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ABSTRACT
functionalization potential of boron-based superatoms. Here

Assembly is an effective way to realize the

we study the interaction between typical boron-based B,, su-
peratoms using the density functional theory. Our results re-
veal that different oligomers constructed by modulating the
arrangement of two B,y superatoms still retain some of the
superatomic properties associated with their monomeric form
despite possessing different electronic structures. While the
inner shell superatomic orbitals maintain their electronic lo-
calization, the valence shell superatomic orbitals cannot
maintain their original shape due to bonding and antibonding
hybridization. Furthermore, the decreasing of band gap means
that the B,, oligomers could achieve a transformation from
insulators to semiconductors. The decreased band gap is
possibly due to the disappearance of the superatomic orbitals
with the principal quantum number of two. Our findings
highlight that superatom-superatom interactions could in-
duce synergy effects that differ from their monomers. There-
fore, this research will aid in the development of new materials
and devices that are constructed from superatoms.

Keywords: superatom, intermolecular interaction, electronic
structure, density functional theory

INTRODUCTION

Cluster-assembled materials have attracted increasing
attention due to their potential applications in molecular
recognition, molecular electronics, bio-labeling and sen-
sing, biomedicine, and catalysis [1-8]. In addition, su-
peratom-assembled materials are being designed for
novel optical and electromagnetic functionalities based on
Ceo [9,10], Alj; [11-13], As; [14], or Au/Ag nanoparticle
[15,16] building blocks, as the understanding about su-
peratoms becomes increasing proficient. Recent studies
have demonstrated that the B,, cage exhibits a supera-
tomic property [17,18]. Its stability has been confirmed

using photoelectron spectroscopy, and its high-tempera-
ture structural robustness has also been predicted through
molecular dynamics simulations [19]. Therefore, we
consider whether By, can replace Cq as a superatom
building block for assembled materials, and try to obtain
a better understanding of its assembly behavior from a
superatomic perspective.

A series of studies have been undertaken since B,, was
first synthesized to better understand the doping prop-
erties of this structure [20-22] because it possesses a
slightly smaller radius than Cg, [19]. Related structures
have demonstrated promising potential in nanodevice
applications. It has been reported that B, fullerene could
be an efficient nanomaterial for CO, capture [23,24] or
hydrogen storage [25]. By, can also be used as a high-
sensitivity molecular device [26], molecular rectifier, and
photodetector [27]. Furthermore, B,, fullerene can in-
teract with alkali metals or superalkali M;0 (M = Li and
K) to enhance the first hyperpolarizability and be in-
troduced as a nonlinear optical material [28,29]. In ad-
dition, the intermolecular interaction properties between
B4, monomers have been reported to study the B, cluster
reactivity [30]. We first proposed the superatomic char-
acteristics of B,y in 2017 [17], which expanded the su-
peratom family and brought a new perspective on the
utilization of the B,, superatom as a functional element.
We hypothesize that the two sets of B,, superatomic or-
bitals may play different roles in the assembly process.

Unlike conventional or natural materials that are
composed of atoms and molecules, cluster assembly en-
ables us to design novel materials using clusters as the
building blocks, possessing new properties and functions
[31]. Therefore, we studied the interactions between B,
superatoms to realize the materials assembled from bor-
on-based superatoms. Our results show that there are two
sets of B,, superatomic orbitals, with one playing a role in
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maintaining B,, superatomic stability of its monomeric
form and the other playing a role in superatomic inter-
actions and connections. Furthermore, the oligomer has a
lower band gap compared to the B,, monomer, allowing
the oligomer to transit from insulator to a semiconductor.
Therefore, we propose a possible route to synthesize
cluster-assembled materials using B, superatoms.

