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Transition-metal (TM)-doped metallo-borospherenes exhibit unique structures and bonding in chemistry
which have received considerable attention in recent years. Based on extensive global minimum
searches and first-principles theory calculations, we predict herein the first and smallest perfect cubic
metallo-borospherenes O, TMgBg (TM = Ni (1), Pd (2), Pt (3)) and Oy, NigBg~ (17) which contain eight
equivalent TM atoms at the vertexes of a cube and six quasi-planar tetra-coordinate face-capping boron
atoms on the surface. Detailed canonical molecular orbital and adaptive natural density partitioning
bonding analyses indicate that O, TMgBg (1/2/3) as superatoms possess nine completely delocalized
14c—2e bonds following the 18-electron principle (1521P%1D°), rendering spherical aromaticity and extra

stability to the complex systems. Furthermore, NigBg (1) can be used as building blocks to form the
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Introduction

As a typical electron-deficient element, boron exhibits unique
structures and bonding in both polyhedral molecules and bulk
allotropes.” Researchers have spared no efforts to explore the
possibility of all-boron fullerenes since the discovery of buck-
minsterfullerene (Cgo) in 1985.> The first theoretically proposed
perfect cage-like I, Bg, fullerene (which is, in fact, not a true
minimum of the system) iso-valent with Cg, was later proved to
favour core-shell structures in thermodynamics at the density
functional theory (DFT) level.>* The first all-boron fullerenes or
borospherenes D,q B, ° were discovered in 2014 by joint
experimental and theoretical investigations, followed by the
experimental observations of the axially chiral borospherenes C;
B;o~ and C, Bsy ™, seashell-like C, B,5 ', and bilayer D,j, By /°.5®
Cage-like C; By;", Cp Bay>", Cs Bsg® ™, Cs B3>~ and T, Bag' ™ were
also later predicted at the first-principles theory level, presenting
a B, (n = 36-42, ¢ = n — 40) borospherene family in boron
nanoclusters.>* Transition-metal-doping has proven to induce
dramatic structural and bonding pattern changes in boron
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UV-vis and photoelectron spectra of the concerned clusters are
computationally simulated to facilitate their experimental characterization.

clusters.”** Exohedral metallo-borospherenes C; M € B,y (M =
Be, Mg) with a quasi-planar hepta-coordinate metal center in an
n’-B, heptagon on the cage surface were the first metallo-
borospherenes predicted in theory.” The first experimentally
observed spherical trihedral metallo-borospherene La;B;g~ with
three equivalent deca-coordinate La atoms as integral parts of the
cage surface was later extended to the smallest core-shell-like
metallo-borospherene Dj;, LazBy,~ (Laz & [By@Big] ) which
contains a B, core at the center at the first principles theory
level.’*"” The smallest metallo-borospherene Dj;, TazB;,  with
three equivalent octa-coordinate Ta centers in three n®Bg rings
was also reported in theory." The recently reported Archimedean
beryllo-borospherene BeyB;," was a truncated tetrahedron with
four B rings capped with four beryllium atoms.” Exohedral
metallo-borospherene 74 Tas;B;g and endohedral metallo-
borospherene D,q U@B,, were predicted at the DFT level to be
superatoms following the 18-electron rule and 32-electron rule,
respectively.”*** Bottom-up approaches were recently proposed at
the DFT level from medium-sized bilayer boron nanoclusters to
bilayer borophene nanomaterials*®* and from heptacoordinate
transition-metal-decorated metallo-borospherenes to quasi-
multiple-helix metallo-boronanotubes.>

