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Perfect Core-Shell Octahedral B@B;;*, Be@B;,, and Zn@B;,

with an Octa-Coordinate Center as Superatoms Following

the Octet Rule

Qiao-Qiao Yan,” XiaoYun Zhao,” Ting Zhang,” and Si-Dian Li*®

Planar, tubular, cage-like, and bilayer boron clusters B, *"*~ (n=
3~48) have been observed in joint experimental and theoret-
ical investigations in the past two decades. Based on extensive
global searches augmented with first-principles theory calcu-
lations, we predict herein the smallest perfect core-shell
octahedral borospherene O, B@B;;™ (1) and its endohedral
metallo-borospherene analogs O, Be@Bs; (2), and O, Zn@B;; (3)
which, with an octa-coordinate B, Be or Zn atom located exactly
at the center, turn out to be the well-defined global minima of
the systems highly stable both thermodynamically and dynam-
ically. B@B,3* (1) represents the first boron-containing molecule
reported to date which contains an octa-coordinate B center
covalently coordinated by eight face-capping boron atoms at

Introduction

With the electronic configuration of [He]2s’sp', boron exhibits a
strong propensity to form multi-center-two-electron (mc-2e)
bonds in both its bulk allotropes and polyhedral molecules to
compensate for its prototypical electron-deficiency."’ At least
sixteen distinct bulk allotropes are known to be predominately
constructed by three-dimensional icosahedral B;, cages that in
many cases are accompanied by other interstitial boron atoms
lying outside the icosahedrons.” In contrast, joint photo-
electron spectroscopy (PES) and first-principles theory studies in
the past two decades have unveiled a rich landscape for boron
nanoclusters B, from planar or quasi-planar structures
(n=3-38, 41-42), seashell-like (n=28, 29) and cage-like
borospherenes (n=39, 40), to bilayer motifs (n=48), indicating
a typical size- and charge-dependent structural evolution in
boron nanoclusters.®”’ Meanwhile, combined ion-mobility spec-
trometry and density functional theory (DFT) investigations
showed that B,” moncations possess double-ring cylinder
structures in the size range between n=16-25." The previously
proposed perfect cage-like Bg, constructed by capping the
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the corners of a perfect cube in the first coordination sphere.
Detailed natural bonding orbital (NBO) and adaptive natural
density partitioning (AANDP) bonding analyses indicate that
these high-symmetry core-shell complexes X@B,, ’”~ (X=B, Be,
Zn) as super-noble gas atoms follow the octet rule in
coordination bonding patterns (15?1P°), with one delocalized
9c-2e S-type coordination bond and three delocalized 39c-2e
P-type coordination bonds formed between the octa-coordinate
X center and its octahedral O, B, ligand to effectively stabilize
the systems. Their IR, Raman, and UV-Vis spectra are computa-
tionally simulated to facilitate their spectroscopic character-
izations.

twenty hexagons on Cg, spurred renewed interests in all-boron
fullerenes.”™ The first experimentally observed cage-like B,,™°
and B;,~ have been expanded to the borospherene family B 7
(n=36-42, g=n-40) at first-principles theoretical level,® while
the bilayer structural motif observed in B, has been
extended to B,;—B,, and Bg,—Byg at DFT, with a bilayer bottom-
up approach proposed for the experimentally observed bilayer
BL-a.* borophenes on Ag(111) based on the observed quasi-
planar Cy, By.” The chemical reactivity and planar precursor of
borospherene B,, has been discussed in details in a previous
report.” Although there have been no core-shell B,” ¥/~ clusters
observed to date in experiments in the size range with n=3-
48, medium-sized core-shell boron clusters with icosahedral B,
cores have received considerable attention in the past decade
in theory, aiming to unveil the bottom-up approach from core-
shell boron nanoclusters to boron bulk materials. Mononuclear
core-shell Bgg, Bys Bgo Bgs Bosr Bigor Bior Bigy, and By, and
binuclear core-shell C; B,z ((B;5),@B;s6), C; Bigy ((B15),@B;s5), and
C; Bigs ((B15),@B,¢0) With one or two interconnected icosahedral
B,, cores at the center have been predicted at DFT, with C; B;;,
and C; B,g, being the most stable mononuclear and binuclear
species reported so far in the corresponding cluster size ranges
in thermodynamics.” To the best of our knowledge, the
smallest core-shell boron cluster proposed so far at DFT level is
the axially chiral G, B, (B.@B,,) which contains a B, core at the
center along the C, molecular axis."” The theoretically obtained
core-shell O, B@B;; as the second lowest-lying minimum of the
doublet neutral at DFT"" is expected to be distorted due to
Jahn-Teller effect, as discussed in details below. Perfect
tetrahedral core-shell T, La,B,,” "~ have also been recently
reported in tetrahedral metal-doped boron clusters in theory.'”

