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The recently observed cage-like borospherenes D4 Bso /° and
C3z/C, B3y~ have attracted considerable attention in chemistry and
materials science. Based on extensive global minimum searches and
first-principles theory calculations, we present herein the possibility
of cage-like C; Bsg* (1) and C, Bzs* (2) which possess five hexagonal
and heptagonal faces and one filled hexagon and follow the bonding
pattern of ¢ + n double delocalization with 12 delocalized n bonds
over a o-skeleton, adding two new members to the borospherene
family. IR, Raman, and UV-vis spectra of C; B3s* (1) and C, Bzo* (2)
are computationally simulated to facilitate their experimental
characterization.

Cage-like Cgo, the first fullerene discovered in 1985,1 pioneers the
route to the currently popular carbon nanotubes® and graphenes.?
However, only a few small free-standing fullerene-like clusters of
other elements had been experimentally confirmed before 2014,
including Au,s ,* stannaspherene Sn;,>,> and plumbaspherene
Pb;,>.° As the lighter neighbor of carbon in the periodic table,
boron is a typical electron-deficient element characterized with
multicenter two-electron (mc-2e) bonds in both bulk allotropes
and polyhedral molecules. The first all-boron fullerene By, was
theoretically proposed in 2007 by capping the 20 surface hexa-
gons on the Cqo motif. However, this beautiful I;, Bg, cage was later
found to be much less stable than its core-shell rivals at various
theoretical levels.*° In stark contrast to carbon clusters, small
boron clusters B, " have been experimentally confirmed to be
planar or quasi-planar in an unprecedented wide range of sizes
(n = 3-30, 35, 36),'°>* unveiling a flat world of boron. Interestingly,
small boron dihydride clusters B,H, ’° (n = 4-12) have proven
to be elongated planar boron double-chains (BDCs) with two
hydrogen terminals in both theory*® and experiments,”
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strongly suggesting the importance of BDCs as building blocks
in low-dimensional boron nanostructures. The first all-boron
fullerenes D,q By, ~'°, dubbed borospherenes in the literature,
were discovered in 2014 in a joint photoelectron spectroscopy
(PES) and first-principles theory investigation,*® paving the way
to borospherene chemistry. Endohedral and exohedral M@B,,
(M = Ca, Sr) and M&B,, (M = Be, Mg) charge-transfer complexes
were also predicted to be viably possible in experiments.*®
Shortly after By, ’°, the first axially chiral borospherenes
C,/C, Bsy~ were observed in PES measurements in 2015°° which
may be further stabilized to form endohedral Ca@Bs,".*! In the past
two years, our group has further expanded the borospherene family
at the first-principles theory level to include the cage-like B4;"/B4,>*,*
Bss®  (in Ca@Bsg),®® Bs,®~ (in Ca@Bs, ),>* and Bsg'~ (in Lis&Bse)*°
clusters. These B, borospherenes (n = 36-42, ¢ = n — 40) are all
composed of twelve interwoven BDCs with six hexagonal or hepta-
gonal faces analogous to the well-known cube-like cubane (CgHg).
They all follow the universal bonding pattern of ¢ + m double
delocalization, with 12 multicenter two-electron =n-bonds
(12 mc-2e m) over a o-skeleton made of n + 8 delocalized three-
center-two-electron -bonds (72 + 8 3c-2e 6).>**> Smaller seashell-like
borospherenes B,g~ and B,o~ were later observed as minor isomers
in PES experiments which also follow the ¢ + n double delocalization
bonding pattern.>**® The discovery of the borospherene family
effectively enriches the structural diversities of boron and has
aroused considerable attention from chemists, physicists, and
materials scientists.***> A cage-like Dy, Bss was also recently
proposed at the density functional theory (DFT) level.*?

