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ABSTRACT: Superatoms are crucial in the assembly of functional and optoelectronic
materials. This study investigates the endohedral metallo-boron nitride [boron nitride (BN)]
fullerenes U@B;,N,, Cm@B,N1,, and U@B 4N ¢ in theory. Our findings confirm that U@ U@BaNs
B,N},, Cm@B;,Ny,, and U@B 4N 4 are superatoms and their electronic configurations are ;T; L L
1P°1S21D1F*2P%2822D2F!23P¢, 1P°1S21D°1F*1G ¢ 1H¢2822P%2D*2F!2, and
1PS1S* 1D 1F*2P®28?2D'2F™, respectively. Notably, the orbital energy levels in these
superatoms exhibit a flipping phenomenon, deviating from those of previous superatom
studies. Further, the orbital composition analyses reveal that superatomic orbitals 1S, 1P, 1D,
and 1F mainly originate from BN cages, whereas the 2S, 2P, 2D, 2F, and 3P superatomic
orbitals arise from hybridizations between BN cage orbitals and the 7s, 7p, 6d, and 5f orbitals
of actinide atoms. And the energy gap of endohedral metallo-BN fullerene superatoms is
reduced by introducing actinide atoms. Additionally, the analyses of ionization potentials and
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electron affinities show that U@B,N;,, Cm@B,N,, and U@B;4N;4 have lower ionization

potentials and higher electron affinities, suggesting decreased stability compared to that of pure BN cages. This instability may be
linked to the observed flipping of the superatomic orbital energy levels. These insights introduce new members to the superatom
family and offer new building blocks for the design of nanoscale materials with tailored properties.

H INTRODUCTION

Endohedral metallofullerenes (EMFs) are prominent in various
potential applications such as electricity, optics,’ biomedi-
cine,”™* superconductors, ferroelectric materials,>® and nano-
materials.” Clusters with embedded atoms or small molecules
form stable core@shell systems.”” Specifically, C,g clusters
demonstrate distinct stability compared to other clusters with
an open-shell electronic structure,'’ while research on M@C,g
(M = Th, Pa*, U*, and Pu*') indicates a significant
enhancement in stability through actinide encapsulation."' ™"
Similarly, [An@Pb,,]" (An = Pu, Am, and Cm) clusters are
considerably stabilized by the insertion of lanthanide or
actinide atoms, benefiting from robust Pb—An interactions due
to attractive electrostatic effects and significant orbital
interactions."*

Superatoms with atomic shell closure have garnered
substantial interest due to their inherent stability.'>~"® This
interest has catalyzed the emergence of a new field in materials
science dedicated to synthesizing novel materials with
superatoms as building blocks'®™>* and experimentally
observed superatoms with unique mass spectra, such as
Nag,'® Al;7,>*72° and Au,,.'®
superatoms like Cg,”” > and B,y " have also been observed
experimentally. Although B, is a superatom, it is not a closed-
shell electronic structure.”> However, the studies on U@B,,
prove that it is a stable closed-shell structure.” Recent studies
on boron—nitrogen (BN) cages identified that B;,N},, B;sN,
and B,gN,; are nonmetallic superatoms.’** Consequently, we

Moreover, nonmetallic
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hypothesize that endohedral metallo-BN fullerenes may exhibit
greater stability than BN cages alone.

Various BN cages have been experimentally synthesize
and have §arnered significant interest due to their extensive
band gaps.” And BN clusters have many attractive properties,
such as high temperature stability, low dielectric constant, and
oxidation resistance.””*® Previous studies on Ti-doped BN
fullerenes have shown that the externally bound complexes of
Ti(BN), are strikingly more stable than the endohedral ones.*”
In this work, we constructed U@B;,N;,, Cm@B;,N,,, and
U@B (N4, and the results show that they are superatoms and
their stability is lower than that of BN cages. This observation
deviates from earlier research and surpasses initial expectations,
presenting new insights into the stability of endohedral
metallo-BN fullerenes.

d35,36

B RESULTS AND DISCUSSION

U and Cm atoms are encapsulated within B,N;, and BN ¢
cages to form endohedral metallo-BN fullerenes U@B,N,,
Cm@B,,N;,, and U@B;(N,4. The structures and electronic
properties of these fullerenes have been investigated using
density functional theory (DFT) methods.” The geometric
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(a) U@B12N12