© 2023 Wiley-VCH GmbH
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However, the smallest core-shell bare boron nanocluster with
one B atom at the center as the well-defined global minimum
of the system still remains unknown to date in both experi-
ments and theory.

Extensive global minimum (GM) searches and first-principles
theory calculations performed in this work indicate that the
smallest perfect core-shell octahedral borospherene monoca-
tion O, B@B;;™ (1) and its endohedral metallo-borospherene
neutral analogs O, Be@B;; (2), and O, Zn@B;4 (3) are the highly
stable global minima of the systems with an octa-coordinate
atom at the center which exhibit superatomic behaviors
following the octet rule (15?1P°). These highly stable core-shell
species invite experimental characterizations to establish a
bottom-up approach from core-shell boron nanoclusters to
bulk boron allotropes.

Results and Discussion
Structures and Stabilities

The optimized perfect core-shell octahedral complexes O,
B@Bs;* (1), O, Be@B;; (2), and O, Zn@Bs, (3) at PBE0/6-311 +
G(d) level™ as the well-defined GMs of the systems are
collectively depicted in Figure 1, with their alternative low-lying
isomers summarized in Figure S1(a)-Figure S1(c). These high-
symmetry core-shell complexes X@Bs, ™" with an octa-coordi-
nate boron or metal atom located exactly at the center (X=B,
Be, Zn) possess the lowest calculated vibrational frequencies of
Vimin=323.48, 280.14, and 170.79 cm™' and large HOMO-LUMO
energy gaps of AE,,=2.54, 2.79, and 2.65 eV, respectively, well
indicating that they are true minima of the systems with high
chemical stabilities (Table 1). Similar core-shell octahedral
complexes O, Cd@B,;, O, Hg@B;5 O, Cu@Bss~, O, Ag@Bss~, O,
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Figure 1. Optimized structures of O, B@Bs;™ (1), O, Be@Bs (2), and O,
Zn@Bs; (3) at PBE0/6-311 + G(d) level, with concerned bond lengths
indicated in A.

Au@Bs;~, and O, Na@B;;~ are also obtained which all prove to
be the deep-lying minima of the systems without imaginary
vibrational frequencies, as collectively shown in Figure S2.

