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ABSTRACT By means of the first-principles calculations, we
reveal that B40 presents superatomic properties. It not only has
superatomic 1S, 1P, 1D and 1F orbitals, but also has supera-
tomic orbitals 2S, 2P, 2D and 2F. The superatomic 2F orbital
of B40 is partially occupied, thus adding six electrons to the
cluster leads to a superatomic structure of fully occupied
shells. The computed nucleus-independent chemical shift va-
lues suggest that the B40

6− is of higher electron delocalization
than B40 itself. Our work opens up a new perspective for the
superatomic physics in boron fullerene family.
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The all-boron fullerene B40, discovered in 2014, has
greatly enriched the chemistry of boron and may lead to
the development of new boron-based nanomaterials [1].
Subsequently, the stabilities and electronic properties of
endohedral metal complexes of B40 have also been in-
vestigated [2–4]. Among the clusters with various sizes,
those deemed “superatoms” exhibit enhanced stabilities
due to the electronic shell closing [5]. Many superatomic
structures, such as C60 [6], Al13 [7], Na40 [8] and Au20 [9],
have been experimentally confirmed. Recently, the Au32

gold fullerene was revealed to have 1S21P61D101F14 elec-
tronic configuration, thus making a superatom [10,11].
Similarly, as a hollow cage structure, is B40 fullerene also a
superatom? Answering this question is crucial for us to
understand the stabilities of B40 and its derivatives, and
explore their potential applications.
In this work, by means of density functional theory

(DFT) computations [12], we carefully analyzed the nat-
ure of electronic structure of the all-boron fullerene B40.
Our calculations reveal that the neutral B40 fullerene is a
superatom with partially occupied 2F shell. However, by
adding six electrons or removing eight electrons, a su-
peratom can be formed with fully occupied shells. In
addition, B40

6− and B40
8+ with fully occupied shells are

highly aromatic as indicated by the negative nucleus-in-
dependent chemical shift (NICS) values at the cage cen-
ter.
The geometric structure of B40 was fully optimized

using generalized gradient approximation (GGA) func-
tional Perdew-Burke-Ernzerhof (PBE) [13] and hybrid
functionals PBE0 [14], B3LYP [15,16] and HSE06 [17,18]
with 6-31G* basis sets [19], and the relative energies be-
tween different electronic states were listed in Table S1 in
Supplementary information(SI). The charged species of
B40, namely, B40

6− and B40
8+, were also optimized at PBE0/

6-31G* level. Frequency analyses were performed at the
same level of theory to characterize the nature of the
stationary points. Both B40 and B40

6− are true local mini-
ma, but B40

8+ with fully occupied shell is a high order
saddle point. Following the imaginary modes of B40

8+

leads to the true local minimum without full-filled shell.
The optimized geometries from different functionals are
rather similar, and we only discuss the computational
results from PBE0 because it has been tested extensively
in previous works and found to be suitable for boron
clusters [1,20–22]. To investigate the electron delocali-
zation or aromaticity of B40 and its charged species, we
calculated NICS (in ppm) [23,24] at the cage centers of
the optimized geometries of the empty cage molecules
using the gauge-independent atomic orbital (GIAO)
method [25]. The verification of B40 using PBE0/6-311
+G* level is shown in Table S2 in SI. All computations are
carried out using the Gaussian09 package [26].
Our calculations show that the ground state of B40

fullerene (D2d) is non-spin-polarized singlet, with the low
and high energy molecular orbitals (MOs) displayed in
Figs 1, 2, respectively. Among the low-energy MOs, a
double-occupied MO 7a1 (marked by black) resembles an
s-like atomic orbital, thus we call it the 1S superatomic
orbital (that is, molecular orbital) for B40, and the specific
orbital composition analyses are described in the fol-
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lowing. This 1S orbital is followed by three p-like atomic
orbitals, namely, the 6b2 and 11e MOs (denoted by red),
which are actually the 1P superatomic orbitals of B40.
Then, there are five d-like orbitals, namely, 5b1, 12e, 8a1
and 7b2 (marked by blue), which are the 1D superatomic
orbitals for B40 fullerene. What follows are the seven f-like
orbitals, 13e, 5a2, 9a1, 8b2 and 15e (marked by pink),
which are essentially the 1F superatomic orbitals of B40