Based on extensive global minimum (GM) searches and first-
principles theory calculations, we predict herein the existence
of the cage-like C; B3o" (1) and C, B3o" (2) monocations which
possess five hexagonal (n¢) and heptagonal (n,) faces and one
filled hexagon (ns") on the cage surface with ng + n, + ns’ = 6 and
follow the ¢ + m double delocalization bonding pattern with 12
delocalized © bonds over a o-skeleton consisting of 46 deloca-
lized o bonds, adding two novel members to the borospherene
family analogous to cubane (CgHg). B3o' (1) and Bso' (2) are the
first borospherenes with a filled hexagon on the cage surface.
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Extensive GM searches using both the Minima Hopping
(MH)**** and TGmin'® algorithms were performed on Bs,", in
combination with manual structural constructions based on
the previously reported planar, cage-like, and tubular isomers
of B3s~ *° and Bs;s®> .*’ In total, more than 1700 stationary
points were probed on the potential energy surface of Bso'.
Low-lying isomers were then fully optimized with frequencies
checked at the DFT-PBEO level*® with the 6-311+G(d) basis set*”
using the Gaussian 09 suite.*® The relative stabilities of the four
lowest-lying isomers were further refined using the more accurate
coupled cluster method with triple excitations (CCSD(T))**>"
implemented in MOLPRO®>* with the 6-31G(d) basis set at the
PBEO geometries. The three lowest-lying isomers C; Bo" (1), Cs
Bso' (2), and C; B3o' (3) obtained for Bso" are depicted in Fig. 1.
More alternative low-lying isomers are summarized in Fig. S1 in
the ESL{ The bonding patterns of the two lowest-lying C; Bo" (1)
and Cs Bso' (2) (Fig. 2) were analyzed with the adaptive natural
density partitioning (AANDP) approach.® Born-Oppenheimer
molecular dynamics simulations were performed for Cs Bso" (1)
at 300 K, 500 K, and 700 K for 30 ps (Fig. 3), using the software
suite of CP2K.>*

The cage-like B3o" (1) with the lowest vibrational frequency
of 136 cm™" at the PBEO level turns out to be the global
minimum of the monocation. It possesses two hexagons
(ne = 2) in the front and at the back, three heptagons (n, = 3)
on the top and two sides, and one filled hexagon (1’ = 1) at the
bottom with a hexacoordinate B at the center, in an overall
symmetry of C;. With six hexagonal and heptagonal faces in
total including the filled hexagon (i.e. ng + ny; + ng' = 6), Cs Bao"
(1) can also be approximately viewed as a distorted cubic box
analogous to cubane, similar to other previously reported
borospherenes.”®° It is mainly composed of interwoven BDCs
except for the bottom area which contains a filled hexagon
perpendicular to the molecular mirror. We notice that Cs Bzo"
(1) has the same geometry as the previously reported high-lying
Cs B3~ (22) monoanion® and can be obtained from the latter
by detachment of two valence electrons. It follows Euler’s rule,
which in this case reads: E (90 edges) = F (47 triangular + 3
hexagonal + 3 heptagonal faces) + V (39 vertices) — 2. From
another perspective, Bso" (1) can be built from eight nearly
planar By triangles (highlighted in gray in Fig. 1) at the corners

3B, (C,'A)
+0.06/(+0.13)/[+0.13]

1By (G, 'A)
0.00/(0.00)/[0.00]

-0.01/(+0.06)/[+0.02]

Fig. 1 Structures of the first three lowest-lying isomers of Bsg* (1, 2, and
3) optimized at the PBEO/6-311+G(d) level, with the relative energies
indicated in eV at the PBEO, TPSSh (in parentheses), and CCSD(T) (in
square brackets) levels. The eight nearly planar Bg triangles at the corners
of the distorted cubic boxes and hexagonal faces in the front are high-
lighted in grey and pink, respectively.
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8 6¢-2e o-bonds
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1 7¢-2e n-bonds
2 6¢-2e m-bonds
ON=1.64-1.77 |¢|

1 7¢c-2e n-bonds
2 8c-2e m-bonds
ON=1.74-1.80 |e]

