Journal of Cluster Science (2024) 35:1375-1380
https://doi.org/10.1007/510876-024-02591-3

ORIGINAL PAPER q

Check for
updates

Perfect Tetrahedral B,¢X, (X =P, As) as Non-metal-stabilized
Borospherenes with a Truncated B, Cage at the Center

Cai-Yue Gao' - Qiao-Qiao Yan' - Qiang Chen' - Yue-Wen Mu' - Si-Dian Li'

Received: 27 December 2023 / Accepted: 10 February 2024 / Published online: 16 March 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Based on extensive global minimum searches augmented with first-principles theory calculations, we predict herein the
first boron-based perfect tetrahedral clusters 7,; B,cP, (2) and T,; B cAs, (3) which, as aromatic non-metal analogs of the
experimentally observed T; Au,, (2003, Science 299, 864), all contain a truncated 7; B¢ (1) cage at the center effectively
stabilized by four trivalent non-metal atoms (P, As) at the corners. Detailed natural bonding orbital (NBO) and adaptive
natural density partitioning (AdNDP) bonding analyses indicate that the valences of all the trivalent component atoms in
these tetrahedral clusters are fully satisfied, rendering spherical aromaticity and extra stability to the systems. The IR, Raman,
and photoelectron spectra (PES) of the concerned species are theoretically simulated to facilitate their characterizations in

future experiments.
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Introduction

As the light neighbor of carbon in the periodic table, boron is
prototypically electron-deficient and its chemical bonding is
dominated by delocalized multicenter-two-electron (mc-2e)
bonds in both its polyhedral molecules and bulk allotropes,
leading to a great structural diversity in boron-containing
systems [1, 2]. Persistent joint photoelectron spectroscopy
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(PES) and first-principles theory investigations in the past
two decades have characterized planar or quasi-planar B,
(n = 3-38 and 40-42) as the dominant isomers in gas phases
[3-6], seashell-like B,y "/B,,” and cage-like B, as coex-
isting minor isomers [5, 7, 8], chiral cage-like By as the
global minimum of the monoanion [9], and bilayer B48’/ 0 as
the global minima for both the neutral and monoanion [10],
more specifically, B ¢ as species most concerned in this work
possessing elongated quasi-planar C,,, structures [3, 4, 11].
The experimentally observed cage-like borospherene By, [5]
has been extended to a borospherene family B,? (n = 3642,
q = n-40) at the first-principles theory level [12—14]. Joint
ion-mobility measurements and density functional theory
(DFT) investigation indicated that B,* monocations pos-
sess double-ring tubular structures in the size range between
n = 16-25 [15]. Medium-sized bilayer B 5-B, and Bgy-Byg,
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and core-shell B, (n =96, 111-114, 180, 182, 184) with one
or two icosahedral B, cores have been predicted at DFT
[16-22]. Recent DFT calculations also indicate that boron
is capable of forming highly symmetric clusters in two-
dimensional (2D) materials, as in the cases of the theoreti-
cally predicted ferromagnetic 2D-B, [23] and semiconductor
phosphoborane 2D-B,P, [24].

Transition metal-doping has proven to be an effective
approach to form various half-sandwich and metallo-boro-
spherenes via effective coordination bonding interactions
[25]. The first exohedral metallo-borospherenes M@B, 4,
(M =Be, Mg) were predicted in 2015 [26]. Spherical trihe-
dral metallo-borospherenes D5;, La;B,g” with three equiva-
lent deca-coordinate Ta centers as integrated parts of the
cage surface was observed in PES experiments in 2020 [27].
Subsequent theoretical research has extended the smallest
core-shell metallo-borospherene to D5, La;B,, (La;[B,@
Bs]) [28]. Perfect spherical trihedral D5, Ta;B,,, tetra-
hedral T, Ta,B g, and tetrahedral T, La,B,, metallo-boro-
spherenes were also predicted in theory recently [29-31].