COMPUTATIONAL METHODS

The empirical dispersion-corrected density functional
theory was used to fully obtain the intermolecular inter-
action of B,y structures [32]. The hybrid generalized
gradient approximation (hybrid GGA) was employed at
the PBE0-D3/6-31G* level [33-35]. Previous studies have
extensively tested the PBEO functional and found it to be
suitable for boron clusters [19,36]. In addition, the fre-
quency analyses were conducted using the PBE0-D3/6-
31G* level of theory to characterize the nature of the
stationary points, and all the optimized structures were
confirmed to be local minima. The Gaussian09 software
package was used to carry out all the computations
mentioned above [37]. Energy decomposition analysis
was performed to understand interaction mechanism,
following the schemes of Morokuma [38], and Ziegler
and Rauk [39] in the ADF software package [40]. The

(9) 73 ##7, [+0.56]

DMol3 software package was used to perform molecular
dynamics simulations at the PBE/DND level [41]. The
simulations were initiated from the equilibrium geo-
metry, random velocities were assigned to the atoms, and
the simulations were run for approximately 10 ps, with a
time step of 1 fs.

RESULTS AND DISCUSSION

The By, cage has two hexagons (6, and 6,) at the top and
bottom, and four heptagons (7, 7,, 75, and 7,) that are
evenly distributed around the waist, as the lower right
corner of Fig. 1 shows. Here we enumerated various
potential directions along the two B, cages and obtained
eight possible structures that formed via the interaction
between two B, superatoms, arranged according to their
total energies. When the 7; heptagon of one cluster stacks
onto the vertical 7, heptagon of another (denoted as
7,17,) (Fig. 1a), the conformation energy is the lowest.
The conformation in Fig. 1b is formed when the B atoms
of one cluster stack onto the B atoms of another cluster
(denoted as vertex-vertex). The conformation in Fig. 1c is
formed by placing the 7; heptagon of one cluster onto the
antiparallel 7, heptagon of another. The conformations in
Fig. 1d-h are formed when the 7; heptagon or 6, hexagon
of one cluster stacks onto the 6, or 6, hexagon of another.

(h) 6,-6, [+0.80]

Figure 1 Structure diagrams for all the isomers formed via the interaction between two By, superatoms. (a) Stacking the 75 heptagon of one cluster
onto the vertical 7, heptagon of another. (b) Connecting the B atoms of one cluster with the B atoms of another cluster. (c) Placing the 7; heptagon of
one cluster onto the antiparallel 7, heptagon of another. (d-h) Stacking the 7; heptagon or 6, hexagon of one cluster onto the 6, or 6, hexagon of
another. (g) Stacking the 7; heptagon of one cluster onto the parallel 7, heptagon of another. The values in brackets are the relative energies between
each isomers and the lowest energy structure, given in eV. The structure of the By, cage is shown in the lower right corner. The similar drawing
method refers to Ref. [30].
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Figure 2 Energy decomposition (left panel) and electronic density difference (right panel). (a-h) represent the eight isomers in Fig. 1. The positive
and negative values in the figure represent repulsion and attraction, respectively. The purple and blue lines in the right panels indicate electron

accumulation and dissipation, respectively. Isovalue = 0.001 a.u.

The conformation in Fig. 1g is formed by placing the 7,
heptagon of one cluster onto the parallel 7, heptagon of
another. The relative energy between the lowest energy
structure (7;17,) and the other structures are shown in
brackets. The total energy for each conformation is in
Table S1 of the Supplementary information (SI). We also
constructed the B,, trimer and tetramer based on the
7,17, conformation.

We analyzed the energy decomposition shown in the
left panel of Fig. 2 to understand the interaction me-
chanism between the B, superatoms. See the SI for de-
tails on the energy decomposition analysis. The labels on
the horizontal axis represent the eight isomers, ordered
from left (lowest) to right (highest) according to their
total energy. We can see that the interactions are domi-
nated by the orbital term between two B,, superatoms.
The orbital interaction of the 6,-6, conformation is the
largest; however, that of 7,17, is also relatively large. This
is because the two parts in 6,-6, are connected by four B-
B atom pairs, with an average distance of approximately
1.71 A between two B atoms. This is shorter than those of
the other isomers and, therefore, represents the strongest
chemical bonding. It is noteworthy to mention that the
6,-6, interaction energy is the lowest among the eight
isomers; however, its total energy is not the lowest. This
highlights that the deformation of two B,, monomers in
assembly is relatively severe due to the strong chemical
bonding of the 6,-6, conformation. This results in an
increase in deformation energy that compensates more of
the energy decrease via electronic-structure bonding
compared to the other cases, yielding the total energy
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order shown in Fig. 2. There is also a relatively strong
chemical bonding between the two B,, cages in 7;17,.
Furthermore, Pauli repulsion and electrostatic interaction
are also larger for the 7,17, and 6,-6, conformations due
to the shorter distance between the two superatoms. In
addition, the dispersion interaction energy is small and
has a negligible effect on the total interaction energy
between By, superatoms.