The previously proposed open-shell neutral O, B@Bg""
proves to be distorted to a doublet D,, B@Byg (2A1g) due to
Jahn-Teller effect, it is obviously elongated in z-direction along
the C, main molecular axis. Detachment of one valence electron
from it generates the perfect singlet core-shell octahedral
monocation O, B@Bs* (1, 'A,) which contains an octa-
coordinate B atom as the core located exactly at the center of
the octahedral O, By, shell ligand. The central B in B@Bs™ (1) is
mainly coordinated by eight face-caping B atoms in a perfect
cube within the first coordination sphere with the B-B
coordination bond lengths of rz ;=1.93 A, as shown in Figure 1.
It appears to be the well-defined GM of the monocation lying
0.48, 0.51, 0.55 eV more stable than the second cage-like C, B;5*
("A")," third triple-ring tubular C, B;,™ ('A), and fourth planar C,
By, ('A) at PBE0/6-311 4 G(d), respectively (Figure S1(a)), which
remains to be confirmed in future gas-phase experiments. The
triplet planar C, By, (*A), core-shell C; B@Bss™ (°A,), and triple-
ring tubular C, Bs,™ (A) lie 0.79, 0.80, and 0.92 eV higher than
the O, GM (1). The TPSSh/6-311 +G(d) method" appears to
produce approximately the same relative energy orders for the
low-lying isomers, as shown in Figure S1(a). Detailed natural
bonding orbital (NBO) analyses indicate that the octa-coordi-
nate B in B@B3y ™ (1) possesses the net atomic charge of qg= +
0.13]e|, electronic configuration of [He] 2s**' 2p**, and total
Wiberg bond index of WBI;=3.78 (Table 1), with the eight
equivalent B—B coordination interactions within the first
coordination sphere possessing the covalent bond order of
WBIg_g =0.38. These results indicate that the central B in B@B,g ™
(1) with the total bond order of WBIza4 is mainly covalently
coordinated by eight equivalent face-capping B atoms at the
eight corners of an O, B; cube, forming a perfect body-centered
cubic complex structure in the first coordination sphere. B@B;g ™
(1) is the first boron-containing molecule reported to date in
chemistry which contains an octa-coordinate B center cova-
lently coordinated by eight boron atoms at the corners of a
perfect cube in the first coordination sphere.

Substitution of the central B in B@Bsg™ (1) with a Be atom
([Hel2s®) generates its isovalent Be-centered octahedral com-
plex O, Be@Bs; (2, 1A1g) (Figure 1) which is the deep-lying GM of
the metal-doped boron complex with a Be—B coordination
bond lengths of ry. ;=2.04 A. It lies at least 0.88 eV lower than
the other low-lying isomers, with the triplet core-shell octahe-
dral C,, Be@B;; (*A,) lying 1.06 eV higher in energy than the
singlet O, GM (2) at PBE0/6-311+ G(d) (Figure S1(b)). The octa-

Table 1. Calculated lowest vibrational frequencies vy, HOMO-LUMO energy gaps (AEy,,), X—B coordination bond lengths Ry s, total Wiberg bond orders
(WBIy), natural atomic charges (qy), and electronic configurations of the octa-coordinate X center of B@B;;* (1), Be@B;; (2), and Zn@B;; (3) at

PBE0/6-311 4+ G(d).

States Vin/CM ™ AEg,/eV Ry_o/A WBIy g av/ | e| Electronic
configuration
B@Bss Ay 323.48 2.54 1.93 0.38 0.13 [He] 2 s°5' 2p>2°
Be@Bsq A 280.14 2.79 2.04 0.04 1.65 [He] 2 s°% 2p°%®
Zn@Bsg Ay 170.79 2.65 2.21 0.04 1.73 [Ar] 3d°% 4 s*¥
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coordinate Be center in Be@B,; (2) possesses the net atomic
charge of gg.=+1.65|e|, total bond order of WBIz,=0.63,
electronic configuration of [He] 25°% 2p®® (Table 1), and Be-B
covalent coordination bond order of WBIg, ;=0.08, showing
that the less electronegative Be center donates its 2s* valence
electrons almost completely to its O, Bss ligand to form a Be?*
dication at the center coordinated mainly by electrostatic
attractions in a cubic coordination field.

A divalent transition metal Zn atom ([Ae]3d'%4s?) also
appears to match the octahedral O, Bss ligand perfectly both
geometrically and electronically, as shown in the Zn-centered
boron complex O, Zn@Bss (3, 'A,) which, with the Zn-B
coordination bond lengths of r;, ;=221 A, proves to be the
well-defined GM of the neutral complex lying at least 0.46 eV
lower in energy than its alternative low-lying isomers. Most of
the twenty lowest-lying isomers of ZnB,;; possess core-shell
structures (Figure S1(c)). The octa-coordinate Zn located exactly
at the center of Zn@B;4 (3) possesses the net atomic charge of
9z = +1.73 | e|, electronic configuration of [Ar] 3d** 4s°, total
bond order of WBI;=0.67 (Table1), and Zn-B covalent
coordination bond order of WBI; ;=0.08. These calculated
data show that the Zn center donates its 4 s* almost completely
to the By ligand and forms mainly electrostatic coordination
interactions with the first cubic coordination sphere.