2 5¢-2e m-bonds
ON=1.68 |e]

4 6¢-2¢ m-bonds
ON=1.78-1.82 |¢|

() B, (2)

2 5c-2e o-bonds
ON=1.91[e|

30 3c-2e o-bonds
ON=1.84-1.97 [e|

8 6¢-2e o-bonds
ON=1.85-1.92 |e|

6 4¢c-2e o-bonds
ON=1.91-1.92 |¢|

1 5¢c-2e m-bonds
1 7¢c-2e m-bonds
ON=1.68-1.81 e]

3 5c-2e m-bonds
1 8¢-2e m-bonds
ON=1.68-1.84 |¢|

2 6¢-2e m-bonds
2 7c-2e m-bonds
ON=1.81-1.85 [¢]

2 5c-2e m-bonds
ON=1.76 |e|

Fig. 2 AdNDP bonding patterns of (a) the global minimum Cs B3o™ (1) and
(b) the second lowest-lying Cs Bzo* (2), with the occupation numbers
(ONs) indicated.

of a distorted cube, similar to the situation in other reported
borospherenes.?® >

The second lowest-lying cage-like C; B3o' (2) with the lowest
vibrational frequency of 141 cm™* at PBEO has one hexagon
(ne = 1) in the front, four heptagons (n; = 4) on the top, back,
and two sides, and one filled hexagon (s’ = 1) at the bottom. It
can also be viewed as a distorted cubic box with ng + n, + ng’ = 6.
Bso' (2) has small relative energies of only —0.01, +0.06, and
+0.02 eV with respect to Bso* (1) at the PBEO, TPSSh,>® and
CCSD(T) levels, respectively. Given the accuracies of the theo-
retical methods employed in this work, Bz, (2) and Bso' (1) can
be viewed as practically iso-energetic isomers which are
expected to coexist in experiments. We notice that Bso" (2) con-
sists of two tetracoordinate ‘‘defect sites” on the waist at the
back (Fig. 1), similar to the experimentally observed C, By~
(2) monoanion which has one tetracoordinate B atom on the
waist.*°

The third lowest-lying isomer C; B3o" (3) which lies +0.13 eV
higher than C; Bso' (1) at the CCSD(T) level possesses three
hexagons (ns = 3) in the front and two sides, two heptagons
(17 = 2) on the top and back, and one filled hexagon (ns' = 1) at
the bottom, similar to C; Bso' (2) (but with different numbers
and orientations of hexagons and heptagons). It can be
obtained from the previously reported C; B3>~ ** by capping
one hexagon at the bottom to form a filled hexagon. As shown
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Fig. 3 Born-Oppenheimer molecular dynamics simulations of Cs Bzo™ (1)
at (a) 300 K, (b) 500 K, and (c) 700 K, with the typical structures picked up
during the simulations depicted. The root-mean-square-deviation (RMSD)
and maximum bond length deviation (MAXD) values (on average) are
indicated in A.

in Fig. S1 (ESIT), the much concerned singlet triple-ring tubular
Ci3 B3o' (4) turns out to be obviously less stable (0.24 €V) than
Bso' (1) at the CCSD(T) level. The typical quasi-planar Cs Bzo' (8)
and C, B3, (9) have approximately the same relative energies of
0.31 eV at the PBE0/6-311+G(d) level. The axially chiral triplet Cs
Bso' (22) and singlet C, Bso' (32), which have the same geometry
as the experimentally observed C; Bso~ and C, Bso,>° have
high relative energies of 0.67 eV and 0.90 eV, respectively. Other
low-lying isomers all lie at least 0.30 €V higher than Bz, (1).
We conclude that B3," (1) and Bso' (2) as the global minima
of the monocation and the all-boron analogs of cubane (CgHjg)
are the most possible isomers to be observed in experiments,
while other high-lying isomers are unlikely to exist in
thermodynamics.