Cubic Zng-bearing compounds [Zng(HL),(L)s]"*~ (L = tetra-
zole dianion) have been experimentally observed, where the
aromatic cubic [Zn§] motif can be used as building blocks to
form self-assembled materials.?* Transition metal (TM) clusters
based on a TMg cube with twelve organic ligands on twelve
edges have been extensively studied.”*>” A three-dimensional
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aromatic C; LigBs was proposed which contains eight Li-atoms
on the eight triangular faces of a distorted Bs octahedron.”®
Recently, a perfect cubic O;, CBegH;, with an octa-coordinate
carbon at the center was predicted at the DFT level as
a superatom following a two-fold superatomic electron config-
uration (18*1P°28*2P®2D'°2F%).° However, transition-metal-
non-metal binary clusters with face-capping non-metal atoms
on the six tetragonal faces of a perfect TMg cube still remain
unknown to date in both theory and experiments. It is inter-
esting and important to ask at the current stage whether perfect
cubic TMgB¢ clusters with six face-capping B atoms on the
tetragonal faces of a TM; cube can be formed and whether such
cubic complexes can be used as building blocks to form boron-
based low-dimensional nanomaterials in  bottom-up
approaches.

Based on extensive GM searches and first-principles theory
calculations, we predicted in this work a series of perfect cubic
metallo-borospherenes Oy, TMgB¢ (TM = Ni (1), Pd (2), Pt (3))
and monoanion Oy, NigBs~ (1) which contain eight TM atoms
at the vertexes of a cube and six quasi-planar tetra-coordinate
face-capping boron atoms on the surface. These high-
symmetry metallo-borospherenes TM;gB, (1/2/3) satisfy the 18-
electron principle (15*1P°1D') in electron configurations and
are spherically aromatic in nature. In addition, the structural
motif of aromatic cubic NigB¢ (1) can be extended to construct
the metallic three-dimensional (3D) crystal NiB (4) (Pm3m) in
a bottom-up approach which possesses a characteristic CsCl-
type structure with an octa-coordinate B atom located exactly
at the center of the cubic unit cell.

Computational details

Extensive GM searches are performed on TMgBs (TM = Ni, Pd,
Pt) using the TGmin2 program,* in conjunction with manual
structural constructions. More than 3000 trial structures were
explored for each species on their respective potential energy
surfaces in both singlet and triplet states at the PBE/TZVP level.
The resulting low-lying isomers for TMgBs (TM = Ni, Pd, Pt)
were then fully optimized using both PBEO (ref. 31) and TPSSh*
methods with the 6-311+G(d)** basis set for B and Ni and
Stuttgart relativistic small-core pseudopotential for Pd and Pt.**
Vibrational frequencies of low-lying isomers were checked at
the same level to ensure that the reported isomers were true
minima on the potential surfaces. The UV-vis and photoelectron
(PE) spectra were simulated using the time-dependent TD-DFT-
PBEO approach.*® All the DFT calculations in this work were
implemented using the Gaussian 09 program.*® Wiberg bond
indices (WBIs) and natural atomic charges were obtained by
natural bond orbital (NBO) analyses using the NBO 6.0
program.’” Born-Oppenheimer molecular dynamics (BOMD)
simulations with a time step of 1 fs in 30 000 steps were carried
out with the GTH-PBE pseudopotential and the TZVP-
MOLOPTSR-GTH basis set employing the CP2K code.’*® Chem-
ical bonding patterns were elucidated by canonical molecular
orbital (CMO) and adaptive natural density partitioning
(AANDP) analyses.® Nucleus independent chemical shifts
(NICSs)**** and iso-chemical shielding surfaces (ICSSs) were
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computed to reveal the aromaticity of the concerned systems.
Orbital compositions and ICSSs were examined using Multiwfn
3.7 code.”” The visualization for the isosurfaces of various
functions was realized with VMD software.*

First-principles calculations on 3D crystal NiB (4) were per-
formed using the Vienna ab initio simulation package
(VASP),*** within the framework of the projector augmented
wave (PAW)***” pseudopotential method and PBE generalized
gradient approximation (GGA).**** The energy cutoff of plane
waves was set to 450 eV. Atomic structures were fully relaxed
using the conjugate gradient method until the maximum force
on each atom was less than 0.01 eV A" and the energy precision
was set to 10> eV per atom. The Brillouin zone was sampled by
25 x 25 x 25 and 32 x 32 x 32 k-point meshes with the Mon-
khorst-Pack scheme for geometry optimizations and further
calculations on electronic properties, respectively. The
Coulomb-corrected local spin density approximation (LSDA + U)
was utilized for both structural optimizations and static calcu-
lation with the Hubbard value of U = 6 eV for Ni.**** The
phonon spectrum was calculated using the finite displacement
method with the Phonopy code combined with VASP at the PBE