Extensive Born-Oppenheimer molecular dynamics (BOMD)
simulations using the CP2 K software" on O, B@B;;™ (1) at
1000 K and O, Be@B;; (2) and O, Zn@B;; (3) at 1200K in
Figure S3 clearly indicate that these core-shell octahedral
complexes are all highly dynamically stable at high temper-
atures, as evidenced by the small calculated average root-
mean-square-deviations of RMSD=0.12, 0.14, and 0.14 A and
the maximum bond length deviations of MAXD=0.46, 0.53,
0.51 A, respectively. The core-shell octahedral structures of
these complexes are all well maintained during BOMD simu-
lations in 30 ps, with no other low-lying isomers observed.

Bonding Analyses

To better comprehend the high stabilities of these core-shell
octahedral borospherene complexes, detailed canonical molec-
ular orbitals (CMOs) and adaptive natural density partitioning
(AINDP)" bonding analyses are comparatively performed on
B@Bss* (1), Be@B;; (2), and Zn@Bs, (3) in Figure 2 and Figure S4.
As shown in Figure 2(a), B@Bg* (1) possesses 24 equivalent 3c-
2e 0 bonds on six B, quadrangular pyramids at the six corners
of the octahedral complex with the occupation numbers of
ON=1.93]|e|, 24 equivalent 3c-2e B—B o bonds on the eight
triangular surfaces with ON=1.87|e|, and 6 equivalent 9c-2e &t
bonds on the six B, quadrangular pyramids at the corners with
ON=1.88]e]| in the first row, forming the delocalized o-skeleton
and m-skeleton on the B;; ligand in an overall symmetry of O,.
The remaining four delocalized coordination bonds involving
the central B atom are classified into two groups, including
1 9c-2e S-type bond with ON=1.91]|e| and 3 equivalent 39¢c-2e
P-type bonds with ON=2.00|e|. B@Bss™ (1) thus behaves like a
super-noble gas atom following the octet rule with the
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(a) B@B3s*

24 3c-2e 0 bonds 24 3c-2e o bonds 6 9c-2e 1 bonds
ON=1.93|¢e| ON=1.87|e| ON=1.88 |e|

1 9c¢c-2e bonds
ON=1.91 lel

(b) Be@Bg3s

3 39¢c-2e bonds
ON=2.00 lel

& 4

24 3c-2e 0 bonds 24 3c-2e o bonds 6 5c-2e 1T bonds
ON=1.64 |e|

ON=1.93[¢| ON=1.87|e|

P,-Type

S-Type P,-Type P,-Type
1 9c-2e bonds 3 39¢c-2e bonds
ON=1.77 |e| ON=2.00 |e|
(c) Zn@Bss

5 1c-2e bonds
ON=1.94-1.98 |e|

24 3c-2e 0 bonds 24 3c-2e o bonds 6 9c-2e 1 bonds

ON=1.92|¢| ON=1.86|¢e| ON=1.85 |e|
4 i
o
S-Type P,-Type P,-Type P,-Type
19c-2e bonds 3 39c-2e 1 bonds
ON=1.77 |e| ON=2.00 |e|

Figure 2. AANDP bonding patterns of (a) B@B;* (1), (b) Be@Bs;* (2), and
(c) Zn@B4 (3).

electronic configuration of 1S*1P°. Interestingly, the 19c-2e S-
type bond and 3 39c-2e P-type bonds of B@B,;* (1) involving
the octa-coordinate B center well correspond to the non-

© 2023 Wiley-VCH GmbH
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degenerate S-type HOMO-15 (a;y) and triply degenerate P-type
HOMO-2 (t,,) of the complex shown in Figure S4(a).

