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Abstract We performed several types of ab initio calculations, from Hartree-
Fock to Complete-Active-Space second-order perturbation theory and Coupled
Cluster, on compact clusters of stoichiometry X4Y4, where X and Y are atoms
belonging to the second row of the periodic table. More precisely, we con-
sidered the “cubic” structures of three isoelectronic groups, having a total of
48, 52, and 56 electrons, respectively. Notice that the highly symmetric cubic
clusters of type X8 are characterized by an Oh symmetry group, while the
X4Y4 structures, with X ̸=Y, have at most a Td symmetry. Binding energies
and wavefunction analysis of these clusters have been performed, in order to
investigate the nature, and the electron delocalization of these systems and
establish a comparison between them. To this purpose, we also computed the
Total-Position Spread tensor for each structure, a quantity which is related to
the multi-reference nature of a system wavefunction.
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1 Introduction

The atoms belonging to the second-row of the periodic table of elements can
form compact clusters having remarkable properties. For example, beryllium
oxide (BeO)n clusters have been proposed as a possible material for hydrogen
storage, which is being widely studied in the search for renewable energies.[1,2]
Manaa[3] mentioned the interesting properties of hexagonal and cubic phases
of BN, as extreme hardness, low dielectric constant, large gap and high thermal
stability, and the importance of small size clusters in astrophysics, combustion
and material science. The cubic BN was also proposed as ultrawide-bandgap
semiconductor material.[4] In several studies, cubic species were studied as
potential high-energy density materials.[5–7] Spherical aromaticity is a con-
cept that was first used to describe fullerene[8], then later applied to other
systems such as the C8 cubic system, the smallest system that exhibits spheri-
cal aromaticity.[9–11,3,12–14] The rule developed by Hirsch and collaborators
states that spherical aromaticity occurs when the number of π electrons is
equal to 2(n + 1)2. Several studies can be found in the literature on B4F4

clusters.[15–17] However, these structures are not cubic but based on Boron
cages, tetrahedral clusters, where each boron atom is bonded to an external
fluorine one. Finally, we mention the fact that C4N4 mono-layers were pro-
posed as a possible support for LiS batteries [18].

It would be impossible to resume here the existing literature about eight-
atom X4Y4 cubic clusters. In general, in most of these research works, cubic
structures are compared with other geometric arrangements, like the linear,
the cyclic, or more exotic ones. We give here a few elements. In 1999, Fowler
performed Density Functional Theory Tight Binding (DFTB) and DFT calcu-
lations on BN structures. The ring structure was found to be the most stable
isomer, with the Td structure being almost 9.5 eV higher [19]. Martin also found
at the Coupled Cluster CCSD(T) level that linear structures tend to be the
second most stable structure [20]. More recently, Novikov and coworkers[21]
compare the CCSD(T) results to the DFT ones, by comparing the results of 24
exchange-correlation functionals and concluding that B3P86V5 and B97 repro-
duce the geometry while OP and VWN functionals are more satisfactory for
the electronic characteristics. The spherical aromaticity of both cubic C8 and
B4N4 was studied at the coupled cluster level[22] and a comparison of these
two systems was also published by Jensen[9] at the Moller Plesset perturbation
theory (MP2) level and by Manaa[3] at the CCSD and CISD levels. A DFT
study on Be4O4 structures was done by Ren et al, who performed calculations
over rings, double rings, and cages. In particular, the cage was found 1.58 eV
higher than the ring [23]. C4O4 cyclobutanetetraone was studied at B3LYP,
CCSD(T) by Guo in 2012 [24] and by Zhou, Hovrat and Borden [25] (including
complete active space perturbation theory (CASPT2) calculations), showing
that this form is the most stable one with this stoichiometry. C4O4 and N8

were also studied as novel cubic fuels at the MP2 and Complete-Active-Space
Self-Consistent-Field (CASSCF) levels [5,6,26] and later by Schmidt et al [7].
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It turned out that C4O4 has a minimum so shallow that no vibrational states
are permitted, while the barrier of cubic N8 is extremely low, so that the cubic
species is predicted to be very unstable [7]. Ochsenfeld and Ahlrichs[27] have
studied Li4F4 clusters by using HF and Moller Plesset perturbation theory
(MP2) methods and, as Lintuluoto,[28] concluded that cubic Li4F4 was the
most stable structure. In a DFT study[29], one of the aims of the work of
Bickelhaupt and co-workers was to better understand the nature of the most
polar bond in chemistry, and to distinguish between covalent or ionic features
in the bonding mechanism. To our knowledge, there is no scientific literature
on the C4N4, B4F4, Be4F4 and B4O4 cubic systems.