level.>*

Results and discussion

Structures and stabilities

The obtained singlet GM structures of Oy, NigBg (1, 1A1g), On
PdgBs (2, "Asg) and Oy, PtgBs (3, 'Ay) are collectively depicted in
Fig. 1, with more alternative low-lying isomers tabulated in
Fig. S1-S3.7 Metallo-borospherenes 1/2/3 possess perfect cubic
structures with eight TM atoms (TM = Ni, Pd, Pt) on the vertexes
of a cube and six quasi-planar tetra-coordinate face-capping B
atoms on the surface, presenting the first and smallest perfect
cubic metallo-borospherenes reported to date. 1/2/3 have the
smallest vibrational frequencies of 124.4/90.3/54.6 cm ™' and
large calculated HOMO-LUMO energy gaps of AEg,, = 2.31/
2.50/2.96 eV at the PBE0/6-311+G(d) level, respectively, well
supporting their high chemical stabilities. 1/2/3 possess the
optimized TM-B bond lengths of rpy_p = 1.91/2.07/2.08 A and
calculated Wiberg bond orders of WBI = 0.53/0.45/0.54,
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Fig.1 Optimized structures of Oy, NigBg (1), O NigBg™ (17), Oy, PdgBg
(2), and Oy, PtgBg (3) clusters at the PBEO level and 3D NiB (4) crystal
assembled from the structural motif of NigBg (1) at the GGA-PBE level,
with the necessary bond lengths and lattice parameters indicated in A.
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respectively. These distances are very close to the standard TM-
B single bond lengths (1.95, 2.05, and 2.08 A for TM = Ni, Pd,
and Pt, respectively).”® Interestingly, with the calculated total
Wiberg bond orders of WBI = 3.71/3.38/3.52, the face-capping B
atoms in 1/2/3 can be viewed as quasi-planar tetra-coordinate B
atoms interconnected by the triply coordinated TM atoms at the
corners, while with the TM-TM distances of 7w = 2.61/2.81/
2.82 A and Wiberg bond orders of WBI = 0.13, 0.06, and 0.08 in
1/2/3, the weak TM-TM covalent interactions in these complex
clusters can be practically neglected. Extensive structural
searches indicate that Oy, NigBg (1, 1A1g) is the well-defined GM
of the system, being at least 0.66 eV more stable than other low-
lying isomers. Its slightly distorted C,y, triplet counterpart (1b)
and C,, quintet counterpart (11) due to the Jahn-Teller effect are
0.66 and 1.38 eV less stable than 1 at the PBEO level, respectively
(Fig. S17). Similarly, both singlet Oy, PdgBs (2, 'As,) and Oy, PtgBs
(3, 'Ay,) are true GMs of the systems and are at least 0.21 and
1.11 eV more stable than their nearest counterparts at the PBEO
level, respectively (Fig. S2 and S37). Interestingly, as collectively
shown in Fig. S1-S3,f the top fourteen low-lying isomers of
TM;gBs (TM = Ni/Pd/Pt) within 1.45/1.75/1.61 eV all possess
cage-like structures. Attachment of one extra electron to Oy
NigBs (1, 1A1g) generates its doublet monoanion Oy, NigBs™ (17,
’As) which maintains the same symmetry as Oy, NigBy (1) with
a non-degenerate singly occupied SOMO (a,,) originating from
the LUMO (a,,) of the neutral Oy NigBg (Fig. 3(a)). As clearly
shown in Fig. S4,T Oy, NigBs~ (17) is also the well-defined GM of
the monoanion which lies 0.40 eV lower than its second lowest-
lying counterpart.

