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Abstract: The recent discovery of the all-boron fullerenes or
borospherenes, D,; B, ™, paves the way for borospherene
chemistry. Here we report a density functional theory study on
the viability of metalloborospherenes: endohedral M@B,,
(M = Ca, Sr) and exohedral M&B,, (M = Be, Mg). Extensive
global structural searches indicate that Ca@B,, (1, C,, 'A,) and
Sr@B,, (3, D,, 'A,) possess almost perfect endohedral
borospherene structures with a metal atom at the center,
while Be&B,, (5, C, 'A’) and Mg&B,, (7, C, 'A’) favor
exohedral borospherene geometries with a n’-M atom face-
capping a heptagon on the waist. Metalloborospherenes
provide indirect evidence for the robustness of the borospher-
ene structural motif. The metalloborospherenes are character-
ized as charge-transfer complexes (M*'B,’), where an
alkaline earth metal atom donates two electrons to the By,
cage. The high stability of endohedral Ca@B,, (1) and Sr@B,,
(3) is due to the match in size between the host cage and the
dopant. Bonding analyses indicate that all 122 valence
electrons in the systems are delocalized as o or m bonds,
being distributed evenly on the cage surface, akin to the D,,; By,
borospherene.

The discovery of Cg, buckyball was followed immediately by
the synthesis of endohedral metallofullerene La@Cy,["! in
which a lanthanum atom is encapsulated inside Cq,. Various
endohedral metallofullerenes and non-metal-doped ful-
lerenes were subsequently reported,!'™” including the cal-
cium—Cg, complex, Cs, Ca@Cq,! which remarkably enriches
the fullerene chemistry. Neighboring carbon in the periodic
table, elemental boron clusters, B, ™, were confirmed to
possess unique planar (2D) or quasi-planar structures in
a wide range of sizes (n = 3-25, 30, 35, 36) in a series of joint
gas-phase photoelectron spectroscopy (PES) and first-princi-
ples investigations over the past decade.'>'” Very recently,
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Zhai and co-workers reported the first all-boron fullerenes, or
borospherenes: D,; B, .I"8l This observation suggests that
the 2D-3D structural transition in B, clusters occurs at an
unprecedented size of around n =40 and marks the genesis of
borospherene chemistry, which is anticipated to closely
parallel that of carbon fullerenes. With exactly half the size
of the theoretically proposed cage-like By, cluster, which turns
out to be much less stable than its core-shell rivals,'*% the
experimentally confirmed B,,” and B,, borospherenes are
composed of interwoven boron double chains, with two By
hexagons at the top and bottom and four B, heptagons on the
waist. As the global minimum being well-separated from
other low-lying isomers, the D,,; B,, neutral is 3D aromatic in
nature with o plus &t double delocalization. The diameter of
B,, borospherene is 6.2 A, about 1.0 and 2.0 A smaller than
those of Cg, (7.1 A) and B, (8.2 A), respectively, which makes
B,y a suitable candidate to accommodate a range of metal
atoms or small molecules inside to form endohedral M@B,,
borospherenes, similar to the endohedral M@Cg,!'>*" and
M@By, species.” 2! In the meantime, the hexagonal holes,
and in particular the heptagonal holes, on the cage surface of
B, suggest the possibility to coordinate metal atoms in an
exohedral manner. Such endohedral and exohedral com-
plexes are intriguing from both fundamental and applied
points of view.

Here we report a systematic computational study on
a series of endohedral M@B,, and exohedral M&B,, metal-
loborospherenes (M =Be, Mg, Ca, Sr) at the density func-
tional theory (DFT) level, which aims to explore the potential
of the B, borospherene as a molecular device. Extensive
structural searches indicate that both Ca@B,, (1, C,,, 'A;) and
Sr@B,, (3, D,,;, 'A;) possess endohedral structures as their
global minima with the metal atom residing inside the cage,
whereas Be&By, (5, C, 'A’) and Mg&B,, (7, C,, 'A) adopt
exohedral geometries with a 1’ face-capping metal atom. The
metalloborospherenes turn out to be charge-transfer com-
plexes between M*" and B,,’", which maintain the structural
and chemical integrity of the B,, cage, featuring o plus &
double delocalization in chemical bonding, akin to the D,, By,
borospherene. This work suggests the viability of the MBy,
metalloborospherenes and represents the simplest chemistry
of borospherenes.

