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Endohedral Metalloborofullerenes La,@Bg, and Sc;N@Bg): A Density Functional Theory
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The geometries, electronic and spectroscopic properties of two representative endohedral derivatives of Bg
fullerene, namely, La, @Bg, and Sc;N@Bg,, and the possibility for their production were investigated by
means of density functional computations. The very favorable binding energies suggest a considerable possibility
to experimentally realize these novel endohedral metalloborofullerenes. Infrared absorption spectra and ''B
nuclear magnetic resonance spectra were also computed to assist future experimental characterization.

1. Introduction

Endohedral metallofullerenes (EMFs) are novel materials
enclosing a variety of metal atoms in fullerene cages.! The
possibility of tuning physical and chemical properties depending
on the nature of the encapsulated atoms may aid searches for
materials with the right potential for electronic, optical, or
magnetic applications. Interestingly, substantial charge transfer
from the enclosed metal atoms to the outer frameworks has a
ubiquitous feature in EMFs. The transferred electrons not only
change the electronic structures of fullerenes, but also can help
stabilize the unstable fullerene species, which violate the well-
known isolated pentagon rule (IPR)? and the pentagon adjacency
penalty rule.> Consequently, a series of non-IPR fullerene cages
have been experimentally synthesized or theoretically predicted
by encaging different types of metal atom(s). Some such
examples are SCz@C(,(,,4 SC3N@C68,5 SCQCz@C(,g,6 SC}N@C7(),7
La@)Cn,S Laz@Cn,9 Cez@Cn,m DySCZN@Cm,” DY3N@C78
(ID),"? Gd;N@ Cg,,"* M3N@Cgy (M = Tb,'* Tm and Gd'd). These
findings remarkably enriched the carbon fullerene family.

Herein, we turn to the element boron. Boron has one less
valence electron than its neighbor carbon. Due to its electron
deficiency, boron requires triangulated polyhedra (deltahedra),
which are held together by two-center—two-electron (2c—2e)
B—B bonds and three-center—two-electron (3c—2e¢) B—B—B
bonds to form boron clusters.!® Apparently, fullerene cages with
only pentagons and hexagons are not feasible for element boron.

A recent fascinating density functional theory (DFT) study
by Szwacki et al.'” predicted a fullerene-like hollow cage
composed of 80 boron atoms. By adding 20 extra boron atoms
to the centers of all hexagons of a truncated icosahedral By
cage, they obtained an energetically more favored Bg,, which
was named boron fullerene or boron buckyball. Holding a large
cohesive energy of 5.76 eV/atom, Bgy fullerene has a great
possibility for experimental production.!” Although Bg, with high
I, symmetry suggested by Szwacki et al. was not a local
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minimum and spontaneously breaks down to 7, symmetry,'® it
resembles the electronic property of Cy very well.!

By fullerene can be wrapped by a planar boron sheet. Inspired
by the By, fullerene structure with triangular and hexagonal
motifs, the most stable o boron sheet was proposed***' and
considered as the precursor of Bg,

Other Bgp-based materials were also proposed by means of
DFT computations. Bgy can condense into stable solid forms
(i.e. fcc and bee Bgg) with some distortions.?>?* By, fullerene
could be a good media for hydrogen storage by being doped
with some alkali metals (Li, Na, K).>* Remarkably, a large boron
fullerene family, including some new members with even higher
stability than Bgy, was predicted.'®> All these show us an
exciting future for boron chemistry.

According to the work of Szwacki et al.,!” Bgy has an inner
cavity with a diameter of about 8.17 A, comparable to that of
the Cgg (1;). Bgo is also a promising electron receptor and prefers
to accommodate six extra electrons, due to its low-lying 3-fold
degenerate LUMO orbitals and rather large electron affinity (3
eV).'® The similarities between By, and Cgy (I,) in terms of
cavity sizes and electronic structures remind us of EMFs with
Cgo (1) outer cages, such as La,@Cg?® and Sc;N@Cgy?
Therefore, it is very interesting to explore if some metal atoms
or clusters can be encapsulated into the Bg, cage to form
endohedral species. These novel structures could be named
endohedral metalloborofullerene. Once synthesized, they may
have extensive applications in a variety of fields, such as
chemistry and electromagnetic and biomedical science. For
instance, as a boron-rich cluster, they may be employed for
boron neutron capture therapy.