In this work we concentrate our attention on eight-atom cubic clusters having
stoichiometry XpY8−p with X and Y belonging to the second period of the pe-
riodic table, and p is equal to four. They can be divided into three isoelectronic
groups, having 48, 52, and 56 electrons, respectively. Their electronic structures
range from closed-shell edifices very well described by a single Slater determi-
nant, like for instance N8, to highly open-shell wavefunctions. These X4Y4

species, can have, in principle, a highly symmetric structure with (at most) a
Td symmetry (or Oh, in the case of X8 clusters). In some cases, however, the
system can assume a lower symmetry, C2v or even Cs point group in the case
of C4N4. In this study, we performed ab initio calculations on several types of
these “cubic” clusters. We used several types of theoretical methods, starting
from Hartree-Fock (HF), and then moving forward in order to add electron
correlation. In particular, we used approaches of the family of Coupled-Cluster
(CC) for structures that are essentially of a single-reference (SR) type, and
whose wavefunction is well described by a single Slater Determinant. If, on the
other hand, several determinants are needed in order to describe the system
wavefunction, CC approaches are in general unsuitable, and one has to use
Multi-Reference (MR) methods: among these, the CASSCF and second-order
pertubation theory (CASPT2) approaches are probably the most widespread
and good performing. CASSCF adds the non-dynamical correlation due to the
most important determinants and then, the remaining dynamical correlation
has been be added at a perturbative level, through the CASPT2 procedure.

The present work is organized as follows. In Section 2, thanks to Lewis the-
ory, an extremely simple way of imagining new molecules, structures of the
different clusters are illustrated, in order to stress the variety of electronic
arrangements. In Section 3, the Total-Position Spread tensor is introduced,
and it is shown that this quantity is a powerful indicator of the multireference
nature of a wavefunction. For this reason, it can be interesting to compute
this tensor for the different structures, compare their behavior, and correlate
it to the Lewis structures. The computational details are given in Section 4
while Section 5 presents the detailed results of the electronic-structure calcula-
tions performed for this work. Finally, in Section 6 some conclusions are drawn.
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2 Cubic Covalent Clusters and Lewis structures

Second-period clusters having a X4Y4 structure have a total of 16 core elec-
trons, that do not contribute to the electronic structure of the system. The
remaining valence electrons can be used to form the 12 “σ” bonds that charac-
terize the cube structure (for a total of 24 electrons), plus a certain number of
electrons having a “π” nature, and distributed on the cubic cage. We stress the
fact, however, that the partition between σ and π orbitals, and hence electrons,
is to be taken with caution, since this is rigorous for planar systems only. Here,
on the contrary, we are dealing with highly curved structures. Three different
isoelectronic families of clusters have been considered in the present work (see
Figure 1), each one characterized by a different total number of electrons:

1. 48 electrons - These structures have a total of 48−16 = 32 valence electrons,
that can be partitioned into 24 σ electrons and 8 electrons that occupy
orbitals having a π nature. In this group we have the C8, B4N4, Be4O4,
and Li4F4 clusters.

2. 52 electrons - A total of 52− 16 = 36 valence electrons, 24 of which are σ
and 12 π electrons. The clusters C4N4, B4O4 and Be4F4 are found in this
group.

3. 56 electrons - A total of 56 − 16 = 40 valence electrons, 24 of which are
σ and 16 π electrons. We find here the last three clusters, N8, C4O4, and
B4F4.

In principle, several additional families having a smaller number of electrons
are also possible, from 24 to 44, each one characterized by a number of electrons
multiple of four. These are, however, compounds that tend to form compact
structures (with the possible exception of the family having 44 electrons, i.e.,
B4C4, Be4N4, and Li4O4), characterized by a “metallic” structure. Other fami-
lies having more electrons would present hypervalent atoms, something that is
not compatible with second-period species. For this reason, all these remaining
families will not be considered in the present work.

[Fig. 1 about here.]

2.1 Lewis structures

Despite their qualitative description of the bonds in a molecule, Lewis struc-
tures can give a very useful information on the bond nature. All the Lewis
structures are depicted in Figure 2. In the C8 cluster, each carbon atom has
four valence electrons. In classical aromatic systems, like for example the ben-
zene, a carbon atom forms three sigma bonds with his neighbours and shares
the last one in a π orbital. The π orbitals in this case point all in the same
direction, and are therefore orthogonal to the same plane. However, systems
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having a different topology also exist, like for instance fullerenes, where these
π orbitals are not anymore orthogonal to the same plane, and hence the over-
lap between closest orbitals is not as large as in planar aromatic systems. This
is the so-called spherical aromaticity, a concept which appeared with the dis-
covery of the fullerene.[8,10,11,13,14] In a cubic form, the Lewis structure
predicts one π electron in each corner of the cube, placed in an orbital point-
ing outward with respect to the center of the cube. An aromatic behavior can
therefore be expected for the C8 system.[12,14] In B4N4, the boron atoms
share 3 valence electrons while the nitrogen atoms share 5 valence electrons.
In a Lewis representation, nitrogen and boron atoms share 3 electrons to form
the σ bonds and it remains 2 electrons on each nitrogen atom which can be
placed in the four corners of the cube. In Be4O4, each oxygen atom shares 4
electrons with the beryllium, with one dative bond through a donor-acceptor
interaction, since the beryllium atom can only form two covalent bonds with
its two valence electrons. In the same idea, one can imagine that there are
two dative bonds in Li4F4, even if the fluorine atom is better described by
four lone pairs. In the 48-electrons systems, only the Lewis structure of C8

possesses one π electron in each corner of the cube while in the three others
systems there are four lone pairs in the corners where the more electronegative
atoms are located.
The last family, characterized by a total of 56 electrons, has a π lone pair
on each atom.Therefore, each atom has an sp3 hybridization, and these com-
pounds are characterized by a strong closed-shell nature.
On the other hand, the intermediate family, the one having 52 electrons, has
formally one π electron per bond, and therefore a strongly open-shell nature.
It is therefore expected that four systems (C8,C4N4, B4O4 and Be4F4) can ex-
hibit an aromatic behavior, as there are the only ones with unpaired electrons.