We start with and mainly focus on the endohedral C,,
Ca@B,, (1) metalloborospherene, whose Cgq-based analogue,
Cs, Ca@Cy,, is experimentally known.”! Global structural
searches for CaB,, were performed using the Minima Hop-
ping (MH) algorithm; see the Methods Section for
details.”"?»! Over 3500 stationary points on the potential
energy surface were probed from seven independent MH runs
with different initial structures. Extensive manual structural
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Figure 1. Optimized structures of C,, Ca@B,, (1) and C, Ca@B,, (2)
at the PBEQ/6-311 -+ G* level. The structural difference between the
neutral and the anion is minor, and only the neutral structure is
depicted. Left: top view. Right: side view.

constructions were also performed, based on the low-lying
isomers of B,,."*! Figure 1 displays the top and side views of
C,, Ca@B,, ("A)) (1) and its slightly distorted monoanion C,
Ca@B,,~ (*A) (2), which were optimized at the hybrid DFT-
PBEO level.” Alternative low-lying isomers of CaB,, are
shown in Figure S1 in the Supporting Information. Interest-
ingly and encouragingly, the manually constructed endohe-
dral C,, Ca@By, (1) turns out to be the well-defined global
minimum, with the alternative structures being at least 0.5 eV
higher in energy at PBEQ level. The Ca atom in Ca@B,, (1) is
slightly off the molecular center by 0.27 A, along the C,
molecular axis. For comparison, in Cs, Ca@Cy,, Ca is 0.70 A
off the cage center along the C; axis.” The perfect D,, Ca@B,,
endohedral structure lies only 0.02 eV above C,, Ca@B, (1),
and the former proves to be a transition state with an
imaginary frequency of 80 cm™ (b,) leading to the latter.
Thus, Ca@B,, possesses practically two equivalent C,, global
minimum structures, which are interconvertible via the
shuffling of the Ca center atom along the C, axis through
the D,, transition state, almost barrierlessly.

We note that the second, third, and the seventh lowest-
lying isomers of CaB,, are also endohedral metalloboro-
spherenes (Figure S1a), and the exohedral C; Ca&B,, lies
much higher above the global minimum by 1.23 eV at PBEO.
All other low-lying isomers in between adopt triple-ring
tubular structures with a metal atom inside the tube. The

calculated relative energies for the top ten isomers at the
DFT-TPSSh level® generally agree with those obtained at
the PBEO level (Figure S1a). The concerted PBEO and TPSSh
data lend considerable credence that C,, (1) is the lowest-
lying isomer of the system.

Molecular dynamics (MD) simulations®”” were performed
to show the dynamic stability of the endohedral C,, Ca@B,,
(1), as summarized in Figure S2. Its structural integrity is well
preserved during MD simulations for 30 ps at both 300 and
700 K, with the root-mean-square-deviation (RMSD) of 0.11
and 0.14 A, respectively, and maximum bond length deviation
(MAXD) of 0.43 and 0.55 A (on average) with respect to the
global minimum. The B,, cage serves as a robust structural
unit in the dynamic processes, with the metal center being
well confined inside the cage in concerted mechanisms.