In this study, we investigated the structures and electronic
and spectroscopic properties of two representative Bgy-based
endohedral complexes, La,@Bg, and Sc;N@Bg,, by means of
DFT computations. The highly aromatic Bgy, hexaanion cages
are good hosts to encage metal atom(s) and clusters to form
endohedral species. With large binding energies, the endohedral
complexes such as La,@Bg, and ScsN@Bg are promising for
experimental production. Infrared spectra and ''B NMR (nuclear
magnetic resonance) spectra were computed for these novel
endohedral complexes to assist future experimental characteriza-
tion.
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Figure 1. Geometries and frontier orbitals of the three Bg, isomers and their hexaanions.

2. Computational Methods

The Gaussian 03 software package was employed throughout
our DFT computations.?® Full geometry optimizations with
symmetry constraints for the Bgy isomers and their hexaanions
were carried out using the B3LYP functional®® with the 6-31G*
basis set.*® For endofullerenes (La,@Bg, and ScsN@Bg), the
3-21G basis set for B, N, and Sc atoms®' and a double-{ basis
set (LanL.2DZ) with the effective core potential for La*? (denoted
here by 3-21G~dz) were used. All endohedral geometries were
characterized by harmonic vibrational frequency analysis at the
same theoretical level after the optimization.

Electron affinities and ionization potentials were computed
at the B3LYP/6-31G*~dz theoretical level for the lowest-energy
isomers. Nucleus-independent chemical shifts (NICS, in ppm),333*
a simple and efficient method to evaluate aromaticity, were
computed at the cage centers of the optimized By, fullerenes.
The NICS values for the empty Bgy cages and the ''B NMR
spectra for the lowest-energy endohedral isomers were computed
using the gauge-independent atomic orbital method® at the
B3LYP/6-31G*~dz theoretical level. The ''B NMR chemical
shifts were first calculated by using B,H, as internal standard
(absolute shift o = 93.5) then were referenced to BF;+OEt, (0
(B,Hg)16.6 vs BF3+OEt,). We also computed the !'B chemical
shift of B4('Bu), using the current scheme; the 6 value is 145.5
ppm (experiment: 135.4 ppm).3°

To evaluate the feasibility of producing endohedral fullerenes
experimentally, we computed the binding energy (E,) at the
B3LYP/6-31G*~dz level of theory. E, is defined as the
difference between the total energy of an endofullerene and
the sum of total energies of the separated empty By, cage and
encapsulated atoms (i.e., E, = [Ew(Bg) + Eo(M)] —
Eml(M@BSO))~

3. Results and Discussion

3.1. Bgy Isomers and Their Hexaanions. We considered
three Bgy isomers with high symmetry (namely, I, 7}, (A), and
T, (B) (Figure 1)) following the literature findings.!”'® These
three isomers have very close thermodynamic stabilities (energy
differences <1.0 kcal/mol) and similar HOMO—LUMO gap
energies (ca. 1.9 eV), and T;, (B) is energetically the most
favorable (Table 1). Our results support previous reports, 819
Apparently, all three isomers have low-lying 3-fold degenerate
LUMOs (Figure 1), which enable them to accommodate six
extra electrons, similar to carbon fullerenes.?’

TABLE 1: Computed Relative Energies (E,q, kcal/mol),
HOMO—-LUMO Gap Energies (eV), and Nuclear
Independent Chemical Shifts (NICS) of the Three Bg,
Isomers and Their Hexaanions at the B3LYP/6-31G* Level
of Theory

Bsgo Bgo®~
isomers E.l gap NICS E.l gap NICS
I, 0 1.94 9.99 0 0.97 —34.51
Tw(A) —0.63 1.96 9.15 _ _
T,B) —101 188 995 032 097 —3439

Interestingly, we got the same hexaanion geometry for both
T, (A) and Tj, (B). The energy sequence of Bg,®~ parallels that
of the neutral forms. Moreover, the hexaanions have comparable
electronic configurations (Figure 1), which can be understood
by the close similarity between the LUMOs of the neutral Bgg
cages.

For all the neutral Bg, cages, the HOMOs mainly locate on
the 6—6 bonds (bond shared by two hexagons), whereas the
LUMOs prefer to be localized around the 5—6 bonds.'*® In
contrast, in the case of the Bgy hexaanions, all the HOMOs and
the LUMOs have bonding characteristics along the 5—6 bonds.
Consequently, from the neutral forms to their hexaanions, the
average 6—6 bond lengths increase by about 0.03 A, while the
average 5—6 bond lengths only increase less than 0.01 A.