As the right panel of Fig. 2 shows, we analyzed the
electron density differences of 7,17, and 6,-6, to better
understand these conformations. The electron density of
7,17, indicates electron accumulation at the bonding
region between the two monomers, with electron dis-
sipation around this region. The electron density differ-
ence for 6,-6, indicates similar features but with stronger
effects. The electron accumulation region is more delo-
calized within the contact region, and a large amount of
electron dissipation forms in the outer sphere, as well as
at two ends of 6,-6,. This indicates the strong bonding in
6,-6, modulates its monomeric electronic structure more
than in the other isomers.

We further analyzed the electronic structure of the
7517, conformation since it had the lowest total energy.
The molecular orbitals (MOs) of 7,17, are shown in Fig.
3, with some MOs composed of B, monomer supera-
tomic orbitals. This indicates that the B,, monomers re-
tain some of their superatomic properties when they form
B,y oligomers. There are two 1S-1S orbitals in the 7,17,
MOs, which could be regarded as the in-phase and out-
of-phase cooperation between the 1S superatomic orbitals
of the two monomers [17]. Similarly, there are six 1P-1P

March 2019 | Vol.62 No.3
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Figure 3 MOs of the 7,17, conformation for the various B,, superatomic orbital components. 1S, 1P, 1D, and 1F refer to the B,y monomer
superatomic orbitals. The blue and red areas indicate the positive and negative signs of the wave functions, respectively. Isovalue = 0.02 a.u.
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Figure 4 DOS temperature dependence for the 7;17, conformation. The red, black, pink, and orange hashed regions are the energy region
corresponding to the By, monomer 1S, 1P, 1D, and 1F orbitals, respectively, in the 7,17, conformation at 0 K. The two MOs in the figure are the

HOMO for By, and 7,17, conformation, respectively.

MOs and ten 1D-1D MOs, which are the in-phase and
out-of-phase cooperation between the 1P and 1D orbitals,
respectively, of the two By, superatoms. There are seven
double-occupied 1F superatomic orbitals for single By,
[17], meaning the B,, dimer has fourteen double-occu-
pied 1F-1F MOs, in accordance with the in-phase and
out-of-phase cooperation between each other. A previous
study found that B,, possesses 1S, 1P, 1D, and 1F su-
peratomic orbitals, as well as 2S, 2P, 2D, and 2F su-
peratomic orbitals with a higher orbital angular
momentum [17]. Here we found that the monomeric
superatomic orbitals were still qualitatively retained when
the principal quantum number was one, whereas the
orbitals disappeared when the principal quantum number
was two due to the stronger orbital interaction. As Fig. 4
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depicts, the monomer possesses a 2F superatomic orbital
as its highest occupied molecular orbital (HOMO) but no
dimeric counterpart could be found in the electronic
configuration of the dimer structure. The 7,17, HOMO is
also indicated in Fig. 4, which is analogous to the bonding
of two atoms. The inner shell superatomic orbitals, 18,
1P, 1D, and 1F, retain their electronic localization when
two superatoms are bonding; however, the valence shell
superatomic orbitals, 2S, 2P, 2D, and 2F, cannot maintain
their original orbital shape due to bonding and anti-
bonding hybridization.

We also analyzed the density of state (DOS) for the
eight isomers formed by the interaction between By, su-
peratoms, shown in Fig. S1, to explore the possibility of
using B, as a superatomic building block. The B,, dimer
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DOS trends are similar to the B,, monomer DOS trends,
with the exception of the 6,-6, conformation, and their
DOS values are twice as large as those of the By, mono-
mers. The reason that the 6,-6, DOS trend is inconsistent
with the other isomers may be due to the larger 6,-6,
deformation energy and enhanced modulation of its su-
peratom-based electronic structure.