The high stabilities of Bso" (1) and Bso' (2) originate from
their unique bonding patterns, as shown in Fig. 2. Detailed
AJANDP analyses indicate that Bss' (1) possesses 35 3c-2e G
bonds around the five hexagonal and heptagonal holes, 1 4c-2e
and 2 5c-2e ¢ bonds at the bottom, and 8 6¢-2e ¢ bonds at the
eight corners of the distorted cubic box (Fig. 1) with occupation
numbers (ONs) greater than 1.80 |e|. Over the o skeleton, there
exist 12 delocalized mc-2e n bonds (m = 5, 6, 7, 8) with ON >
1.64 |e|, with 2 5c-2e, 6 6¢-2e, 2 7c-2¢e, and 2 8c-2e © bonds in an
overall symmetry of C. B3o' (1) thus possesses a ¢ + 1 double
delocalization, following the universal bonding pattern of the

This journal is © the Owner Societies 2017
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borospherene family.>®*> Similarly, C; Bso" (2) possesses 12
delocalized mc-2e m bonds over a o-skeleton made of 46
delocalized o bonds, again following the c + n double deloca-
lization bonding pattern. In particular, Cs B3," (2) possesses 2
5c-2e m bonds and 2 5c¢-2e ¢ bonds over the two tetracoordinate
B atoms on the waist at the back. In comparison with the
experimentally observed C; B3y~ and C, Bzg monoanions,
which have 47 delocalized ¢ bonds and 12 delocalized ©
bonds,* both the C, B3," (1) and C; B3, (2) monocations with
two less valence electrons possess 46 delocalized ¢ bonds and
12 delocalized n bonds. It is the unique filled hexagon with a
hexacoordinate B center in Bs," (1) and Bso' (2) that generates
the extra pair of « electrons to match the 12 delocalized © bonds
required to form stable borospherenes in B;o'. Such a bonding
pattern imparts three-dimensional (3D) aromaticity to the cage-
like clusters, as evidenced by the calculated nucleus indepen-
dent chemical shift (NICS)*® values of —40 ppm and —36 ppm
at the cage centers of Cg Bso' (1) and Cs Bso' (2), respectively.

Extensive molecular dynamics (MD) simulations were per-
formed on Bse' (1) to check its dynamical behaviors at various
temperatures. As shown in Fig. 3, B3o" (1) is dynamically stable
at room temperature (300 K), with root-mean-square-deviation
and maximum bond length deviation values (on average) of
RMSD = 0.06 A and MAXD = 0.18 A. However, at 500 K, it starts
to hop between the two lowest-lying isomers C; B3o' (1) and Cs
Bso' (2) with RMSD = 0.08 A and MAXD = 0.27 A, with Cs Bso" (1)
being the dominating isomer. Upon further increasing the
temperature to 700 K, the system is found to fluctuate almost
freely in concerted MXW mechanisms®” among the three lowest-
lying isomers Cs Bso' (1), Cs B3o' (2), and Cs Bso' (3) with RMSD =
0.15 A and MAXD = 0.72 A, resulting in Bs,' nanobubbles
hopping among the three almost equally distributed isomers
(1, 2, and 3) in equilibrium states. Such dynamical behaviors
appear to be similar to that of Bss ,>” Byo,”” and Bs,".”® The
geometrical fluctuations in borospherenes®”*”*® originate from
their bonding fluctuations which guarantee further theoretical
and experimental investigations.