With 60 7 electrons, Bgy resembles Cg’s electron properties
and is prone to accept six extra electrons.'” It is well-known
that Cy is weakly aromatic and Cg,°~ is highly aromatic.’® How
will the extra electrons in Bgy hexaanions affect the electron
delocalization (aromaticity)? Is the 66-77-electron Bgy®~ aromatic
as Cg®"? To answer these questions, we computed the NICS
values at the cage centers of neutral Bgy fullerenes and their
hexaanions (Table 1). The neutral Bg, cages are all weakly
antiaromatic, as indicated by the moderately positive NICS
values (ca. 10 ppm). In sharp contrast, their hexaanions with
66 7 electrons are highly aromatic with rather negative NICS
values (ca. —35 ppm). In comparison, the NICS value of Cg®~
is —50.0 ppm at the same theoretical level.?d

As pointed out by Chen et al.,*® highly symmetrical aromatic
cages are good hosts to encapsulate atoms to form stable clusters.
Thus, Bgo®~ structures are promising to enclose metal atoms or
clusters, as in the case of Cg (/,,). This reveals a great possibility
to design some energetically favorable endohedral borofullerenes
by inserting into the Bgy hollow cages some appropriate ions,
which will play a role as electron donors.



Metalloborofullerenes La,@Bg, and Sc;N@Bgg

Figure 2. Four La,@Bg, isomers optimized at the B3LYP/3-21G~dz
level of theory.

TABLE 2: Computed Geometric Parameters (A), Relative

Energies (E,q, kcal/mol) and HOMO—LUMO Gap Energies
(eV) of the Four La,@Bg, Isomers at the B3LYP/3-21G~dz
Level of Theory

no. isomer Ria-1a Ri.-B Erel gap
1 C; 3.34 2.69 0 1.32
2 Ci (A) 3.31 2.80 6.46 1.34
3 C; (B) 3.37 2.70 33.57 1.21
4 Dsy, 3.45 2.70 56.03 1.30

3.2. La,@Bgj and Sc;N@Bgy. 3.2.1. Optimized Geometries
and Binding Energies. We explored four possible La,@Bg,
isomers by placing a La, pair along four different orientations
with respect to the Bg,®~ cage (the T, (B) isomer was chosen as
the initial geometry here). Full geometry optimizations were
performed using the B3LYP/3-21G~dz method, followed by
harmonic frequency analysis at the same theoretical level. The
optimized structures are all local minima with no imaginary
frequencies (Figure 2).

Table 2 lists their La—La separations (Ry,-r,), the nearest
La—B distance (R ,-p), relative energies, and gap energies. The
calculated Ry,-1, values are 3.31—3.45 A, apparently shorter
than that in La,@Cg (ca. 3.7 A).25¢ The C, isomer has the lowest
energy, closely followed by the C; (A) isomer, and the most
unfavorable isomer (D) is 56.03 kcal/mol higher in energy.
Interestingly, the three lowest-energy isomers (i.e., the C; isomer
and two C; isomers, Figure 2) all have some boron atoms
“dragged” toward the inner La, pair. For example, the nearest
distance between the La atoms and the inward boron atoms is
3.03 A for the C, isomer. Note that all these inward boron atoms
are capping atoms. This deviation is due to the rather strong
interactions between the encapsulated metal atoms and the
mobility of multicenter bonding characters of the capping boron
atoms. To the best of our knowledge, this unusual cage distortion
has not been observed for EMFs.

We followed the same computational procedure for
ScsN@Bg. After full geometry optimization at the B3LYP/3-
21G theoretical level, we got two local minima structures for
Sc;N@Bg (Figure 3).

Table 3 lists their geometric parameters, relative energies,
and HOMO—LUMO energy gaps. The nearest Sc—B distances
(Rse—p) are 2.37 and 2.33 A for the C,, and the C, isomers,
respectively. Energetically, the C,, isomer is 14.75 kcal/mol
lower than the C; isomer. The ScsN cluster in the C», isomer is
planar, whereas that in the C; isomer is slightly distorted (the
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Figure 3. Two Sc;N@Bg, isomers optimized at the B3LYP/3-21G
level of theory.

TABLE 3: Computed Geometric Parameters (1&), Relative
Energies (E.q, kcal/mol), and HOMO—LUMO Gap Energies
(eV) of the Two Sc;N@Bg, Isomers at the B3LYP/3-21G
Level of Theory

no. isomer Rs.—B Rsc—n Rp-—n E. gap
1 Cy, 2.37 2.18 1.57 0 1.53
2 C 2.33 1.97 1.43 14.75 1.17

height from the N atom to the Sc; plane is ca. 0.2 A). Note that
some capping boron atoms deviate from the cage to the Sc;N
moiety. Not like La, @By, however, these Sc;N @By, isomers
form one (Cj, the nearest N—B distance (Ry-g) is 1.43 A) or
two (C,,, Ry-p is 1.57 A) N—B covalent bonds. As a result,
the N atoms are strongly absorbed by the outer cages, which
differs significantly from the famous ScsN@C, family in which
N is sitting at the center of (or slightly above) the Sc plane.!->?’
This can also be understood by the electron density analysis
(see Section 3.2.2).