[Fig. 2 about here.]

3 The Total-Position Spread Tensor

The Total-Position Spread (TPS) tensor, Λ, is an extensive property of a
molecule as a whole, like the energy, the dipole moment, the polarizability, etc.
This rank-two tensor is defined as the second moment cumulant of the total-
position operator. Assuming, for simplicity, that a normalized wavefunction
|Ψ⟩ describes the system, we have

Λ = ⟨Ψ|R̂2|Ψ⟩ − ⟨Ψ|R̂|Ψ⟩2 (1)

Here R̂ is the Total-Position operator, i.e., the sum of the position of the
individual particles,

R̂ =
∑
µ

r̂µ (2)
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with the sum going over all the particles of the system (electrons only, in the
present case, since we are working in the Born-Oppenheimer approximation).
The TPS was introduced several years ago by Resta and co-workers [30–33]
under the name of Localization Tensor, which is actually the quantity Λ con-
sidered in the present work, divided by the number of electrons present in the
system. The Localization Tensor plays a very important role in the theory of
electrical conductivity, since its value diverges at the growing of the number
of electrons for metallic systems, while it remains finite for insulators. This
property of the TPS tensor has been extensively investigated in our group,
both in model systems and at an ab initio level [34–43].

In a molecular context, like the present one, it is more convenient not to divide
the position spread for the total number of the electrons of the system, since it
can be shown that the TPS is an additive quantity for a system composed of
several non-interacting subsystems. (As a rather technical remark, we notice
that this property is true only in absence of entanglement, or non-dynamical
correlation, between the different non-interacting subsystems). In a series of
papers, we have shown that the TPS can be a very useful tool to describe the
character of molecular bonds [44–47].

Moreover, we introduced subsequently the Spin-Partitioned TPS, by splitting
the tensor in its four spin components Λρσ, where ρ and σ are spin variables,
whose value can be either α (corresponding to spin projection Sz = 1/2) or
β (spin projection Sz = −1/2) [48–50,47]. We have shown that, for a single
Slater determinants, we have the relation Λαβ = Λβα = 0. Moreover, if the de-
terminant is formed by doubly occupied spinorbitals (i.e., it is a closed-shell),
we have that Λαα = Λββ . For this reason, the quantity Λαβ +Λβα is a power-
ful indicator of the multi-reference character of a wavefunction. An important
point is related to the tensor nature of the TPS. This implies that its trace is
an invariant, not dependent on the orientation of the molecule in the space.
Moreover, the TPS depends only on the system wavefunction as a whole, which
means that it is invariant under any orbital transformation. These properties
imply that Λ (and also Λαα, Λββ and Λαβ +Λβα) are intrinsic properties of
the system. It is a remarkable property of the TPS to represent an intrinsic
indicator of the Multi-Reference nature of the wavefunction.

Because of its tensorial nature, the TPS elements depend on the orientation
of the system in the space. It is possible to diagonalize the TPS matrix, and
extract its eigenvalues and eigenvectors. It should be noticed, however, that
for highly symmetric systems (in our case, in particular, Td and Oh symme-
try group), the three eigenvalues are degenerate, and their eigenvectors are
not uniquely defined. In order to extract from a TPS its orientation-free in-
formation content, it is convenient to compute its trace. The TPS trace is a
scalar quantity that is independent of the system’s orientation in space. This
quantity was computed and reported in the study to provide a measure of the



Three Isoelectronic Families of X4Y4 Cubic Systems 7

system’s overall behavior. By using the TPS trace, it is possible to obtain in-
formation about the system’s properties. The TPS trace only will be reported
in the present work.

4 Computational Details

Atomic Natural Orbitals (ANO) [51] basis sets, optimized by Roos and co-
workers, were used for all atoms in this study. The rather large (14s9p4d3f) un-
contracted basis set was contracted to a triple-zeta plus polarization [4s3p2d1f]
basis. Although not a very large basis set, this contraction permits to obtain
quantitatively reliable results on the light second-row here considered atoms.