Infrared photodissociation (IRPD) spectroscopy in combi-
nation with first-principles calculations has proven to be a
powerful approach in the characterization of novel cluster
monocations.>®® B;," monocation was previously detected in
the mass spectrum of B," clusters (n = 2-52).%" It is therefore
possible to measure its IRPD spectrum in gas phases by
optimizing the experimental conditions. To facilitate future
experiments, we computationally simulate the IR spectra of
both Cs Bso' (1) and Cs Bso' (2) in Fig. 4a and compare them
with that of the high-symmetry borospherene monocation D,q4
By ".>® The IR spectra of the three cage-like monocations
exhibit obvious similarities with the major IR peaks lying
between 900 and 1400 cm’, though the spectra of Bso'
(1) and Cg Bso' (2) are much more complicated due to their
low geometrical symmetries. There exist four strong IR peaks at
1257 cm ™' (2’), 1122 (a’), 1055 cm ™! (a’), and 963 cm ™" (a’) for
CsBso' (1) and at 1337 cm™* ('), 1224 ecm™* (a’), 1082 cm™* (a'),
and 975 cm ™' (") for Cs Bs," (2) which may serve as finger
prints to characterize these lowest-lying isomers.
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Fig. 4 Simulated IR and Raman spectra of Cs Bzg* (1) and Cs Bzo™ (2) at the
PBEQ/6-311+G(d) level.

The strong Raman peaks of Cs Bso' (1) and C, Bso' (2) (Fig. 4b)
exhibit clear red-shifts with respect to that of D,q Byo".>® The
major Raman peaks occur at 1311 ecm™ ' ('), 1257 ecm™ "' (a'),

G By ()

211inm

T T T T T T T T T T T !
200 300 400 500 600 700 800 A(nm)

Cs B39+ (2)
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259nm

228nm

T g T v T T T T T g T T y
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Fig. 5 Simulated UV-vis absorption spectra of Cs Bzg* (1) and C, Bzo™ (2)

at the PBE0/6-311+G(d) level.
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448 cm™ " (a’), 205 cm ™" ('), and 136 cm ™" (a’) for Cs B3, (1) and
1382 cm™ ' (a’), 1224 cm ™' ('), 623 cm ™' ('), 449 cm ™' ('),
238 em ' (a”), and 165 cm ' (a') for C; Bzs™ (2). Detailed
vibrational analyses indicate that the vibrations at 205 cm™*
(@) and 136 cm ™" (a’) in C; B3s™ (1) and at 238 cm ™" (a’) and
165 cm ™' (a’) in C; Bso' (2) represent typical radial breathing
modes (RBMs) of the two isomers. An intensive RBM peak at
210 em™ " was used to characterize the hollow structures in
single-walled boron nanotubes.®” The IR and Raman spectra of
Cs B3o' (3) are simulated in Fig. S3 (ESIT) for comparison.

Finally, we simulate the UV-vis spectra of C; B3o" (1) and Cj
Bso' (2) using the TD-DFT approach®® at the PBEO level (Fig. 5)
and compare them with that of D,q B4,".>® These borospherene
monocations exhibit certain similarities in their UV spectra, with
strong absorption peaks occurring at 211 nm, 242 nm, 280 nm,
304 nm, and 412 nm for C, B3" (1) and 219 nm, 259 nm, 299 nm,
338 nm, and 352 nm for C, B3o' (2). These UV features originate
from electron transitions from the deep inner shells to the high-
lying unoccupied molecular orbitals of the monocations. The
weak absorptions above 500 nm involve electron transitions
from the highest and second highest occupied molecular orbi-
tals (HOMO and HOMO-1) of the systems.

In summary, based on extensive GM searches and first-
principles theory calculations, we have presented the possibility
of the cage-like B3o' (1) and B;," (2) borospherene monocations
which, as the well-defined global minima of the system, possess
five hexagonal and heptagonal faces and one filled hexagon on
the cage surface. Detailed orbital analyses indicate that these
borospherenes possess 3D aromaticity and follow the universal
bonding pattern of ¢ + n double delocalization. The unique
filled hexagon on the cage surface of Cs Bso' (1) and Cg Bjo"
(2) plays a key role in the formation of the 12 delocalized ©
bonds required to form stable borospherene monocations with
less than 40 boron atoms. Their IR, Raman, and UV-vis spectra
have been computationally simulated to facilitate their spectral
characterization. Cubic-box-like borospherene neutrals or
cations with more than one filled hexagons or heptagons may
also be possible.
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