Extensive BOMD simulations were performed to check the
dynamic stabilities of these cubic metallo-borospherenes. As
shown in Fig. S5,7 1, 2, and 3 are dynamically stable at 600, 600,
and 500 K, respectively, with the small calculated root-mean-
square-deviations of RMSD = 0.11, 0.10, and 0.10 A and
maximum bond length deviations of MAXD = 0.29, 0.30, and
0.28 A. The structural integrities of these metallo-
borospherenes are well maintained during the BOMD simula-
tions, with no high energy isomers observed for the 30 ps in the
simulating processes.

As demonstrated in Fig. 1, the structural motif of NigBg (1)
can be extended in three (x, y, z) dimensions periodically to
form the 3D NiB (4) (Pm3m) in a bottom-up approach which
possesses a typical CsCl-type crystal structure with the opti-
mized lattice parameters of a = b = ¢ = 2.448 A at the GGA-PBE
level. To evaluate the relative stabilities of 3D Ni,,B, crystals, we
computed their average cohesive energy per atom (E.op) using
the formula Econ = (mEy; + nEg — Eni p )/(m + n), where Ey; g,
Eg, and Ey; are the total energies of Ni,,B,, a doublet B atom,
and a triplet Ni atom, and m and n are the numbers of Ni and B
atoms in the unit cell, respectively. 3D NiB (4) has the calculated
cohesive energies of E ., = 4.57 eV per atom which is obviously
higher than the corresponding value of E, = 3.41 eV per atom
obtained for the Oy, NigB (1) cluster, though it is slightly lower
than the corresponding value of E., = 4.86 eV per atom
calculated for the experimentally reported NiyB, crystal
(Cmmm).”® As a true minimum of 3D Ni-B binary crystals, NiB
(4) contains an octa-coordinate B atom located exactly at the
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Fig. 2 (a) Calculated band structures and PDOS of 3D NiB (4) and (b)
calculated phonon dispersion curves of a 4 x 4 x 4 supercell of 3D
crystal NiB (4) at the GGA-PBE level.

center of the cubic unit cell with the Ni-B coordination bond
length of ryip = 2.120 A. The calculated band structures and
projected densities of states (PDOS) of 3D NiB (4) depicted in
Fig. 2(a) clearly indicate that NiB (4) is metallic in nature, with
Ni-3d orbitals contributing mainly to the calculated densities of
states near the Fermi level. The calculated phonon dispersion
curves of NiB (4) with a 4 x 4 x 4 supercell in Fig. 2(b) exhibit
clearly no imaginary frequencies, demonstrating its high
dynamical stability. Detailed Bader charge analyses indicate
that the central B atom and vertex Ni atom possess the average
atomic charge of gg = —0.22|e| and gn; = +0.22|e|, respectively,
similar overall to the charge distribution in NigBg (1).

Bonding analyses of metallo-borospherenes

Detailed NBO analyses were performed on these cubic
complexes to better comprehend their high stabilities. B atoms
in 1/2/3 all possess negative calculated net atomic charges of gg
= —0.809-—0.313|e| and electronic configurations of [He]2s" %
141yp188232 - while the TM atoms have the corresponding
positive net atomic charges of g, = +0.232-+0.607|e| and
electronic  configurations of  Ni[Ar]3d®°%4s%3%,  Pd[Kr]
4d°*55%%) and Pt[Xe]5d**°6s°*°, respectively. These NBO

results indicate that TM atoms on the vertexes donate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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approximately one and a half electrons from their 4s/5s/6s
atomic orbitals to the face-capping B atoms, while, in return,
they accept roughly one electron in their partially filled 3d/4d/5d
orbitals from the surrounding B atoms via effective B(2p) —
Ni(3d) backdonations, suggesting the formation of effective
electron delocalization in these complexes. To help unveil the
bonding nature of these cubic metallo-borospherenes, we
further analysed the frontier molecular orbitals (MOs) and
densities of states (DOS) of Oy, NigBe (1). As clearly shown in
Fig. 3(a), the fully filled non-degenerate HOMO—14 (a;) of
NigB, (1) (15%) exhibits no nodal plane on the cube surface, the
triply degenerate HOMO—9 (t,,,) (P, P,%, and P,”) has one nodal
plane, and the doubly degenerate HOMO—1 (ey) (Dx>_,»> and
D,%) and triply degenerate HOMO (ty,) (Dy.’, Dy,”, and Dy,”)
possess two nodal planes. Such an orbital occupation of the
cubic complex well corresponds to the electronic configuration
of 15*1P®1D"° of a superatom in a cubic coordination field. It is
noticed that Ni-3d orbitals contribute 67.5-83.5% to these
totally delocalized molecular orbitals. As shown in Fig. 3(a), Ni-
3d orbitals also make the major contribution to the overall
density of states of the complex.