All calculations were performed by using the MOLPRO [52,53] and MOLCAS
[54–56] quantum-chemistry packages. The optimization of the geometries was
performed in the highest possible abelian symmetry point subgroup of the true
symmetry group of the system. Therefore, accordingly to the cluster under
examination, the calculation has been done in D2h, D2, C2v, or Cs symme-
try. Indeed, we notice that the MOLCAS and MOLPRO packages can deal
with only Abelian symmetry groups. Generally speaking, therefore, the Oh

cubic symmetry must be lowered to D2h, while the Td tetrahedric symmetry
is reduced to D2. However, in some cases, there is a symmetry-breaking phe-
nomenon that reduces the system symmetry. All the symmetry point groups
are given in the tables and, in parenthesis, the Abelian symmetry groups in
which the calculations were performed.

After a preliminary Hartree-Fock calculation, the electron correlation was
taken into account by means of Coupled-Cluster (CC) or Complete-Active-
Space Self-Consistent-Field (CAS-SCF) [57], followed by CASPT2 calculations
[58]. In particular, CC calculations were restricted to Single and Double exci-
tations (CCSD) [59], or also included triple excitations at a perturbative level
(CCSD(T)) [60]. The various active spaces included the “π” electrons, i.e., 8
electrons into 8 peripheric orbitals for the 48 isoelectronic group, 4 electrons
into 4 orbitals for the 52-electron systems, and finally none for the 56 isoelec-
tronic group since these systems are closed-shells. For C4N4, B4O4 and Be4F4,
additional CASPT2 geometry optimizations were performed in order to check
the structure and the spin multiplicity of the ground state, since the systems
presented a multi-reference character. For these systems, the active space con-
tains 4 electrons in 4 orbitals. At the end of the geometry optimization, and for
all considered clusters, the harmonic frequencies were evaluated numerically,
in order to check if the optimized geometry corresponded indeed to a local
minimum, even if the symmetry constraints are relaxed.



8 Véronique Brumas et al.

Finally, we notice that all the TPS calculations have been performed on the
MOLPRO code, by using the TPS sections inserted in the package for this pur-
pose [61], [62]. At the moment, only the CAS-SCF approach (and hence the HF
too) permits the calculation of the spin-summed [61] and spin-partitioned [62]
TPS tensors. However, they have been calculated at the CCSD or CCSD(T)
geometries.

5 Results

In this section, we summarize the results obtained on the different clusters.
We discuss in a first subsection the geometrical structures of the different
species, binding energies and natural bond order analysis, and in the following
subsection the electronic features (wavefunction, orbital occupation, TPS).

5.1 Structures

Most of the investigated systems present a Td or Oh symmetry. However, in
some cases, the true minimum of the final optimized structure has a lower
symmetry than the possible tetrahedral maximum: B4O4 and Be4F4 belonged
to the D2d point group (and they were treated in the C2v Abelian point group)
while C4N4 was found to be of Cs symmetry only. However, at CASPT2 level,
more relevant for open-shell systems, the geometry optimization of C4N4 gives
a stable D2d structure. The distances and number of imaginary frequencies are
given in Tables 1, 2 and 3. The C8 system presented one imaginary frequency
at the CCSD level while it was not the case at the CCSD(T) one. One can
note that when the smaller ANO [3s2p1d] basis set is used [22] no imaginary
frequency was found, even at the CCSD level while with aug-cc-pVDZ ba-
sis set one imaginary frequency was found at the CCSD level and none at
the CCSD(T) one [14]. The conclusion [22] was that these instabilities were
due to numerical problems in the determination of the frequencies. All the
other optimized structures correspond to local minima at both CCSD and
CCSD(T) levels at the exception of B4F4, the only one for which no local
minimum was found, and Be4F4 for which the CCSD(T) optimized geometry
presents one imaginary frequency. However, it was not the case at the CCSD
or CASPT2 level. As already mentioned, C4N4, B4O4 and Be4F4 present a
multi-reference character, which means that the CC methods are less suitable
than the CASPT2 method.

The distance between first-neighbour atoms (XY distance) varies from 1.44
to 1.84 Å. In each series, this distance increases from the left to the right of
the tables, in connection with the increase of the difference of electronegativity
between the adjacent atoms. Previous calculations on Li4F4 [27–29] give for the
XY distance in the Li4F4 cubic form values in quite good agreement with our



Three Isoelectronic Families of X4Y4 Cubic Systems 9

result (1.835 Å): 1.92 Å(MP2/DZP)[28], 1.824 Å(MP2/6s3p2d Li and 6s5p3d2f
for F)[27] and 1.859 Å(DFT-BP86/Slater basis TZP+polarization 3d4f for F
and 2p for Li)[29].

Three systems have a particularly long XY distance : Li4F4 (1.84 Å), Be4F4

(1.71 Å) and B4F4 (1.84 Å). The common point is that theses systems involve
fluorine atoms and then ionic bonds.