However, if non-metal-doping can effectively stabilize
high-symmetry B, cages via covalent bonding interactions
still remains unknown to date in both theory and experi-
ments. Inspired by the experimentally observed perfect tet-
rahedral T; Au,, [32] and based on extensive global searches
augmented with first-principles theory calculations, we pre-
sent herein the possibility of perfect tetrahedral T, B,4P, (2)
and T, B,cAs, (3) which all possess a truncated tetrahedral
T, B4 (1) cage at the center effectively stabilized by four
trivalent non-metal atoms covalently bounded at the corners.
These novel non-metal-stabilized borospherenes as analogs
of the observed tetrahedral 7; Au,, are expected to be real-
ized in experiments.

Theoretical Methods

Extensive global minimum (GM) searches were performed
on B,P, and B ;As, at PBE/DZVP level using the TGMin2
code [33] and minimum-hopping method [34] implemented
in BigDFT package [35, 36]. The six lowest-lying iso-
mers were subsequently optimized at PBE0/6-311+G(d),
TPSSh/6-3114+G(d) and PBEO/aug-cc-pVTZ level [37—40]
using the Gaussian 16 program [41]. Both the hybrid PBEO
and TPSSh methods have proven to be reliable in the charac-
terizations of cage-like boron clusters [5, 7-10]. Frequency
checks were performed to ensure that all reported structures
are true minima of the systems. Relative energies of the four
lowest-lying isomers of neutral were further refined at the
coupled cluster CCSD(T)/6-311G(d) level [42—44] imple-
mented in MOLPRO [45] at PBE0/6-311+G(d) geometries.
Born-Oppenheimer molecular dynamic (BOMD) simulation
at different temperature was implemented employing the
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CP2K software [46] with the GTH-PBE pseudopotentials
and the TZVP-MOLOPTSR-GTH basis set. To eliminate
the influence of neighboring molecules on each other, the
vacuum space was chosen to be 11 A. The time of the simu-
lation was set to 30 ps with a time step of 1 fs. Temperature
control was performed using the Nose-Hoover method [47].
Natural bonding orbital (NBO) analyses were performed
using the NBO 6.0 program [48] and chemical bonding
analyses were carried out through the adaptive natural den-
sity partitioning (AdANDP) approach [49, 50]. Iso-chemical
shielding surfaces (ICSSs) were computed with Multiwfn
program [51] and visualized by VMD software [52]. The
vertical detachment energies (VDEs) and PES spectra of the
monoanions 7, B,cP, and T, B cAs, were calculated using
the time-dependent DFT (TD-DFT) method [53].