To shed further light on the stability of the endohedral
metalloborospherene C,, Ca@B,, (1), we analyzed its chem-
ical bonding via the adaptive natural density partitioning
(AdNDP) analyses,* which is an extension of the natural
bond orbital (NBO) analyses. As shown in Figure 2, ANDP
reveals forty 3c—2e o bonds on the 40 B; triangles and eight
6¢—2e o bonds on 8 quasi-planar close-packed By triangles on
the B, cage surface. As the central B; triangles make major
contributions to the 6¢-2e o bonds, all 48 ¢ bonds mentioned
above can be practically viewed as delocalized 3c—2e ¢ bonds,
one o bond for every B; triangle. The remaining 13 bonds
form the & framework, which are readily classified into four
sets: four 5c—2e 7t bonds and four 7c—2e m bonds at the top and
bottom of the cage, four 6¢c—2e m bonds on the waist, and one
40c—2e m bond over the entire cage surface. Overall, the 13
delocalized m bonds again cover the whole cage surface
almost evenly. Therefore, there exists a double (o plus )
delocalization of the electron clouds along the interwoven
double chains on the molecular surface, rendering high
stability to the system despite its intrinsic electron deficiency.
Such a bonding pattern is very similar to that of D,; By
borospherene,"™ except for an additional 40c—2e & bond in
Ca@By,, (1), which corresponds to the LUMO (b,) of D,, By,.
As will be discussed below, Ca@B,, (1) is essentially a charge-
transfer complex between Ca’" and B, . Apparently, the
introduction of a Ca** counterion into the D,,; B,,>~ dianion
effectively stabilizes the system (Figure S3). The close sim-
ilarity between C,, Ca@B,, (1) and D,; B, in terms of the
bonding pattern further demonstrates the chemical robust-
ness of the D,, B,, borospherene.

[32]

40x3c-2e o bonds
ON = 1.85-1.95 |e|

8x6c-2e o bonds
ON = 1.90 |e|

4x5c-2e n bonds
ON = 1.89 |e|

1x40c-2e n bond
ON = 2.00 |e|

4x7c-2e n bonds
ON = 1.96 |e|

4x6c-2e n bonds
ON = 1.96 |e|

Figure 2. Bonding pattern of C,, Ca@B,, (1) from adaptive natural density partitioning (AdNDP) analyses. The occupation numbers (ONs) are

indicated.
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Figure 3. Simulated photoelectron spectrum of a) C, Ca@B4,™ (1), as
compared with that of b) D,y B4y~

To facilitate future experimental characterization of the
C,, Ca@B,, (1) endohedral metalloborospherene, we simulate
the PES spectrum of its C, Ca@B,,” (2) monoanion (Figure 3)
using the time-dependent DFT (TD-DFT) approach.® The
simulated PES spectrum of C, Ca@B,,” appears similar to the
experimentally observed spectrum of D,,; B, ,!®l except for
the first three weak peaks. C, Ca@B,, ™ is predicted to have an
extremely low first vertical detachment energy (VDE) at
2.35eV (*A), which is even lower than that of D,; By~
(experimental first VDE: 2.65 eV). This weak band of C,
Ca@B,, originates from the detachment of the electron from
the singly occupied molecular orbital (a-SOMO), which is not
occupied in D,,; By~ (Figure S3). The second calculated VDE
of C, Ca@B,,” at 2.62 eV (°B) originates from detaching the
electron from B-HOMO-1, whereas the third weak VDE at
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3.11eV ('B) comes from the electron detachment from o-
HOMO-1. The sizable energy gap of C, Ca@B,,™ in the 3.1-
4.4 eV regime is a roughly reflection of the energy gap in D,,
B,,~, which measures the electronic robustness of the D,; By,
borospherene. Higher excited states of D,, B,,” are also
inherited in the simulated PES spectrum of C, Ca@B,,,
although they may have different energy orders.