As expected, the isovalent neutral Be@B;; (2) exhibits a
similar bonding pattern (Figure 2(b)) with B@B;;* (1). It has
24 3c-2e 0 bonds around the six quadrangular pyramids and
24 3c-2e 0 bonds on eight triangular faces to form the o-
skeleton and 6 9c-2e t bonds over the six corners to form the
m-skeleton on the B,z ligand. The remaining eight valence
electrons involving the octa-coordinate Be center are distrib-
uted in 1 9c-2e S-type bond and 3 39c-2e P-type bonds of the
system, again matching the octet rule [1S*1P°] of a super-noble
gas atom. Such a coordination bonding pattern originates from
the non-degenerate S-type HOMO-12 (a, ) and triply degener-
ate P type HOMO-1 (t;,) of the complex, as demonstrated in
Figure S4(b).

Zn@B;4 (3) with a transition metal center possesses a slightly
different coordination bonding scheme, as indicated in Fig-
ure 2(c). It contains 5 1c-2e d-type lone pairs on the Zn center
in the first row and 24 3c-2e ¢ bonds on six quadrangular
pyramids, 24 3c-2e ¢ bonds six triangular faces, and 6 9c-2e &t
bonds over six corners on the B;g shell in the second row. The
1 9c-2e S-type coordination bond and 3 P-type coordination
bonds in the third row involving the octa-coordinate Zn center
can be traced back to the non-degenerate HOMO-13 (a, ) and
triply degenerate HOMO (t,,) of the complex (Figure S4(c)). It
therefore can also be viewed as a super-noble gas atom
following the octet rule in the electronic configuration of
1S*1P°.

Such superatomic coordination bonding patterns render
spherical aromaticity and extra stability to B@B;;* (1), Be@Bsg
(2), and Zn@B;; (3), as evidenced by their calculated iso-
chemical shielding surfaces (ICSSs)™ based on the ZZ compo-
nents of the calculated nuclear-independent chemical shifts"™
(NICS-ZZ) depicted in Figure 3. The chemical shielding areas
with negative NICS-ZZ values cover the entire space inside the
octahedral complexes or within about 1.0 A above the cage
surface in the vertical direction (highlighted in yellow), while
the chemical de-shielding areas with positive NICS-ZZ values
are mainly distributed in belt-like areas on the waist of the core-
shell systems in the horizontal direction (highlighted in green),

(a) Ox B@Bas'
ICSS iso.=x0.7

(b) Ox Be@Bas
IC8S iso.= 2 1.1

{c} On Zn@Bas
IG88 iso.= £1.5

(d) Dz Baa
ICSS iso.= £ 3.0

Figure 3. Calculated ICSS surfaces of O, B@B;3* (1), O, Be@B;; (2), and O,
Zn@Bs; (3) in comparison with that of D,, B,,, with the corresponding NICS-
ZZ components indicated. Yellow regions stand for chemical shielding areas,
while green areas represent chemical de-shielding areas.
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similar to the situation in the experimentally known spherical
aromatical D,4 B,, as indicated in Figure 3.