Results and Discussion
Structures and Stabilities

Joint experimental and theoretical investigations have con-
firmed that 7, P, has a perfect tetrahedral geometry as the
GM of the neutral, with the valences of all the four triva-
lent P atoms at the corners fully satisfied [54, 55]. As, also
proves to have a true 7, GM. Based on the structural motif
of the experimentally observed T,; Au,, by removing the four
corner atoms, we manually constructed in Fig. 1 the per-
fect truncated tetrahedral 7, B, (1) cage composed of four
equivalent edge-sharing B@Bg hexagons which, however, as
true minimum of the system without imaginary frequencies,
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Fig. 1 Optimized structures of 7, B¢ (1), T; BycP4 (2) and T, B sAs,
(3) at PBE(O/aug-cc-pVTZ level, with the bond lengths indicated in A
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turns out to be much less stable than its elongated quasi-
planar C,, B¢ counterpart observed in experiments [11]
due to the existence of unsaturated dangling bonds at the
four corners. This situation raises an immediate question
on how to effectively stabilize the truncated T, B4 (1) by
non-metal-doping at the four corners via effective covalent
bonding interactions and reminds us to borrow the struc-
tural motifs of tetrahedral T,; P, and T, As, by covalently
capping four trivalent P or As atoms at the four corners of
T,B ¢ (1) to fully satisfy the valences of the component
atoms. Sucha 7,;B s +4 X — T, B (X, (X =P, As) strat-
egy proves to work well, as shown in Fig. 1 where both the
perfect tetrahedral 7, B,;P, (2) and T, B cAs, (3) turned
out to be true minima of the systems without imaginary
frequencies (Table S1). More encouragingly, extensive
global minimum searches utilizing the Tsinghua Global
Minimum (TGMin2) package [33] and minima-hopping
method [34] implemented in the BigDFT package [35, 36]
indicate that, with over 2500 stationary points explored on
the potential energy surface, 7; B cP, (2) turned out to be
the lowest-lying isomer of the system at PBE0/6-311+G(d),
TPSSh/6-311+G(d), and PBEO/aug-cc-pVTZ levels [37—40]
implemented in Gassian16 program [41] and CCSD(T)/6-
311G(d) [42-44] implemented in MOLPRO package [45]
(Fig. S1). As demonstrated in Fig. S1, with zero-point cor-
rections considered, the most concerned 7, B,¢cP, (2) and
its planar isomer C,;, B (P, lie within 0.01 eV at 0 K at the
most accurate CCSD(T)/6-311G(d) level performed in this
work, they are therefore practically iso-energetic isomers
possible to coexist in experiments, while the third C; B¢P,
('A), fourth C; B,4P, (*A) and fifth C, B (P, ('A) cage-like
isomers turn out to be 0.47, 0.50, 0.60 eV less stable than 7,
B P, (2) in relative energies at CCSD(T), respectively. A
similar relative energy order exists in neutral B;¢As,, where
the planar C,, B,¢As, appears to be 0.64 eV more stable than
T,BsAs, (3) at 0 K (Fig. S2) at CCSD(T). However, previ-
ous gas-phase PES experiments have shown that temperature
(entropy) effects play an important role in determining the
relative populations of the low-lying isomers [56]. In the
cases concerned in this work, as shown in Fig. S3, T, B,(P,
(2) appears to be 0.40, 0.36, 0.28, 0.19, 0.10 and 0.01 eV
more stable than its planar C,, counterpart at 0 K, 100 K,
200 K, 298 K, 400 K, and 500 K at PBEO level in terms of
Gibbs free energies with entropy effects considered, respec-
tively, strongly suggesting that 7, B 4P, (2) may serve as the
dominant isomer with the highest population in gas-phase
experiments below 500 K. Similarly, as shown in Fig. S3,
T, B sAs, (3) turns out to be 0.13, 0.08, and 0.01 eV more
stable than its planar C,;, B,sAs, counterpart at 0 K,100 K,
and 200 K in Gibbs free energies, respectively, indicating
that 7, B,4As, (3) may be the most highly populated iso-
mer in gas-phase experiments below 200 K as well. We also
notice that the high-symmetry 7, B,,P, (2) and 7, B cAs,

(3) as non-metal-stabilized borospherenes possess the large
calculated HOMO-LUMO energy gaps of AE,,, =3.31 and
3.16 eV at PBE(O/aug-cc-pVTZ level, respectively (Table S1)
which are even obviously bigger than that (1.77 eV) of the
experimentally observed tetrahedral 7, Au,, [32], suggest-
ing that these unusual species are highly chemically inert
and possible to be synthesized and characterized in experi-
ments. Detailed natural bonding orbital (NBO) analyses [48]
show that the four equivalent hexa-coordinate central boron
atoms (HCB) on four triangular faces, twelve equivalent
hexa-coordinate edging B atoms (HEB) on six edges, and
four trivalent corner P atoms (TCP) at four corners of T,
B,¢P, (2) possess the calculated total Wiberg bond indexes
of WBIycg = 3.45, WBIypg = 3.82 and WBIp = 3.10,
respectively (Table S1), indicating that the valences of all
the trivalent component atoms are fully satisfied. Similar
situation exists in T; B 4As, (3).