Li4F4 can be seen as a cube of lithium atoms inside a larger cube of fluorine
atoms as the distance between Li atoms is smaller than the distance between
fluorine atoms.[29] Then, the Be-Be (2.5 Å) and B-B (2.8 Å) distances are
larger than the Li-Li one, even though the latter has a larger ionic radius and
the greatest electronegativity difference with fluorine, leading to the strongest
attraction with the fluorine neighbours. This interaction mainly comes from
the 2s orbital of the lithium with the 2p orbital of the fluorine, as for the
beryllium atom, with one electron more. The interaction between B and F
involves the 2p orbitals. However, the optimized cubic structure of B4F4 does
not correspond to a local minimum.
As expected, the diagonal distances between atoms of the same nature in-
crease when they are bonded to more electronegative atoms. For example, the
distance between two boron atoms increases from 1.999 Å in B4N4 to 2.503 Å
in B4O4 and 2.824 Å in B4F4. For all systems, the distances calculated at the
CCSD(T) level are slightly longer than the CCSD ones. For the multireference
52-electrons series, CASPT2 method was used and the optimized distances are
similar to the CCSD ones, with the exception of C4N4.

The binding energies given in Table 4 are the difference between the total
energy of X4Y4 and four times the total energy of the optimized dimer XY.
In parenthesis, the XY distances are given. One can first note that the XY
distance is much smaller in the dimer than in the X4Y4 system (Tables 1-3
and 4). In the 48-electrons series, at the exception of C8, the XY distance is
increased by about +0.23 Å. This increase is about +0.33 Å and +0.42 Å in
the 52-electrons and 56-electrons series respectively. The negative calculated
binding energies of the two first series with respect to the optimized dimers
show that these series are thermodynamically stable or metastable. These
binding energies are larger for the 48-electrons series (between -187 and -466
kcal/mol) than for the 52-electrons one (between -52 and -120 kcal/mol). On
the contrary, the last 56-electrons series present large positive binding energies
and are local minima in the potential energy surface (at the exception of B4F4),
consequently, this fact has led to the view that they may be good candidates as
high-energy density materials [5–7]. The studied cubic clusters present a large
spread of different bonding character: they range from bonds having a purely
covalent nature (C8, N8), to moderately ionic bonds (C4N4, C4O4), to bonds
with a clearly ionic nature (B4N4, Li4F4, B4O4), and ending with strongly
ionic bonds in the case of Be4O4. This can be seen in Table 5 by the partition
of the charges (units of the absolute value of the electronic charge) given by
the Loprop population analysis[63]. Indeed, in C4N4 and C4O4, the Loprop
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charges are close to 0.3, while in B4N4, Li4F4, B4O4 and Be4O4 the values
range between 0.54 and 0.89. In the case of Be4O4, the Loprop charge is 1.49,
which is comparable to the corresponding value for the BeO dimer, 1.54 Å, in
excellent agreement with the value of Zhao and collaborators, in their paper
on the nature of the polar covalent bond[64]). The natural bond order (NBO)
analysis, given in Table 6, is in fairly good agreement with the Lewis structures
shown in figure 2. Lewis structures show dative bonds through donor-acceptor
interaction, four for Be4O4, B4O4 and C4O4 and eight for Li4F−4, Be4F4 and
B4F4, while NBO analysis shows no difference between dative and σ bonds. In
the NBO analysis, Li4F4 has no sigma bonds, but only lone pairs. In general,
it was necessary for the NBO analysis to modify certain thresholds in order
to better separate core electrons and lone pairs. However, the NBO analysis
of Be4F4 failed to describe core electrons and lone pairs correctly. Concerning
the so-called diffuse electrons, corresponding to the π electrons, there is a good
agreement with the predicted Lewis structures, even if there are, surprisingly,
two π electrons in the B4N4 cubic system.

[Table 1 about here.]

[Table 2 about here.]

[Table 3 about here.]

[Table 4 about here.]

[Table 5 about here.]

[Table 6 about here.]

5.2 Total Position Spread and Wave-function analysis

The large HOMO-LUMO gaps (> 8 eV, Tables 1-3) calculated for the 48
and 56-electrons series confirm that these systems are well described by one
closed-shell determinant. For the 52-electrons series, open-shell systems, the
HOMO-LUMO gap is smaller, between 3.71 and 6.89 eV, at the CASPT2 ge-
ometries. One can note that the HOMO-LUMO gap obtained for C4N4 at the
CCSD(T) geometry is found more than 2 eV above the value calculated at the
CASPT2 one.

At the CCSD(T) geometries, the spin-summed TPS calculated at the CASSCF
level and presented in Tables 1-3, decreases in each series: from 85 Bohr2 for C8

until 43 Bohr2 for Li4F4 (48 electrons), from 84 Bohr2 for C4N4 until 64 Bohr2
for Be4F4 (52 electrons) while this decrease is very small for the 56-electrons
series (78.7 to 75.3 Bohr2). The spin-summed TPS and HOMO-LUMO gap
variations are almost linear for the two 48 and 56 electrons series with differ-
ent slopes (Figure 3). The two curves corresponding to the 56 electrons series
are quite flat while the 48 electrons series presents an important slope (-18.7
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Bohr2) for the TPS curve, and a positive slope (2.2 eV) for the HOMO-LUMO
gap. The spin-summed total position spread of the 52-electron series is quite
similar to the 56-electron series. The value of the spin-partitioned αβ + βα
TPS (Tables 1-3 and Figure 4) is close to zero for the three last systems of
the 48-electrons series and equal to zero, by definition, for all the closed-shell
56-electrons series. Four systems present a nonzero spin-partitioned αβ + βα
TPS, much larger for B4O4 (-31.3 Bohr2) and Be4F4 (-52.7 Bohr2) than for C8