(b) Cm@B12N12

(c) U@B1sN1s

Figure 1. Geometric structures diagram. (a) U@B,Ny,, (b) Cm@B,Ny,, and (c) U@B¢Ny¢; the pink, blue, cyan, and purple atoms in the

structures represent B, N, U, and Cm atoms, respectively.
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Figure 2. Superatomic orbitals and energy levels for U@B,,Ny, at the PBE level. (a) Superatomic orbital energy levels and (b) superatomic
orbitals. S, P, D, and F represent superatomic orbitals of U@B,N,, respectively.

structures calculated at the PBE/TZ2P level are shown in
Figure 1. In the U@B,N|, and Cm@3B,,N;, configurations,
the U and Cm atoms are centrally positioned within the cages.
However, in the U@B 4N, fullerene, the U atom is offset from
the center, which is attributed to the larger diameter of the
B ¢N 4 cage. The calculated results show that the ground state
of U@B|,N, is a singlet. The energy difference between the
triplet and the ground state is 1.45 eV, and the energy
difference between the quintet and the ground state is 3.07 eV.
Similarly, the ground state of U@B 4N is a singlet, and the
energy differences between the ground state and the triplet or
quintet are 0.42 and 1.61 eV, respectively. However, the
ground state of Cm@B,N;, is a quintet, and the energy
differences between the ground state and the singlet or triplet
are 1.40 and 0.98 eV, respectively. Detailed bond energies are
provided in Table S1 of the Supporting Information.

The electronic properties of U@B,,N;,, Cm@B,,N,,, and
U@B 4N ¢ are thoroughly analyzed. The molecular orbitals
(MOs) of U@B,N,,, displayed in Figure 2, span an energy
range from —26 to —12.5 eV. The MO of U@B,N,,
resembles an s-like atomic orbital, identified as the 1S
superatomic orbital. 1P superatomic orbitals contain triple
degenerate p-like atomic orbitals, while 1D superatomic
orbitals consist of both double and triple degenerate d-like
atomic orbitals. Additionally, seven f-like orbitals, including
two triple degenerate orbitals and one nondegenerate orbital,
form the 1F superatomic orbitals. Notably, the 1S, 1P, 1D, and
1F superatomic orbitals predominantly consist of B;,N}, cages
[as shown in Figure 2b], which are consistent with Bj,N,.**

Within the energy level range of —20 to —4 €V, s-, p-, d-, and
f-like atomic orbitals are also present, referred to as

27749

superatomic orbitals 2S, 2P, 2D, and 2F with the “principal
quantum number” of 2, respectively. The orbital structure
includes one 2S, three 2P, and five 2D superatomic orbitals,
with six double-occupied 2F superatomic orbitals. Despite the
2F electronic shell not being fully filled, three higher angular
momentum 3P superatomic orbitals are observed (as high-
lighted in the inset of Figure 2), which are different from
previously studied superatoms.”*>** Thus, the electronic
configuration of U@B,,N,, is
1P%1S*1D'°1F*2P%28*2D'*2F"*3P%. The superatomic orbitals
2S, 2P, 2D, 2F, and 3P result from hybridization of the 7s, 7p,
6d, and Sf orbitals of the U atom with the MOs of the B;,N,
cage. However, contrary to typical atomic orbital energy levels,
the energy of 1P or 2P superatomic orbitals is lower than that
of the 1S or 2§ superatomic orbitals for U@B,,N,. Thus, the
insertion of U atoms in the B;,N), cage leads to an inversion of
the MO energy. This phenomenon is different from that of
other superatoms such as U@B,, U@C,," and An@Au,,
(An = Ac, Tu, and Pa).*'

We examined the atomic orbital composition of each
superatomic orbital, as shown in Figure 3. In the figure, red
indicates the contribution of 2s atomic orbitals, while blue
signifies the contribution of 2p atomic orbitals. The
superatomic orbitals 1S, 1P, and 1D and some of the 1F
orbitals are predominantly composed of the 2s atomic orbitals
from B and N atoms in the BN cages. And the contributions to
the remaining 1F, 2S, 2P, 2D, and 2F superatomic orbitals
primarily arise from the 2p atomic orbitals of B and N atoms in
the B;Ny, cage.