Given the fact that Be, Mg, Ca, and Sr are in the same
group in the periodical table, comparative structural searches
and DFT calculations are also performed for other alkaline
earth metal-B,, complexes, based on the results obtained for
CaB,, and CaB,, . Figure 4 displays the top and side views of
D,y St@By, ('Ay) (3), C, Be&By, (‘A) (5), and C, Mg&By,
(A’) (7) and their monoanions C, Sr@B,,~ (*A) (4), C,
Be&By, (PA)) (6), and C, Mg&B,,” (*A’) (8) at DFT-PBE0
level.! Typical low-lying isomers of SrB,,, BeB,,, and MgB,
are collected in Figure S1. The endohedral Sr@B,, (3) with
perfect D,, symmetry turns out to be the well-defined global
minimum of the system, being at least 0.40 eV lower than
alternative isomers. This observation suggests that the Sr
center atom is an ideal match for the B,, cage geometrically in
the endohedral configuration. Note that the exohedral C,
Sr&B,, is found to be much less stable (by 1.49 eV). Not
surprisingly, the MD simulations (Figure S2) suggest that
Sr@B,, (3) is dynamically even more robust than Ca@B,, (1),
with smaller RMSD and MAXD values for the former
complex.

In contrast to Ca and Sr, the Be and Mg dopants with
smaller atomic radii favor the exohedral C; Be&B,, (‘A") (5)
and C, Mg&B,, (*A’) (7) over their endohedral counterparts,
with C,, Be@B,, and C,, Mg@B,, being 3.24 and 0.88 eV
higher in energy, respectively, at the PBEO level. In the
exohedral metalloborospherenes, the Be and Mg dopants
occupy a B; heptagon on the waist in a face-capping n’
configuration. The primary reason is that the small sizes of
Be and Mg mismatch the B, cage in the endohedral
configuration. In the exohedral structures, Be fits a B,
heptagon best to form an almost perfect hepta-coordinated
metal center, while Mg forms a convex structure with large
strain due to size effect (Figure 4). Thus, with decreasing
atomic radii from Sr (2.15 A), Ca (1.97 A), Mg (1.60 A), to Be
(1.13 A), the alkaline earth metals move from inside to
outside of the By, cage, with Sr residing exactly at the cage

3. D,, SI@B, /4. C, SI@B,,”

5. C, Be&B, /6. C, Be&B,,~

7. C_Mg&B,,/8. C, Mg&B,~

Figure 4. Top and side views of the optimized structures of D,y St@B,, ('A}) (3), C, Be&By, ('A) (5), and C, Mg&B,, ('A’) (7) at the PBEO/
6-311-+G* level, along with their monoanions C, Sr@B,,~ (*A) (4), C, Be&B,,™ (*A’) (6), and C, Mg&B,, (*A’) (8). The structural difference
between the neutral and its corresponding anion is minor, and only the neutral structure is depicted.
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center and Be forming an almost perfectly filled heptagon on
the cage surface.

The C,, Ca@By, (1), D,, St@B,, (3), C; Be&By, (5), and C;
Mg&By, (7) series have the negative formation energies of
—82.2, —78.5, —20.0, and —67.1 kcalmol !, respectively, at the
PBEO level with respect to M-+ B, =MB,, suggesting
substantial interactions between M and B,,. Note that Mg
possesses the lowest formation energy, which is mainly due to
size effect: Mg stays the farthest from the center of the B,
cage (Figure 4). The calculated natural atomic charges are
+1.57 |e| for Be, +1.18 | e| for Mg, 4+ 1.60 |e| for Ca, and
+1.58 | e| for Sr, indicating that alkaline earth metals in the
metalloborospherenes serve as donors for two electrons to the
B, cage, forming typical charge-transfer M*"B,>~ complexes.
Furthermore, the high stability of C,, Ca@B,, (1) and D,,
Sr@B,, (3) may also be related to the weak back-donation
from the negatively charged B, cage to the empty d levels of
Ca and Sr. Indeed, the electronic configurations of the
metal centers are Ca [Ar]4s*?'3d"" in 1 and Sr [Kr]5s*164d"%
in 3. Such coordination interaction does not exist in BeB,, and
MgB,.