(-11.9 Bohr2) and C4N4 (-8.0 Bohr2). As previously mentioned, this is char-
acteristic of a multi-reference wavefunction. The analysis of their CASSCF
wavefunction, which is the wavefunction corresponding to the CASPT2 en-
ergy, shows that C8 possesses 8 delocalized electrons on all corner orbitals
while B4O4 and Be4F4 have only 4 single electrons. The active orbitals are
depicted in Figures 5-8. They are localized on all the corners for C8, with a
contribution on the CC bonds. In the case of C4N4, B4O4, and Be4F4, for
which a CAS(4,4) was used, the molecular orbitals are mainly localized on the
2s orbital of the less electronegative atoms, with a small contribution on the
2p of the nitrogen atoms in the case of C4N4. The delocalization is then more
important for C8 and -as for the benzene- the wave function is almost well
represented by the Hartree-Fock determinant with a coefficient of 0.8 (weight
of 0.64). Indeed, C8 presents spherical aromaticity, a concept coming from the
fullerene discovery[8] and developed in the works of Hirsh[10,12]. In C4N4,
Be4F4 and even more in B4O4, the coefficient of Hartree-Fock determinant in
the CASSCF wavefunction is smaller: 0.75 (weight 0.56), 0.61 (weight 0.37)
and 0.50 (weight 0.25). These wave functions developed on the largest configu-
ration state functions (CSF) coefficients are given below and the corresponding
CASSCF molecular orbitals are presented in Fig 5-8:

ΨC8 = −0.80|22220000⟩−0.18|2ud2ud00⟩+0.18|02220002⟩+0.17|22022000⟩−
0.16|22udu0d0⟩+ 0.16|2u2d0ud0⟩+ 0.16|u22d00ud⟩+ 0.15|ud220u0d⟩+ ...

At the CASPT2 optimized geometry, the wave function of C4N4 is:
ΨC4N4 = 0.75|2200⟩ + 0.36|udud⟩ − 0.29|2020⟩ − 0.29|2002⟩ + 0.23|0022⟩ −
0.15|0220⟩ − 0.15|0202⟩

ΨB4O4 = 0.61|2200⟩ + 0.38|0022⟩ − 0.29|2020⟩ − 0.29|2002⟩ + 0.48|udud⟩ −
0.20|0220⟩ − 0.20|0202⟩

ΨBe4F4 = −0.50|2200⟩+ 0.50|2020⟩+ 0.42|udud⟩+ 0.36|0202⟩ − 0.25|uudd⟩ −
0.36|0022⟩

These 52-electrons systems have a strong multi-radical character. Triplet and
quintet states have been calculated at the CASPT2 level and are higher in en-
ergy. All the other systems are well represented by one closed-shell determinant
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which molecular orbitals corresponding to the "π" orbitals are represented in
the SI.

[Fig. 3 about here.]

[Fig. 4 about here.]

[Fig. 5 about here.]

[Fig. 6 about here.]

[Fig. 7 about here.]

[Fig. 8 about here.]

6 Conclusions

We presented a study in which various computational methods were used to in-
vestigate compact clusters with a specific stoichiometry: X4Y4, where X and Y
are atoms from the second row of the periodic table. The clusters were divided
into three isoelectronic groups, each containing a different number of electrons
(48, 52, and 56). We employed several levels of ab initio calculations, includ-
ing Hartree-Fock, Complete-Active-Space Second-Order Perturbation Theory,
and Coupled Cluster, in order to analyze the properties of these clusters. The
aim of the study was to gain a better understanding of the nature of the wave-
function associated with these structures.

The clusters were found to have a generally cubic shape, with highly sym-
metric structures of type X8 exhibiting the maximum possible symmetry, i.e.,
an Oh symmetry group. The X4Y4 structures with X̸=Y, on the other hand,
have at most a Td symmetry. With the exception of the B4F4 cluster, all the
optimized structures correspond to local minima. In all cases, the calculated
distances are substantially larger than in the XY, dimer and increase with
the difference of electronegativity between X and Y. The binding energies
were calculated with respect to the XY dimer and show that the 48 and 52-
electrons series are thermodynamically stable. On the contrary, the structures
belonging to the 56-electrons series are strongly exothermic. Two systems of
this latter series correspond to local minima and have been identified as possi-
ble candidates as high-energy density materials [5–7]. The natural bond order
analysis is in rather good agreement with the predicted structures by Lewis
theory. The wavefunction analysis has shown the multi-radical character of
the 52-electrons series and the aromaticity of the C8 allotrope of carbon. As a
complement to the investigation of the wavefunction nature of the clusters, we
computed the Total-Position Spread tensor for each structure. This quantity
is related to the multi-reference nature of these systems, and its calculation
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provides insight into the behavior of the electrons within the cluster. In par-
ticular, the behavior of the spin-partitioned TPS tensor is strongly related
to the presence of correlation in the systems, since the mixed-spin compo-
nents vanish for a single Slater determinants. The 52-electron series shows
a strong multi-reference character, and this feature significantly increases by
going from C4N4 to Be4F4. On the other hand, the two other series, the 48-
and 56-electron ones, are essentially closed-shell nature, and qualitatively well
described by a single Slater determinant.