Extensive molecular dynamic (MD) simulations using the
CP2K package [46] indicate that these tetrahedral species
are highly dynamically stable at high temperatures as well,
as demonstrated in the cases of T, B (P, (2) and T, B (As,
(3) which have the small calculated average root-mean-
square-deviations of RMSD = 0.15, 0.14 A and maximum
bond length deviations of MAXD = 0.48, 0.45 Aat 1200 K
and 1000 K, respectively (Fig. S4). No other low-lying iso-
mers are observed during the MD simulations in 30 ps.

Chemical Bonding and Spherical Aromaticity
Analyses

To better interpret the high stabilities of these tetrahedral
species, we performed detailed adaptive natural density par-
titioning (AdNDP) bonding analyses [49, 50] on T; B,(P, (2)
and T, B 4As, (3) to unveil their bonding patterns. As shown
in Fig. 2a, B 4P, (2) possesses 4 equivalent 1c-2e lone pairs
(LPs) with the occupation number of ON = 1.90 lel on the
four corner P atoms, 12 equivalent localized 2c-2e B-P ¢
bonds with ON = 1.85 lel between the trivalent P atoms and
corner B atoms of the truncated B4 cage, and 12 equivalent
delocalized 3c-2e 6 bonds with ON = 1.81 lel over twelve
B; triangles on the truncated T, B4 cage. The remaining 6
equivalent 4c-2e o bonds with ON = 1.91 lel are delocalized
over six B, tetrahedrons evenly distributed inside the trun-
cated T, B4 cage along the six edges. The bonding pattern
difference between our T; B 4P, (2) with six 4c-2e ¢ bonds
and the previously reported T, Au,, with ten 4c-2e ¢ bonds
mainly occurs at the four corners, with the former having
three 2c-2e B-P ¢ bonds at each corner to fully satisfy simul-
taneously the valences of the trivalent P atom and its three
neighboring B atoms in the truncated B4 cage, while the
latter possessing one 4c-2e ¢ bond delocalized over each
Au, tetrahedron at the corner [57]. Such a bonding pattern
well reflects the importance to covalently incorporate four
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trivalent P atoms at the four corners of the 7, B, cage. As
demonstrated in Fig. 1 and Fig. S1-S2, the four covalently
bonded trivalent atoms of P and As at the four corners best
serve the purpose to stabilize a truncated T, B 4 (1) cage at
the center. As expected, T, BcAs, (3) possesses a similar
bonding pattern with 7, B P, (2) (Fig. 2b), indicating that
the trivalent P and As possess essentially the same bonding
capacities.

Such unique bonding patterns render spherical aromatic-
ity and extra stability to the systems, as evidenced by the
calculated negative nucleus-independent chemical shift
(NICS) [58, 59] values of NICS = — 41 ppm and — 37 ppm
at the cage centers of B,P, (2) and B 4As, (3), respectively
(Table S1). The spherical aromatical nature of B 4P, (2) and
B sAs, (3) is further demonstrated by their iso-chemical
shielding surfaces (ICSSs) based on the calculated NICS-
77 components depicted in Fig. 3, where the yellow areas
with negative NICS-ZZ values inside the T, tetrahedron
and within about 1.0 A above the cage surface in the verti-
cal direction belong to chemical shielding regions, while
the green regions with positive NICS-ZZ values like a belt
around the waist in horizontal directions belong to chemical
de-shielding regions. The ICSSs of both T, B ,P, (2) and T,
B¢As, (3) (Fig. 3 a, b) appear to be similar to that of the
experimentally observed spherically aromatical D, B, [5]
(Fig. 3c), well indicating the spherical aromatic nature of the
perfect tetrahedral 7, B (X, species (X =P, As).