The favorable binding energies (154.8 and 514.7 kcal/mol,
respectively, for the lowest-energy isomers, La, @Bg, (C,) and
ScsN@Bg (Cy,)) indicate a considerable possibility to experi-
mentally produce these endohedral complexes. Remarkably, the
binding energy of ScsN@Bg, (C,,) is even twice larger than
that of the abundant Sc;N@Cy, (247 kcal/mol).*

3.2.2. Electronic Properties. All the endohedral isomers
have sizable HOMO—LUMO gap energies (ca. 1.2—1.3 eV
for La,@Bgg, 1.17 and 1.53 eV for Sc;N@Bg; Tables 2, 3),
which suggests their high kinetic stabilities. Figure 4 displays
the electron density in planes containing the inner ions for
the lowest-energy isomers. No significant electron accumula-
tion exists between the La/Sc ions and the B atoms, indicating
an ionic character of the interaction. In contrast, the large
electron density population between the N atom and two
capping boron atoms illustrates the covalent bond character.
The calculated Mulliken charge on each La ion, 3.65 e,
reveals a plausible electron configuration of (La’"),@Bgy°~.
A similar electron configuration ((SciN)®"@Bg®") can be
assigned to Sc;N@Bgy.

The energy levels near the frontier molecular orbitals of the
lowest-energy endohedral complexes were computed at the
B3LYP/6-31G*~dz level of theory, in comparison with the Bg,
T, (B) isomer (Figure 5). Stuffing the metal atoms and the
clusters into the Bg, cage raises the HOMO levels (by 0.28 and
0.07 eV for La,@Bg, and Sc;N@Bg, respectively) while
lowering the LUMO levels (by 0.28 and 0.35 eV for La, @By,
and Sc;N@Bg, respectively). As a consequence, the gap
energies of La,@Bg (C;) and Sc;N@Bg, are smaller by 0.56
and 0.42 eV than that of By, respectively. The La metal ions
have very little contribution to the frontier orbitals, whereas the
Sc ions play a substantial role in the LUMO (Figure 5, 6). As
expected, the HOMOs of La, @Bg, and Sc;N@Bg, resemble that
of Bg®™ very well.

To assist future experimental assignments, we calculated the
vertical electron affinity (VEA) and vertical ionization potential
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Figure 4. Electron density in planes passing through the inner ions of
(a) the La,@Bg (Cy) and (b) the ScsN@Bg (C»,). The red and green
colors represent high and low electron densities, respectively. The figure
was generated with VMD 1.8.6.4!

(VIP) as well as adiabatic electron affinity (AEA) and adiabatic
ionization potential (AIP). The rather large electron affinities
(VEA 2.76 eV, AEA 2.94 eV for La,@Bgp; VEA 2.88 eV, AEA
2.97 eV for Sc;N@Bg) suggest that La, @Bg, and Sc;N@Bg,
are likely good electron acceptors, whereas the high ionization
potentials (VIP 6.14 eV, AIP 6.02 eV for La,@Bg,, VIP 6.40
eV, AIP 6.28 eV for ScsN@Bg) indicate that they are rather
stable against oxidation.

3.2.3. Infrared and NMR Spectra. We also simulated the
infrared (IR) and NMR spectra for the La,@Bg (C;) and the
ScsN@Bg (C,,) configurations (see the Supporting Information).
The vibrational spectra for the 7), (B) Bgy isomer previously
simulated by Baruah et al.'"® showed only several significant
peaks. Sadrzadeh et al. analyzed the vibrational modes of this
isomer and pointed out a radial breathing mode frequency of
474 cm™! as a fingerprint.'*

With much lower symmetry, the C,; La,@Bg, has a more
complex IR spectrum, and all the 240 vibrational modes are
IR-active (Figure 7a). The most intense absorption peak occurs
at 1015 cm™!. This vibrational mode (A’) corresponds to the
tangential motions of boron atoms on the cage surface. Several
other relatively strong peaks are at 599, 608, 687, 802, 840,
890, and 1091 cm!. All the modes involving the heavy La
ions correspond to the low-frequency peaks with rather small
infrared intensities.