The ground state of Cm@B,N}, is a quintet with four
single occupied electrons, and the spin orientations are
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100 N 2s [ 2p Cm atom’s 7s, 7p, 6d, and Sf orbitals with the MOs of the
< 75 B,N, cage, as shown in Figure S3 in the Supporting
% Information.
s 50 Furthermore, the ground state of U@B (N4 is a nonspin-
s polarized singlet with all MOs being double-occupied, as
_; 2 detailed in Figure S. This electronic configuration mirrors the
§ o
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Figure 3. Contributions of the B,,N,, cage to superatomic orbitals for o 4+
U@B,,N,. Red represents the contribution of 2s atomic orbitals and = \
blue denotes the contribution of 2p atomic orbitals.
20 -
specified for the Cm and N atoms (spin-up) and B atoms
(spin-down), as illustrated in the spin density diagram (Figure
S1 in the Supporting Information). Further, analysis of the 25 -

superatomic orbitals of Cm@B,,N,, reveals that the
superatomic shells 1S, 1P, 1D, and 1F are fully filled. Notably,
the energy of 1P superatomic orbitals is lower than that of the
1S superatomic orbitals, a characteristic also observed in U@
B,N),. The ground state of the Cm atom itself is a nonet with
an electronic configuration of 5f’6d'7s>. This electronic
configuration contributes to the presence of higher angular
momentum superatomic orbitals, such as 1G and 1H, as
detailed in Figure S2 in the Supporting Information. The 28,
2P, and 2D superatomic shells are also fully filled, while 2F
superatomic orbitals are partially occupied, as shown in Figure
4. The MO energy levels indicate that the energies of the 2P

ByoNqp Cm@B,;N,, Cm

MOs energy (eV)
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Figure 4. MO energy levels ranging from —12 to —4 eV for Cm@
B|,N), at the PBE level of theory.

superatomic MOs are higher than those of the doubly
degenerate 2D MOs. The electronic configuration of Cm@
B,,N,, is thus given as
1P°1S* 1D 1F*1G 1 1H 2822P2D °2F"2. Similar to U@
B,N),, the superatomic orbitals 1S, 1P, 1D, 1F, 1G, and 1H
are contributed by the B|,N, cage, as shown in Figure S2. And
the orbitals 2S, 2P, 2D, and 2F represent hybridizations of the

Figure S. Energy levels for U@B 4N, at the PBE level of theory.

fully filled superatomic shells (1S, 1P, 1D, and 1F) found in
similar complexes, such as U@B;N;, and Cm@B,N,,.
However, unlike in U@B,N,, and Cm@B,,N,,, the
superatomic shells 2S, 2P, 2D, and 2F in U@B (N4 are also
tully filled. Consequently, the electronic configuration of U@
Bi6Nyg is 1P°1S*ID'1F*2P%28?2D'2F". The corresponding
superatomic orbitals are illustrated in Figure S4 of the
Supporting Information. Moreover, akin to the behavior
observed in U@B,N|,, the energy level of 2P superatomic
orbitals in U@B¢N 4 is lower than that of the 2§ superatomic
orbital. This indicates that the incorporation of U atoms into
the B|(N 4 cage induces a reversal of the MO energy levels,
further demonstrating the unique electronic properties of
endohedral metallo-BN fullerenes.

The analysis of the highest occupied MO-—lowest
unoccupied MO (HOMO—-LUMO) gap, which is indicative
of chemical stability, reveals that the gaps for B;,N;, and
BN are 4.99 and 4.55 eV, respectively. Additionally, the
HOMO-LUMO gaps calculated by the PBE/TZ2P functional
of U@B,N,,, Cm@B,N,, and U@B (N4 are 3.32, 1.41, and
0.61 eV, respectively. This suggests that introducing U and Cm
atoms into the Bj,Nj, and B 4N ¢ cages significantly reduces
their HOMO—-LUMO gaps. Specifically, U@B,,N;, demon-
strates a higher gap than those of both Cm@3B,,N}, and U@
BN, indicating greater stability for U@B;,N;,. Further
calculations with other functionals support these findings. For
more detailed discussions, refer to Part 3 in the Supporting
Information.

Finally, ionization potentials and electron affinities for
endohedral metallo-BN fullerenes U@B,N;;, Cm@B,N;,
and U@B 4N ¢, as well as for the B;(N 4 cage, are thoroughly
analyzed. Bond energies for optimized charged structures are
presented in Tables S2 and S3 of the Supporting Information.
The vertical ionization potential (VIP) and adiabatic ionization
potential (AIP) for U@B,N;, are 6.69 and 6.68 eV,
respectively. For Cm@B,N,, these values are 6.20 and 6.18
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eV, respectively, while for U@B 4N, both the VIP and AIP
are 5.43 €V, as listed in Table 1. Additionally, the vertical

Table 1. VIP, AIP, VEA, and AEA for U@B,,N,,, Cm@
B;,N;,, U@B(N;¢, and BN, at the PBE/TZ2P Level”

structures Eyip Eap Eyga Epga
U@B,,N,, 6.69 6.68 0.82 0.84
Cm@B,N,, 6.20 6.18 0.83 0.83
U@B 4N 5.43 5.43 1.43 1.43
B¢Ng 8.76 8.81 0.48 0.68
“Units: eV.