Spectral Simulations

The infrared (IR), Raman, and UV-vis spectra of O, B@Bss* (1)
Be@B;; (2), and O, Zn@B5; (3) are computationally simulated in
Figure 4 to facilitate their experimental characterizations. As
shown in Figure 4(a), B@B;3* (1) exhibits three strong IR active
peaks at 562 (t,,), 661 (t,,), and 883 (t,,) cm™' and three major
Raman scattering peaks at 462 (a,,), 638 (a,4), and 928 (e;)cm ',
respectively, with the 462 cm™' peak corresponding to typical
“radial breathing mode” (RBM)?” of the complex which can be
used to characterize hollow boron nanostructures. Its simulated
UV-Vis spectrum exhibits strong absorption peaks at 216 and
340 nm. There exist two strong IR peaks at 897 (t,,) and
1172 (t,,)cm ™', six major Raman peaks at 314 (e ), 364 (t,,), 564
(tyg), 619 (a15), 909 (e,), and 1179 (a,))cm ™', and four major UV-
vis bands centered around 223, 322, 458, and 547 nm in Be@B;g
(2) in Figure 4(b). The transition metal-doped Zn@B;; (3)
exhibits three major IR vibrational modes at 879 (t;,), 931 (t,,),
and 1161 (t,J)cm™', three Raman active vibrations at 344 (t,,),
596 (a,,), and 886 (e))cm ™', and two major UV-vis absorptions
at 225 and 312 nm, respectively (Figure 4(c)).

Conclusion

Extensive global searches and first-principles theory calculations
executed in this work predict the viable possibility of the
smallest perfect core-shell octahedral borospherene B@B,™* (1)
and its endohedral metallo-borospherene analogs Be@B,; (2)
and Zn@B;; (3) with an octa-coordinate center which are all the
well-defined global minima of the systems as superatoms
following the octet rule (1S*1P% in coordination bonding
patterns. These high-symmetry core-shell boron complexes
with an octa-coordinate B, Be, or Zn atom located exactly at the
center turn out to be spherically aromatic in nature and highly
stable both thermodynamically and dynamically. These novel
high-symmetry species are expected to be synthesized and
characterized in gas-phase experiments via laser ablation of
mixed boron targets to enrich the chemistry of boron. They
may also serve as building blocks to form low-dimensional
nano-materials based in boron clusters, similar to the situations
in the previously reported B, and B,,.2"

Computational Procedures

Extensive GM searches on Bs,", BeByg, and ZnB;, were performed at
PBE/DZVP level employing the TGMin program,”? in conjunction
with manual structural constructions based on related previously
reported boron nanoclusters, with more than 1500 isomers probed
on the potential energy surface for each species. The seven lowest-
lying isomers were then fully reoptimized at both PBEO and TPSSh
levels with the basis set of 6-311+G(d), ™" with frequencies
checked to make sure the obtained structures are true minima of

© 2023 Wiley-VCH GmbH
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Figure 4. Simulated IR, Raman, and UV-Vis spectra of (a) B@Bs;™ (1), (b) Be@B;; (2), and (c) Zn@B;; (3) at PBE0/6-311 + G(d).

the systems. Detailed ADNDP bonding analysis"” were performed

on the ground-state B@B;; " (1), Be@B;; (2), and Zn@B;4 (3). Their
iso-chemical shielding surfaces (ICSSs)"® were calculated based on
the ZZ components of the calculated nuclear-independent chem-
ical shifts"® to probe the spherical aromaticity of the systems
employing the Multiwfn 3.7 code® and visualized using the visual
molecular dynamics (VMD) software.”” The infrared and Raman
spectra of the core-shell octahedral complexes were simulated at
PBE0/6-311+G(d) and their UV-vis spectra calculated using the
time-dependent DFT approach® at same theoretical level. All the
calculations in this work were done using the Gaussian 09 suite.”®
Extensive BOMD simulations were performed on 1-3 for 30 ps at
different temperatures using the CP2 K code, with the GTH-PBE
pseudopotential and DZVP-MOLOPT-SR-GTH basis set."®
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smallest perfect core-shell octahedral B@Bse Be@B:s Zn@Bas
borospherene O, B@Bs; * and its en- ) (Rton] (il Perfect Core-Shell Octahedral |
dohedral metallo-borospherene B@B,;*, Be@B;5 and Zn@B;, with an
analogs O, Be@B;3 and O, Zn@B,, Octa-Coordinate Center as Supera-
which, as super-noble gas atoms, toms Following the Octet Rule

follow the octet rule and are spheri-
cally aromatic in nature.
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