There are 246 vibrational modes for the Sc;N@Bg, (Cy,),
67A1 + 56A2 + 61B] + 62B2, in which A], B], and B2 are
IR-active. Thus, ideally, up to 190 IR frequencies are measur-
able; however, the intensities of some of them are rather weak
(Figure 7b). The strongest absorption peak at 710 cm™' (A,
mode) also corresponds to the tangential vibrations of boron

Jin et al.

Bgo Lag@8Bgo Sc¢,N@Bgo
0.05 —
0104 ¢ B T
- — —
¢ —s'13% —
——LuMO | [—a1e% 21 (TR 0%) o
2 Lumo(e%) | [T braoniont bod
— 045 1 1
£
g 1.88eV 1.32aV 1486V
ey
2 . |
g = Homorew)| |
e —_— HOMO(6%,1%,
020 5 HOMO |{ %9y 1B, M
— 543(1%.0":8]
L L —
0.25 E
_—
= =
£.30 +—r—7—v—1— E ..........

0123456012345 6012345¢6
Degeneracy
Figure 5. Energy levels near HOMO—LUMO gaps of the 7}, (B) By,
the La, @By (C,) and the Sc;N@Byg (C,,) computed at the B3LYP/

6-31G*~dz level of theory; La, Sc and N atoms’ contributions to the
orbitals are shown in parentheses.
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Figure 6. HOMO and LUMO of (a) the La,@Bg, (C;) and (b) the
ScsN@Bg (C,,) isomers.

atoms along the cage surface as La, @Bg,. Several other expected
strong peaks are at 583, 681, 836, 935, and 1065 cm™!,
respectively. The range from 600 to 1100 cm™! is likely a
characteristic for Bgy endohedral complexes and may assist
future experimental assignment.

"B NMR will play a major role in the structural characteriza-
tion of boron fullerenes and their derivatives. For the 7}, (B)
Bgo and its hexaanion, the NMR lines are from 14.49 to 27.33
ppm and from —13.13 to —11.27 ppm, respectively. The
La, @By (Cy) has 44 lines in observation, according to the C;
symmetry (Figure 8a), which range from —0.45 to 84.69 ppm.
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Figure 7. The calculated IR vibrational spectrum of (a) the La, @Bg,
(Cy) and (b) the ScsN@Bg (C,,) isomers.
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Figure 8. The calculated "B NMR of (a) the La,@Bg, (C) and (b)
the Sc;N@Bg, (C5,) isomers.

Note that the two peaks near 85 ppm (84.61 and 84.69 ppm)
are well-separated far from other lines (by more than 50 ppm).
These two peaks correspond to the two capping boron atoms
in the 0, symmetry plane and may serve as a fingerprint for
future experimental spectroscopy characterization.
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The ScsN@Bg (C5,) has 24 lines in the !'B NMR spectrum,
ranging from —9.18 to 169.45 ppm (Figure 8b). The 4-fold
degenerate peak at 169.45 ppm, extremely far from other lines
(by more than 120 ppm), corresponds to four capping boron
atoms pulled toward the ScsN cluster. This "B shift is more
deshielded than that in typical boranes, main-group heterobo-
ranes, and substituted derivatives (the greatest !'B chemical shift
is 135.4 ppm in B4('Bu),).** The peak at —9.18 ppm corresponds
to the two boron atoms in the B—N bonds. These two distinctive
peaks may be utilized as fingerprints for experimental charac-
terization.

Note that the La,@Cgy and Sc;N@Cg, cages have only one
and two lines, respectively, in 13C measurement due to the
tumbling of the inner moiety.*** Similar results may also be
observed for La, @Bgy and Sc;N @Bg. Improved models should
take the motions of the encapsulated atoms into account and
involve NMR computations on various configurations.*

4. Conclusions

In summary, we predicted two representative endohedral
metalloborofullerenes based on the Bg, fullerene, La, @Bg, and
ScsN@Bg, by means of density functional computations. Their
very favorable binding energies indicate their promise for
experimental realization. The electronic and spectroscopy
properties were simulated to assist future experimental charac-
terization. We hope this work will stimulate more experimental
and theoretical study on endohedral complexes of boron
fullerenes.

Note Added in Proof. Very recently, several studies on
boron fullerenes have been published.*° Zope et al.
proposed that infinite new members containing 32n% or 80n?
atoms have high stability and can be added to the boron
fullerene family.**" Significantly, coated by Ca or Si atoms,
By fullerenes were predicted to have considerable hydrogen
storage capacity.*$*
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