Detailed ADNDP bonding analyses of Oy, NigBg (1) shown in
Fig. 3(b) unveil clearly the one-center-two-electron (1c-2e) lone

(a) Molecular orbitals Density of states

LUMO (a,p) ) —— Total

T i —B-2s

+-4 B-2p

tev | —— Ni-4s

Bpe- N

1D =

46
HOMO-1, e -
————

e ‘HOMO-Mv R T — [

Orbital energy (eV)

W

8 1c-2e Ni(d,,) 8 1c-2e Ni(d 24 2c¢-2e Ni-B bonds
ON=1.84]e| ON=1.84 |e| ON=1.95e|

55 25 (-
HS-
-

ON =200 [e|

T
@

Fig. 3 (a) The 1S21P®1D 18-electron configuration and calculated
densities of states of Oy, NigBg (1). The black and red solid lines refer to
occupied and unoccupied orbitals, respectively. (b) ADNDP bonding
patterns of Oy, NigBg (1) with the occupation numbers (ONs) indicated.
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pairs, two-center-two-electron (2c-2e) localized bonds, and
fourteen-center-two-electron (14c-2e) delocalized bonds in the
complex. NigBg (1) possesses 49 pairs of valence electrons in 49
bonds in total. As shown in the first row of Fig. 3(b), each Ni
atom at the vertex in NigBg (1) carries two 1c-2e lone pairs in
vertical and horizontal directions (3d,z and 3d,:_,:) with the
occupation numbers of ON = 1.84|e|. There exist four equiva-
lent localized 2c-2e Ni-B ¢ bonds around each quasi-planar
tetra-coordinate face-capping B atom with ON = 1.95|e|. The
remaining 18 electrons are totally delocalized in nine delo-
calized 14c-2e bonds in O, NigB¢ (1) with ON = 2.00[e],
including 1 14c-2e S-type bond (1S), 3 14c-2e P-type bonds (1P,,

P, and 1P;), and 5 14c-2e D-type bonds (1D, 1Dy, 1Dy,
1D,2_,2, and 1Dz). Similar to the nine totally delocalized MOs
depicted in Fig. 3(a), such an ANDP bonding pattern with nine
totally delocalized 14c-2e bonds further indicates that NigBs (1)
as a superatom follows the 18-electron principle (15*1P°1D").
As clearly shown in Fig. S6,1 both PdgBg (2) and PtgBg (3) possess
similar superatomic molecular orbital occupations and AUNDP
bonding patterns to NigBg (1).

Such bonding patterns render spherical aromaticity to
cubic metallo-borospherenes 1/17/2/3, as evidenced by the
negative calculated NICS values of NICS = —65.53/—60.80/
—67.08/—60.53 ppm at their geometrical centers, respectively.
The spherical aromatic nature of 1/17/2/3 is further evidenced
by their iso-chemical shielding surfaces (ICSSs) based on the
calculated NICS-ZZ components. As collectively presented in
Fig. 4, the areas highlighted in yellow inside the cubes and
within about 1.0 A above the cube surfaces in the vertical
direction belong to chemical shielding regions with negative
NICS-ZZ values, while the chemical de-shielding regions with
positive NICS-ZZ values highlighted in green are located in
belt-like areas around the cage waists in the horizontal direc-
tion. The ICSSs of metallo-borospherenes 1/2/3 appear to be
similar to that observed in the spherically aromatic closo
borane dianion Oy, BgHg>~ (Fig. 4(e)), further evidencing that
these metallo-borospherenes are spherically aromatic in

nature,””*® well supporting their high thermodynamic
stabilities.
C % &
Side view (@)