As collectively shown in Figure S4, the simulated PES
spectra of the whole series of C, Ca@B,,” (2), C, St@B,,™ (4),
C,Be&B,,™ (6), and C, Mg&B,,™ (8) are similar to and closely
related with that of D,; B, ~, despite their differences in
geometries. The calculated infrared (IR) absorption spectra
of C,, Ca@By, (1) and D,, Sr@B,, (2) neutrals as depicted in
Figure S5 also exhibit the main vibrational features of the D,,
B,, cage, with three characteristic vibrational peaks at
1274(e), 821(e), and 380(e) cm ', respectively, well supporting
the notion of structural, chemical, and spectroscopic integrity
of the D,, B,, cage. The predicted spectroscopic data should
aid the forthcoming experimental characterizations of the
endohedral and exohedral metalloborospherenes. Lastly, the
predicted vertical ionization potentials of C; Be&By, (5), C,
Mg&By, (7), C,, Ca@B,, (1), and D,, St@B,, (3) are 6.01, 5.94,
5.94, and 5.90 eV at the PBEO level, respectively, which differ
markedly from that of D,; By, (7.49 eV at the same level),
suggesting opportunities to tune the electronic properties of
borospherenes via doping.

In conclusion, we have explored the viability of endohe-
dral M@B,, (M = Ca, Sr) and exohedral M&B,, (M = Be, Mg)
metalloborospherenes, via global structural searches, elec-
tronic structure calculations, and chemical bonding analyses.
The computational data demonstrated the structural, chem-
ical, and spectroscopic robustness of the By, borospherene,
which has been experimentally observed lately. The atomic
radius of the M dopant appears to be critical in stabilizing the
endohedral versus exohedral configurations of metalloboro-
spherenes. All these metalloborospherenes are charge-trans-
fer M*'B,,>~ complexes. The current results provide valuable
information for potential applications of the B,, " borospher-
enes as a molecular device, analogous to Cg,.

Methods Section

Global-minimum structural searches were carried out for CaB,, using
the Minima Hopping (MH) algorithm,?"-%? with the aid of extensive
manual structural constructions as well. Seven independent MH runs

were conducted from different initial structures, based on the low-
lying isomers of B,,"~ clusters reported in literature."*! A total of 3500
stationary points on the potential surface were probed. Subsequently,
the low-lying isomers were fully optimized at the PBE0/6-311 + G*
level,F>*! which has been benchmarked in prior works as a reliable
method for boron clusters, in particular in terms of energetics.”>%” For
comparison, the TPSSh/6-311 + G*BU energies were calculated for
the low-lying isomers within 1.0 eV above the global minimum at
PBEO0/6-311 + G*. All the energies were corrected for zero-point
energies. The corresponding low-lying isomers of MB,, (M =Sr, Be,
Mg) were also optimized at PBE0/6-311+ G* level (the Stuttgart
relativistic small-core pseudopotential and valence basis set was
used? " for Sr). Frequency calculations were done to confirm that
the reported structures are true minima. Natural atomic charges were
obtained by the natural bond orbital (NBO) analyses.*! The
simulated photoelectron spectra were calculated using time-depen-
dent DFT (TD-DFT).* Chemical bonding were elucidated via the
adaptive natural density partitioning (AdNDP) analyses.*¥) Molec-
ular dynamics simulations were conducted using the software suite
CP2K.P? All electronic structure calculations were performed using
Gaussian 09 package.*!!
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Into higher spheres: The recently
observed B,, borospherene is predicted
to be capable of hosting a metal atom
inside (M@B,o; M =Ca, Sr) or coordi-
nating one on its heptagonal surface
(M&B,; M =Be, Mg). Metalloboro-
spherenes are charge-transfer M*'B,,>~
complexes, demonstrating the structural
and electronic integrity of borospherene,
akin to Cg, buckyball.

Endohedral and Exohedral
Metalloborospherenes: M@B,, (M =Ca,
Sr) and M&B,, (M =Be, Mg)
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