fullerene. The symmetry and energy level diagram of
these orbitals clearly show the 1S, 1P, 1D and 1F elec-
tronic shells of the B40 cage.
The MOs at higher energy levels are much more

complex. With increasing energy levels, the MOs were

characterized with higher angular momentum (Fig. 2).
For example, the MO 12a1 is s-like, and is called su-
peratomic orbital 2S. Similarly, we can easily recognize
three 2P superatomic orbitals (19e and 11b2) and five 2D
superatomic orbitals (9b1, 22e, 15a1 and 14b2). However,
the 2F superatomic orbitals split into two sets, the four
double-occupied MOs (24e, 9a2 and 16a1) and the three
unoccupied MOs (15b2 and 26e), with a substantial gap.
The large splitting reflects the breaking of spherical
symmetry, hence there is a hiatus in the spherical levels
[27]. Compared to the 1S, 1P, 1D, 1F superatomic orbi-
tals, the MOs energies of 2S, 2P, 2D and 2F are more
dispersed, because some high angular momentum su-
peratomic orbitals 1G, 1H, 1I (see Fig. S1) and other σ
bond orbitals are inserted among these energy levels.
Combined with previous research of chemical bonding in
all-boron fullerenes [1], we summarized superatomic
configurations for 1(Sσ)21(Pσ)61(Dσ)101(Fσ)14 and 2(Sπ)22
(Pπ)62(Dπ)102(Fπ)8. Superatomic orbitals 1G, 1H and 1I are
also constituted by σ bond. Moreover, unlike the C60, the
B40 is an electron-deficient structure, which may be be-
cause it is not a complete sphere, so there are 16 σ bond
orbitals that cannot be clearly classified as superatomic
orbitals. Recently, the report of U@B40 indicates that the
2S, 2P, 2D and 2F of B40 are respectively bonding with U-
7s, U-7p, U-6d and U-5f to form a closed-shell supera-
tomic structure [28]. Considering symmetric combina-
tion of orbitals, this further proves that although
superatomic shells 2F are not fully filled, they can also be
classified according to the atomic orbitals, highlighting
the B40 has a superatom feature. In addition, similar to
previous research that [U@C28]2+ [29], U@C28 [30],
U@Au14 [31], Th@Ag14 [32] are superatom, their outer
spherical clusters are also superatoms.
Furthermore, we analyzed the composition of these

superatomic orbitals for B40 fullerene (Fig. 3). For the
superatomic orbitals 1S, the contribution of 2s atomic
orbitals of boron atoms in B40 fullerene is 84.99%, and
that of 2p is 10.32%. Three 1P superatomic orbitals
mainly originate from the contributions of 2s shell of
boron atoms, with contributions from 82% to 85% for 2s
and from 9% to 12% for 2p. For five 1D and seven 1F
superatomic orbitals, the 2s contributions are 59%–79%
and 41%–63%, while the 2p contributions are 18%~35%
and 34%~54%, respectively. In contrast, the 2S, 2P, 2D
and 2F superatomic orbitals are primarily derived from
the 2p contributions. In summary, the contribution from
boron atomsʹ 2s orbitals in B40 fullerene gradually de-
creases, while that from 2p gradually increases from 1S to
1F. Furthermore, the superatomic orbitals that “principal

Figure 1 Low-energy MOs of B40 fullerene at the PBE0 level of theory.
1S, 1P, 1D and 1F represent superatomic MOs of B40 fullerene. The MOs
marked by black, red, blue and pink represent the 1S, 1P, 1D and 1F
superatomic orbitals, respectively, while other MOs are given in gray.
The MOs lower than 7a1 are contributed to 1s atomic orbitals of boron
atoms and are not given.