We assembled a chain-like structure using B, building
blocks since one-dimensional nanowires have potential
applications in molecular-based electronic devices. Mo-
lecular dynamics (MD) simulations were used to de-
termine if the structures formed by the interaction
between B,, superatoms were stable under different
temperatures. We simulated the MD of the 7;17, con-
formation in the 50-300 K temperature range, with intact
and undamaged 7,17, conformation at T = 300 K. Fig. S2
shows the typical geometric structures at different tem-
peratures. Therefore, we consider that the 7,17, con-
formation is a stable structure. We then randomly
selected ten structures in the MD and determined the
average of their DOS for analysis, as shown in Fig. 4. The
7,17, DOS is almost the same as that of the B,, monomer
because the B,, monomers in dimer maintain their su-
peratomic nature. The MO regions dominated by the
superatomic 1S, 1P, 1D, and 1F orbitals of two B,
monomers are marked in Fig. 4. Furthermore, we found
more obvious DOS fluctuations as the temperature in-
creased. These enhanced DOS fluctuations occur because
the structural changes become more apparent with in-
creasing temperature. The temperature influence on
7517, is small, even though both the structure and DOS
vary with temperature. Therefore, we consider the geo-
metric and electronic structures of the 7;17, conforma-
tion are stable.

We constructed By, trimers and tetramers based on the
7,17, conformation (Fig. 5) to analyze the stability of the
By, superatomic assembly. The average B-B bond length
is approximately 1.70 A in these oligomers, smaller than
the bulk case and indicates a stronger atomic interaction
[42]. In addition, we analyzed their MOs to determine
how well these oligomers maintain their superatomic
character. As Figs S3 and S4 show, similar to the B,
dimer, the B,, trimer and tetramer also have some MOs
that are composed of the By, superatomic 1S, 1P, 1D, and
1F orbitals. Furthermore, our results show that the gap
between the HOMO and the lowest unoccupied mole-
cular orbital (HOMO-LUMO) gap of the B,; monomer is
3.18 €V, and those of the dimer and trimer are 1.42 and
1.10 eV, respectively. The band gap decrease is likely due
to the disappearance of superatomic orbitals with a

420 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Figure 5 B, trimer and B,, tetramer structures.

Table 1 HOMO-LUMO Gap for By, oligomers

By qu qu By By
monomer dimer trimer tetramer pentamer

Gap 3.18 eV

1.42 eV 1.10 eV 1.12eV  1.06 eV

principal quantum number of two. This decreasing trend
is in agreement with a previous report [30]. Furthermore,
we analyzed the HOMO-LUMO gap of the By, tetramer
and pentamer. We found that the HOMO-LUMO gap of
the B, oligomers did not continue to decrease as the By,
polymer size increased. When the By, polymer size was
three or more, the HOMO-LUMO gap was approxi-
mately 1.10 eV and did not decrease further, as shown in
Table 1. Table S2 lists the HOMO-LUMO gaps of the
eight isomers for B,, dimers, with the HOMO-LUMO
gap in the vertex-vertex conformation being the largest
and that in the 7517, conformation being the smallest.
The 7,17, MD shows that the HOMO-LUMO gap is
temperature dependent, ranging from 1.42 to 0.84 eV.
Therefore, we consider B, a superatom building block for
assembled materials that can reduce the band gap and
achieve the transformation from insulator to semi-
conductor. This is similar to Cy polymers, whose
HOMO-LUMO gap also decreases with increasing
polymer size [43].

CONCLUSIONS

We first investigated the interaction between B,, su-
peratoms to understand their potential cluster assembly
better using the density functional theory calculations.
Energy decomposition analysis indicates that the By,
oligomers are dominated by the orbital interaction be-
tween two monomers. The electronic-structure analysis
shows that the By, oligomers retain the inner shell su-
peratomic orbital of By, monomers; however, the valence
shell superatomic orbitals disappear due to bonding and
antibonding hybridization between superatoms. Further-
more, the band gap decreases from 3.18 to 1.10 eV as the
B, polymer size increases. The band gap is approximately

March 2019 | Vol.62 No.3
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1.10 eV when the B, polymer size is three or more. MD
simulations show that both the geometric and electronic
structures of the 7,17, conformation are stable. There-
fore, our research achieves the transformation from in-
sulator to semiconductor via the B,, superatomic
assembly, providing a new insight into the development
of cluster-assembly materials.
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