We believe that the study of these systems gives an interesting insight into the
properties of these compact clusters and advances our understanding of their
wavefunction and electronic structure.
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Fig. 1 The construction of the three families of isoelectronic structures from the second
period elements of the periodic table.
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Fig. 2 Lewis structures: the three families of isoelectronic structures are shown. Yellow (X)
and blue (Y) colors are used to represent electrons or orbitals of X and Y atoms. For the
sake of clarity, the electronic structures around only one X and its opposite Y atom are
depicted: the shared electrons in yellow/blue while all the π electrons are represented in
black, in yellow/blue orbitals. A double blue bar stands for lone pair from atom X. Notice
that a blue orbital is hidden behind the central yellow one in each figure.
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Fig. 3 At the CCSD(T) or CASPT2 geometries:
Top: Spin-summed Total Position Spread (Bohr2).
Bottom: HOMO-LUMO gap (eV)
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Fig. 4 Spin-partitioned term of the Total Position Spread (Bohr2) at the CCSD(T) or
CASPT2 geometries
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Fig. 5 CASSCF(8,8) molecular orbitals of C8 (48 electrons).
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Fig. 6 CASSCF(4,4) molecular orbitals of C4N4 (52 electrons).
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Fig. 7 CASSCF(4,4) molecular orbitals of B4O4 (52 electrons).
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Fig. 8 CASSCF(4,4) molecular orbitals of Be4F4 (52 electrons).
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Table 1 X4Y4 systems with 48 electrons (C8, B4N4, Be4O4 and Li4F4). ANO-L 4s3p2d1f
basis set. The calculations were performed in the Abelian point group given in parenthesis.

CCSD C8 B4N4 Be4O4 Li4F4

Oh (D2h) Td (D2) Td (D2) Td (D2)
Distances (Å)
dXX 2.083 1.843 1.994 2.439
dY Y 2.083 2.360 2.455 2.725
dXY 1.473 1.508 1.590 1.831
Imag. Freq. 1 0 0 0

ECCSD (a.u.) -303.551296 -317.701338 -359.701547 -429.369980

Trace TPS (Bohr2) 83.9 76.5 58.8 43.16
Trace αα+ ββ 95.9 76.7 59.1 43.21
Trace αβ + βα -11.9 -0.27 -0.30 -0.05
HOMO-LUMO gap (eV) 8.65 11.78 13.41 15.09

CCSD(T) C8 B4N4 Be4O4 Li4F4

Oh (D2h) Td (D2) Td (D2) Td (D2)
Distances (Å)
dXX 2.103 1.851 1.999 2.445
dY Y 2.103 2.371 2.464 2.730
dXY 1.487 1.515 1.595 1.835
Imag. Freq. 0 0 0 0

ECCSD(T ) (a.u.) -303.661138 -317.769833 -359.748889 -429.401969

Trace TPS (Bohr2) 84.7 76.4 59.0 43.20
Trace αα+ ββ 97.1 77.0 59.3 43.25
Trace αβ + βα -12.5 -0.6 -0.30 -0.05

HOMO-LUMO gap (eV) 8.40 11.70 13.39 15.08
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Table 2 X4Y4 systems with 52 electrons (C4N4, B4O4, and Be4F4). ANO-L 4s3p2d1f basis
set. The calculations were performed in the Abelian point group given in parenthesis.

CCSD C4N4 B4O4 Be4F4

C3v (Cs) D2d (C2v) D2d (C2v)
Distances (Å)
dXX 2.183 and 2.283 2.089 and 2.081 (2) 2.453 and 2.521 (2)
dY Y 1.834 and 2.180 2.235 and 2.275 (2) 2.337 and 2.319 (2)
dXY 1.431, 1.515 and 1.663 1.553 and 1.532 (2) 1.729 and 1.697 (2)
Imag. Freq. 0 0 0

ECCSD (a.u.) -370.228096 -399.530026 -457.856038

Trace TPS (Bohr2) 83.5 67.1 63.7
Trace αα+ ββ 90.4 98.4 116.4
Trace αβ + βα -6.9 -31.3 -52.7

HOMO-LUMO gap (eV) 9.17 4.89 3.78

CCSD(T) C4N4 B4O4 Be4F4

C3v (Cs) D2d (C2v) D2d (C2v)
Distances (Å)
dXX 2.188 and 2.288 2.110 and 2.094 (2) 2.520 and 2.495 (2)
dY Y 1.871 and 2.209 2.261 and 2.273 (2) 2.326 and 2.340 (2)
dXY 1.442, 1.529 and 1.677 1.544 and 1.548 (2) 1.708 and 1.715 (2)
Imag. Freq. 0 0 1