electron affinity (VEA) and adiabatic electron affinity (AEA)
for U@B,,N;, and Cm@3B,N,, are 0.82, 0.84, 0.83, and 0.83
eV and those for U@B 4N ¢ are 1.43 and 1.43 eV, respectively.
In comparison, the VIP, AIP, VEA, and AEA for B|(N4 are
8.76, 8.81, 0.48, and 0.68 eV, respectively. The analysis
indicates that the ionization potentials for U@B;N},, Cm@
B,N},, and U@B¢(N,¢ are lower than those of B;(N,¢, while
their electron affinities are higher. This suggests that U@
B,Ny,, Cm@B,N},, and U@B 4N 4 have more reactivity than
BN, and U@B 4N ¢ exhibits greater reactivity than U@
B|,N}, and Cm@B,N;,. Consequently, the stability of U@
B,N,, Cm@B )Ny, and U@B¢N4 is lower than that of
B 6N .*” Detailed information on the ionization potential and
electron affinity can be found in Part 4 in the Supporting
Information. The calculated VIP, AIP, VEA, and AEA values
using the BP86 functional are consistent with the discussed
results and are listed in Table S4 of the Supporting
Information. The lower stability of endohedral metallo-BN
fullerenes relative to the BN cage is potentially attributable to
the energy level inversion of superatomic orbitals.

B CONCLUSIONS

In this study, we investigated the endohedral metallo-BN
fullerenes U@B,N},, Cm@B,N},, and U@B 4N, using the
first-principles theory. The results show that U@B,N,, Cm@
B,N},, and U@B (N4 are superatoms, and their electronic
configurations are 1P°1S21D'°1F'*2P®28*2D'°2F'?3P¢,
1PS1S21ID'1F'*1G'¢1H'%28%2P%2D°2F!2?, and
1P%1S*1D ' 1F*2P28*2D'°2F™, respectively. The superatomic
orbitals 1S, 1P, 1D, and 1F originate from the 2s atomic
orbitals of BN cages, while 25, 2P, 2D, 2F, and 3P superatomic
orbitals result from the hybridization of the BN cage’s 2p
orbitals with the 7s, 7p, 6d, and 5f orbitals of the actinide
atoms. And the HOMO—-LUMO gaps for U@B,N;,, Cm@
B,N,,, and U@B;4N4 are 3.32, 1.41, and 0.61 eV,
respectively, illustrating that the incorporation of actinide
atoms into BN cages significantly reduces the energy gaps.
Furthermore, the AIPs for U@B;,N;;,, Cm@B,N;,, U@
B¢N¢ and B;(N 4 are 6.68, 6.18, 5.43, and 8.81 eV, while the
AFEAs are 0.84, 0.83, 1.43, and 0.68 eV, respectively. The
analyses of ionization potential and electron affinity suggest
that the stabilities of these endohedral metallo-BN fullerenes
are lower than that of BN cages, which may be due to the flip
of the superatomic MO energy levels. In traditional atoms,
active atoms easily undergo chemical reactions with other
atoms. Therefore, the reactivity of these superatoms makes
them promising candidates for cluster assembly materials while
maintaining structural integrity. This investigation sheds light
on the properties of endohedral metallo-BN fullerenes from a
superatomic perspective.

B COMPUTATIONAL METHODS

The Amsterdam density functional package (ADF)** was
utilized to perform the computations relevant to this study.
Within ADF, the geometries were optimized using the
generalized gradient approximation exchange—correlation
functional PBE."’ Scalar relativistic effects were accounted
for using the zeroth-order regular approximations meth-
0d.**7*® Moreover, we also used Becke—Perdew (BP86)*"*®
and hybrid PBEO* functionals to ensure our calculation. The
relativistic valence triple-{ slater basis sets with two polar-
ization functions (TZ2P) were used along with the frozen core
approximation for the 1s-4f electrons of actinide atoms. Similar
calculation methods for actinide atoms are widely used.”””’
Frequency analyses to determine the nature of the stationary
points were conducted at the PBE level without imposing any
symmetry constraints on the geometry optimizations.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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The bond energies; the superatomic MOs and spin
density; the HOMO—-LUMO gaps calculated by other
functionals; the detailed ionization potential and
electron affinity; and Cartesian coordinates for U@
B;,N,, Cm@B,N},, and U@B4N,4 structures (PDF)
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