Figure 2 High-energy MOs of B40 fullerene at the PBE0 level of theory.
2S, 2P, 2D and 2F represent superatomic MOs of B40 fullerene, respec-
tively. The superatomic MOs indicated by green and red are double-
occupied MOs, while those indicated by orange and blue are unoccupied
MOs.
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quantum number” is 2 mainly originate from the 2p
atomic orbitals of boron atoms in B40 fullerene.
In order to further demonstrate that B40 fullerene is a

superatomic structure, we added or removed electrons
from the neutral B40 fullerene to form the full-shell elec-
tronic structure. As shown in Fig. 2, the lowest un-
occupied molecular orbital (LUMO), LUMO+1 and
LUMO+2 of B40 are three unoccupied 2F superatomic
orbitals, thus we added six electrons to the neutral B40 to
form B40

6−. As expected, our computations show that B40
6−

is a closed-shell singlet state, and of a fully occupied
electronic shells (Fig. 4; the other superatomic orbitals of
B40

6− are provided in Fig. S2). Moreover, the 2F shell of
the neutral B40 is only occupied by eight electrons, and
removing this eight electrons leads to B40

8+. We can also
obtain a closed-shell singlet state and its superatomic
shells are fully occupied, as shown in Figs S3, S4. How-
ever, note that this B40

8+ with full shell is not a local
minimum, and the superatomic shell of the true local
minimum for B40

8+ is not full-filled shown in Figs S5, S6.
Aromaticity plays an important role in determining the

stability of a spherical cluster [33,34]. To probe the
electron delocalization of neutral and charged B40 species,
we calculated the NICS values at their cage centers. The
NICS value calculated at the GIAO-PBE0/6-311+G* level
of theory for neutral B40 is −41.8 ppm and for B40

6- is
−63.4 ppm. And the value for B40

8+ with fully occupied
electronic shells is −71.0 ppm (shown in Table S2), while
that for ground state of B40

8+ is 4.1 ppm. Thus, the neutral
B40, B40

6− and full-shell B40
8+ are aromatic, especially B40

6−

and B40
8+ with fully occupied shells are highly aromatic.

Interestingly, the true local minimum of B40
8+ is non-

aromatic, which suggests that aromaticity determines the
stability of the electronic structure and it is not the sole
factor for cluster stability.
We investigated the electronic structure of B40 fullerene

using first-principles methods with different pure and
hybrid functionals. Our results clearly show that B40

fullerene possesses superatomic properties and its elec-
tronic configuration contains 1S21P61D101F14 which
mainly originate from 2s atomic orbitals of boron atoms.
B40 fullerene also contains more complex high angular
momentum superatomic orbitals 2S, 2P, 2D and 2F,
whose orbital compositions are primarily contributed by
2p shell. Research of B40

6− shows that adding six electrons
to B40 fullerene can form a stable full shell superatomic
structure. The NICS values show that the closed-shell
superatomic structures B40

6− and B40
8+ have higher ar-

omaticity and electron delocalization than neutral B40.
It is well known that the valence electrons of carbon

fullerene are sp2 hybridized, such as C60, and similarly, the
valence electrons of boron are also sp2 hybridized [35]. It
is particularly important that, after C60, B40 is the second
non-metallic cage molecule discovered by experiment.
Moreover, the C60 superatomic orbitals are contributed to
the pz electrons of carbon atom [6,36], which can be used
scalar harmonics [37]. Unlike C60, boron forms cluster
bonds by both s and p orbitals, which requires the use of

Figure 3 Contribution of superatomic orbitals for B40 fullerene. Blue
represents the contribution of 2s atomic orbitals and red denotes the
contribution of 2p atomic orbitals. The values in figure are the con-
tribution percentage for 2s.

Figure 4 Higher MOs energy diagrams for the ground state of B40
6− at

PBE0.

Table 1 NICS (in ppm) at the cage centers of B40 and its ions com-
puted at the GIAO-PBE/6-311+G* and GIAO-PBE0/6-311+G* levels of
theory based on the PBE0/6-31G* structures

Charge −6 0 +8
NICS (PBE0) −63.4 −41.8 4.1
NICS (PBE) −72.3 −39.3 33.4
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tensor surface harmonics [38,39]. Analogous to C60, B40 is
widely used in metalloborospherenes [2,40] or as hydro-
gen storage materials [41]. Furthermore, as superatom,
because B40 is highly robust and dynamically stable at
high temperatures [1], so it may bring outburst of density
of states and has potential applications in high-tempera-
ture superconductivity [42].
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