ECCSD(T ) (a.u.) -370.334796 -399.645335 -457.930381

Trace TPS (Bohr2) 84.1 67.4 63.8
Trace αα+ ββ 92.1 98.8 114.3
Trace αβ + βα -8.0 -31.4 -50.5

HOMO-LUMO gap (eV) 9.17 4.85 3.63

CASPT2 C4N4 B4O4 Be4F4

D2d (C2v) D2d (C2v) D2d (C2v)
Distances (Å)
dXX 2.074 and 1.962 (2) 2.096 and 2.087 (2) 2.489 and 2.515 (2)
dY Y 2.235 and 2.243 (2) 2.261 and 2.283 (2) 2.345 and 2.339 (2)
dXY 1.450 and 1.531 (2) 1.551 and 1.544 (2) 1.725 and 1.711 (2)
Imag. Freq. 0 0 0

HOMO-LUMO gap (eV) 6.89 4.89 3.71
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Table 3 X4Y4 systems with 56 electrons (N8, C4O4 and B4F4). ANO-L 4s3p2d1f basis
set. The calculations were performed in the Abelian point group given in parenthesis.

CCSD N8 C4O4 B4F4

Oh (D2h) Td (D2) Td (D2)
Distances (Å)
dXX 2.132 2.224 2.817
dY Y 2.132 2.152 2.329
dXY 1.507 1.548 1.836
Imag. Freq. 0 0 5

ECCSD (a.u.) -436.703278 -452.009010 -497.691637

Trace TPS (Bohr2) 77.15 74.54 75.11

HOMO-LUMO gap (eV) 13.49 13.48 11.83

CCSD(T) N8 C4O4 B4F4

Oh (D2h) Td (D2) Td (D2)
Distances (Å)
dXX 2.159 2.246 2.824
dY Y 2.159 2.177 2.348
dXY 1.527 1.564 1.844
Imag. Freq. 0 0 5

ECCSD(T ) (a.u.) -436.798862 -452.093896 -497.753100

Trace TPS (Bohr2) 78.65 75.53 75.27

HOMO-LUMO gap (eV) 13.38 13.46 11.85
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E(X4Y4)-4*E(XY)

C8 -341.2 (1.258)

B4N4 -453.5 (1.282)

Be4O4 -466.4 (1.352)

Li4F4 -187.4 (1.590)

C4N4 -52.6 (1.184)

B4O4 -120.6 (1.224)

Be4F4 -62.4 (1.378)

N8 425.6 (1.107)

C4O4 326.9 (1.139)

B4F4 168.0 (1.285)

Table 4 Cohesion energies in kcal.mol−1 and, in parenthesis, the XY distance in the dimer
in Å. All the values were calculated at the CCSD(T)/ANO-L 4s3p2d1f level (geometries and
energies). Zero point energy not taking into account.
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Loprop Mulliken

C8 0 / 0 0 / 0

B4N4 +0.61 / -0.61 -0.12 / +0.12

Be4O4 +1.49 / -1.49 +0.69 / -0.69

Li4F4 +0.87 / -0.87 +0.79 / -0.79

C4N4 +0.33 / -0.33 +0.38 / -0.38

B4O4 +0.54/-0.54 +0.21 / -0.21

Be4F4 +0.89 / -0.89 +0.43 / -0.43

N8 0 / 0 0 / 0

C4O4 +0.31 / -0.31 +0.51 / -0.51

B4F4 +0.40 / -0.40 +0.44 / -0.44

Table 5 Loprop and Mulliken charges per center at the CASSCF level (SCF for Li4F4)
and at the CCSD(T) or CASPT2 (C4N4, B4O4 and Be4F4) optimized geometries.
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Number of electrons in core lone pairs bonds diffuse/external orbitals

C8 16 0 24 8

B4N4
a 15.99 7.20 22.68 2.13

Be4O4 15.97 7.78 24 0.25

Li4F4
b 16 31.25 0 0.75

C4N4 16 7.78 23.77 4.45

B4O4 16 7.78 24 4.22

Be4F4
c 24 0 24 4

N8 16 15.92 24 0.09

C4O4
d 16 16 24 0.0

B4F4 15.99 15.97 23.92 0.13

aThe threshold defining the core orbitals in LoProp was lowered to 1.996 instead of 1.999.
bAt the SCF level (at the CASSCF level, there are 8 extra electrons in the core, originating from

the lone pairs).
c LoProp failed to correctly distinguish electrons from core and lone pairs, even when thresholds

were modified.
dThe threshold defining the core has been raised to 1.99965 (from 1.999), while that for lone

pairs has been raised to 1.85 (from 1.80).

Table 6 Natural bond order analysis at the CASSCF level for the optimized
CCSD(T)/ANO 4s3p2d1f basis set geometries with the exception of 52-electron systems,
for which the geometries are those optimized at CASPT2 level, with the same basis set.


