

and 3e′′.
Bonacic-Koutecky et al. found a C2v ground state for

Na3O.7 They also found a C2v ground state for Li3O, but,
as we discussed in our earlier paper14 on Li3O and its an-
ion, we conclude that the ground state structures for these
two molecules are D3h, as confirmed also by several recent
papers.3, 6, 9, 32 Our order of the excited states obtained from
BD-T1 calculations on the C2v structure agrees with the one
given in Reference 7 (Fig. 1 (right side)): A1, B2, B1. How-
ever, irreducible representations of only the first three excited
states are given in the paper and therefore we cannot com-
pare for higher excited states. Concerning the energy levels of

the excited states on the other hand, more important disagree-
ment can be found between our results and those of Bonacic-
Koutecky et al. One of the reasons for this may be the use
of electron core potentials for the oxygen and sodium atoms.
Thus, instead of 0.9, 0.9, and 1.6 eV for the first three excita-
tions, we obtained 0.67, 0.73, and 1.31 eV.

CONCLUSIONS

The present paper presents EPT calculations of the
VEDEs and IEs of Na3O− and Na3O, respectively. We find
geometrical minima other than the D3h singlet and C2v triplet
states of the anionic species, but these nuclear structures are
too high in energy to be included in the interpretation of
the observed photoelectron spectrum. As in the previous case
of the interpretation of the Li3O− spectrum14, 17 that we dis-
cussed recently, we find that a sequential two photon absorp-
tion mechanism could be responsible for the main features of
the observed spectrum. Na3O− remains an interesting case,
for the HOMO—1 of the D3h singlet also contributes to the
high-energy transitions together with the higher excited states
of the neutral species.

IEs of the ground and excited states of Na3O also have
been determined, with the vertical IE of the ground state being
3.09 eV. Our calculations on the vertical IE of Li3O yield a
higher value, 3.45 eV.14 Our data are also validated by the
new experimental study of the excited states of Na3O.
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