Spectral Simulations

The IR and Raman spectra of B 4P, (2) and B 4As, (3) and
PES spectra of the corresponding optimized perfect tetrahe-
dral T; B \cP, and T, B 4As, are theoretically simulated at
PBEO/aug-cc-pVTZ in Fig. 4 to facilitate their future experi-
mental characterizations. The high-symmetry T, B P, (2)
exhibits highly simplified IR and Raman spectra (Fig. 4a),

4 1c-2e LPs 12 2¢-2e ¢ bonds 12 3c-2e 6 bonds 6 4c-2e ¢ bonds
ON=1.90 [e| ON=1.85|e| ON=1.81 [e| ON=1.91 |e|
(b) BAs,

& &

12 3c-2e o bonds 6 4c-2e ¢ bonds
ON =1.83 |e| ON =1.90 |e|

4 1c-2e LPs
ON=1.92 |e|

12 2¢-2e ¢ bonds
ON=1.84 [e|

Fig.2 AdNDP bonding patterns of a Ty B,¢P, (2) and b T; B 4As, (3)
with the occupation numbers (ON) indicated
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with two major IR active peaks at 572 (t,) and 1190 (t,)
cm’! and four strong Raman peaks at 404 (t,), 421 (a,), 485
(a;), and 619 (a;) cm™!, respectively, with the Raman peak
at 619 (a,) cm’! representing the typical “radial breathing
mode” (RBM) of the cage-like structure which can be used
to characterize hollow cage geometries [60]. In the simu-
lated PES spectrum of T, B,cP,” in Fig. 4b, the first vertical
detachment energy at VDE, = 2.68 eV represents the energy
difference between the neutral and monoanion at the opti-
mized anionic geometry. The large gap of 1.59 eV between
VDE, and VDE, (4.27 eV) reflects the existence of the huge
HOMO-LUMO gap in T,; B,cP, (2) as discussed above.
Other higher VDEs at 4.71, 4.78, 5.07, and 5.17 eV corre-
spond to vertical electronic transitions from the ground state
of the monoanion to the excited states of the neutral at the
anion geometry. B 4As, (3) (Fig. 4c) and B (As,” (Fig. 4d)

AR
Side View dﬁ%
w»

Top View

(b) Ty BAs,
ICSS iso =+1.8

(a) Ty B,P,
ICSS iso = +1.7

(¢c) D:a B,
ICSS iso =+2.5

Fig.3 Iso-chemical shielding surfaces (ICSSs) of a T; B,4P, (2) and
b T, B 4As, (3), compared with that of the observed spherically aro-
matic ¢ D,,; By,

Zo | 40 e | o 10 | 1o viem! o w0 o | o e 10 viem!

(€) ByAs,
R

Binding energy (eV)

(d) B,As,
PES

20 w0 e w0 w0 1o viem!

4 H H
Binding energy (eV)

Fig.4 Simulated IR and Raman spectra of a T, B (P, (2) and ¢ T}
B,¢As, (3) and PES spectra of b T; B;(P,  and d T, BcAs,” at PBE0/
aug-cc-pVTZ
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exhibit similar spectral features with 7, B,cP, (2) and T,
B P, , respectively.

Conclusions

In summary, we have predicted at first-principles theory
level in this work the perfect tetrahedral non-metal-stabilized
borospherenes 7, B 4P, (2) and T; B,cAs, (3) as non-metal
analogs of the experimentally characterized tetrahedral 7,
Au,,. These tetrahedral structures fully satisfy the valences
of all the trivalent component atoms, making them spheri-
cally aromatic in nature. Gas-phase experimental syntheses
and characterizations of the theoretically predicted high-
symmetry 7, B,,X, species by laser-ablations of mixed B-X
targets (X = P, As) will help to enrich the structures and
bonding of boron. Such tetrahedral species or their deriva-
tives may serve as building blocks in bottom-up approaches
to form novel low-dimensional non-metal-dopped boride
nanomaterials.
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