N

-
.‘7

h PdgBg  (d) O

iso.=+3.5 iso

(@) Oy NigBs  (b) Oy NigBg™ (c) O,

PtsBs () Oy BgHg? ™

iso.=+2.0 iso.=+2.0 =435 iso.=+1.0

Fig. 4 Calculated iso-chemical shielding surfaces (ICSSs) of (a) Oy,
NigBs (1), (b) On NigBs™ (17), (c) O PdgBe (2), and (d) On PtgBs (3),
compared with that of (e) Oy BgHe>~, with the main molecular axes
designated as the z axis in the vertical direction. Yellow and green
regions stand for chemical shielding and chemical de-shielding areas,
respectively.
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Fig.5 Simulated (a) IR, (b) Raman, and (c) UV-vis spectra of neutral Oy,
NigBe (1), and (d) PE spectroscopy of monoanion NigBg™ (17) at the
PBEOQ/6-311+G(d) level.
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Simulated IR, Raman, UV-vis, and PE spectra

The IR, Raman, and UV-vis spectra of NigBg (1) are computa-
tionally simulated at the PBE0/6-311+G(d) level in Fig. 5(a—c) to
assist their future experimental characterization. Oy, NigBs (1)
possesses highly simplified IR and Raman spectra due to its
high symmetry, including three sharp IR peaks at 202 (t;,), 381
(t1u), and 683 (t;,) cm ™" and five Raman active vibrations at 124
(tag)s 193 (tag), 261 (a44), 390 (eg), and 452(a;,) cm ™', respectively.
Detailed vibrational analyses indicate that the symmetrical
vibrations at 452 cm ! (ayg) represent typical radial breathing
modes (RBMs) of the metallospherene which can be used to
characterize single-walled hollow boron nanostructures. The
simulated UV-vis spectrum of NigB¢ (1) exhibits strong absorp-
tion peaks at 289, 331, 417, 469, and 525 nm. The strong UV
bands around 331, 417, 469, and 525 nm mainly originate from
electron transitions from the deep inner shells to the lowest
unoccupied molecular orbitals (LUMO, a;,) of NigBg (1), while
UV bands around 289 nm mainly originate from electron tran-
sitions from the deep inner shells to the high-lying unoccupied
molecular orbitals. As shown in Fig. S7,1 O PdgBs (2) and Oy,
PtgBe (3) exhibit similar spectral features to Oy, NigBg (1). The
simulated PE spectrum of doublet monoanion NigBs™ (17) is
depicted in Fig. 4(d) at the TD-DFT-PBEO level. The first vertical
detachment energy (VDE) at 2.01 eV for NigBs~ (1) was calcu-
lated as the energy difference between the anionic ground state
and the neutral ground state at the optimized anion geometry.
NigBs~ (17) exhibits six well-separated vertical detachment
energies centered at VDE = 2.01, 2.60, 3.52, 3.84, 4.40 and
4.78 eV, respectively. It is noticed that NigBs~ (1) has an
extremely low calculated first VDE at 2.01 eV which is even lower
than the measured first VDE (2.62 eV) of the prototypical bor-
ospherene anion B,,” due to the superb stability of neutral
NigBs (1) which has a superatomic electron configuration as
discussed above.

Conclusions

Based on extensive GM searches and first-principles theoretical
calculations, we have predicted in this work the GM structures
of metallo-borospherenes Oy, NigBg (1), Oy, PdgBg (2), Oy, PtgBs
(3), and O, NigBs (17). These perfect cubic metallo-
borospherenes possess typical spherical aromaticity, with 18
valence electrons occupying nine totally delocalized 14c-2e
bonds following the superatomic electron configuration of
15*1P°1D". The 3D crystal NiB (4) as an assembly of Oy, NigBe (1)
with an octa-coordinate B atom located exactly at the center of
the cubic unit cell exhibits metallic behavior. These high-
symmetry metallo-borospherenes and their assembled low-
dimensional nanomaterials with interesting geometrical and
electronic structures may form novel transition-metal-boron
binary nanomaterials as potential chemical catalysts and elec-
tronic devices.
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