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DFT study on endohedral and exohedral B;g fullerenes: M@ B3
(M=Sc, Y, Ti) and M&B;3 (M=Nb, Fe, Co, Ni)
Qi Liang Lu,* * Qi Quan Luo,” Yi De Li,* Shou Guo Huang®
The structures, stabilities and electronic properties of endohedral and exohedral Bsg
fullerenes with transition metal atoms (M=Sc, Y, Ti, Nb, Fe, Co, Ni) are studied using
all-electron density functional theory. M@B3s (M = Sc, Y, Ti) possess endohedral
structures as their lowest energy structures, while Nb, Fe, Co and Ni atoms favor to
coordinate Bsg fullerene in an exohedral manner. Sizable HOMO-LUMO gaps and
large binding energies imply the viability of M@B5;s to experimental realization. The
distributions of electron density and frontier orbitals are analyzed in detail. The
analysis of vertical ionization potential and vertical electron affinity indicates M@B3s

is good electron acceptor and bad electron donor.

1 Introduction

After the discovery of Cgo buckyball, the fullerene like nanostructures have
received much attention due to their novel physical and chemical properties as well as
their potential application in building blocks for nanomaterials. As the nearest
neighbor of carbon in the periodic table, all boron fullerene analogues have been
pursued in the past few years since the pioneering theoretical prediction of Bgy cage in
2007 [1-16]. However, subsequently evidences for boron fullerenes are scarce. Recent
studies have revealed that core-shell structures are more energetically favorable in the

size range with n > 68 [17-20]. While for smaller sized B, clusters, studies have
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shown that planar or quasi-planar structures are stable even at sizes of n=30 and 36
[21-23]. The 2D-to-3D structural transition occurred at approximately range from 20
to 68 atoms. Therefore, the search for boron fullerene is limited to these medium-size
clusters. Remarkable progress has been made on the boron fullerene recently. Zhai et
al. [24] observed an all-boron fullerene-like cage cluster By by photoelectron
spectroscopy. Joint experimental and theoretical investigations confirmed that the
structure of B40_/ % s fullerene-like cage. Lv et al. [25] reported an unusually stable Bsg
fullerene analogue through first-principles swarm structure searching calculations. It
adopts a D,; symmetry with four hexagonal holes and a large energy gap (~2.25 eV)

as well as high aromaticity.

Interest in stable fullerenes is to search for novel building blocks for nanostructures.

Encapsulating one or more metal atoms inside a cage has often been used to
functionalize the fullerene. Endohedral metallofullerene La@Csy was immediately
synthesized after the discovery of Cgy fullerene [26]. Various endohedral fullerenes
were subsequently reported different atoms or clusters inside the cage [27-36].
Similarly, discovery of these boron fullerenes will pave the way of borospherene
chemistry. Very recently, the endohedral borospherene M@B4y encapsulated with
alkaline-earth atoms (M=Ca, Sr, Li) [37, 38] and transition metal atoms (M=Sc, Y, La)
[39] were studied using density functional theory. Most recently, Zhang et al.
demonstrated the stabilization of B,4 cages by transition metal encapsulation [40]. The
mean spherical diameter of Bsg is 5.85 A, which is 1.25 A smaller than that of Cg (7.1

A). The space is large enough to accommodate some atomic species inside to form
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endohedral borospherene M@B3s as their most stable structures. On the other hand,
the four hexagonal holes on the surface of Bsg suggest the possibility to coordinate
these atoms in an exohedral manner. Both exohedral and enohedral complexes are
intriguing for theory and application. Inspired by these studies on Bjy, we will
theoretically explore a series of exohedral and enohedral B;g fullerene with transition
metal atoms (M=Sc, Y, Ti, Nb, Fe, Co, Ni). We will find the possibility to encapsulate
metal atoms inside Bss.
2 Computational methods

All calculations are carried using the Dmol3 code based on density functional
theory (DFT) [41]. In the Dmol3 electronic structure calculations, all electron
treatments and double numerical polarized (DNP) [42] basis sets are selected. The
generalized gradient approximation (GGA) [43] with the Perdew—Burke—Ernzerh
(PBE) functional is employed for the exchange correlation potential [44]. The
real-space global cutoff radius is set at 5.5 A. Self-consistent field calculations on the
total energy and electron density are performed with a convergence criterion of
10° a. u. We use a convergence criterion of 0.004 Hartree/A on force, 0.005 A on
displacement, and 2 x 10~ Hartree on the total energy in geometry optimization. All
calculations are spin unrestricted, and the smearing is set as 0.005 Hartree to ensure
convergence.

For Bgg fullerene, the calculated bond length of hexagon holes (1.647 A and 1.757
A, respectively) and average binding energy (5.73 eV/atom) are good agreement with

those of Ref. 25 (1.650 A, 1.753 A and 5.41 eV/atom) which were calculated with the
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PAW method. Isomer quasi-planar structure is less stable than the fullerene analogue
by 0.654 eV. This result is consistent with those of Ref. 25 (0.21 eV) and Ref. 45
(0.38 eV) at the PBE0/6-331G(d) level of theory.
3 Results and discussions

The structure of Bsg fullerene is highly symmetric and consists of four hexagon
holes [25]. One pair of hexagon holes is respectively connected with four hexagons
(H-1). The other pair of hexagon holes is surrounded by two pentagons (H-2). The
topologies are shown in Fig. 1. Metal atoms may coordinate the four hexagonal holes
on the surface of Bjs. Meanwhile, metal atoms can be inside the cage. Therefore,
several different locations are available for these atoms. Moreover, higher level of
theory shown that fullerene structure and quasi-planar structure are almost degenerate
in energy [45]. Structural transition may occurs after doping with other atoms. There
are two hexagon holes that metal atoms can be doped in the quasi-planar structure
(see Fig.1). All possible topologies as candidate structures are further optimized with
the Dmol3 code.

The relative stability of these metal atoms doped Bsg are listed in Table 1. The

most stable structures of endohedral or exohedral Bsg fullerenes are shown in Figure 2.

Results clearly show that M@B3s (M=Sc, Y, Ti) possess endohedral structures as their
lowest energy configurations, in which the metal atom reside in the cage. In Y(@Bs3s,
Y atom is almost at the center position of the cage. For comparison, Sc and Ti atoms
slightly deviate from the cage center by about 0.68 and 0.98 A, respectively. Sc is

close to the hexagonal ring of the H-2 site, whereas Ti approach the center of H-1
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hexagon hole. The smallest M-B bond length is 2.39, 2.66 and 2.27 A for M=Sc, Y
and Ti, respectively. Whereas for M= Nb, Fe, Co, Ni dopants with smaller atomic
radii, Bsg fullerene coordinate metal atoms in an exohedral manner (M&Bj3g), in which
Nb, Fe and Co prefer to face-capping on the H-2 hexagon hole. Fe and Co form an
almost perfectly filled hexagon hole on the surface of Bsg cage. Furthermore, small
energy difference can be found between Nb&Bss and Nb@B3s. In contrast with its
counterparts, Ni atom occupy a H-1 hexagon hole in a face-capping configuration.
The nearest M-B distances are 2.16, 1.96, 1.96 and 1.98 A for M=Nb, Fe, Co and Ni,
respectively. Large binding energies of the four transition metal atoms can be found
from Table 1, suggesting the structural stability after doping. All the results show that
the larger size of Sc, Y and Ti atoms is ideal match for the Bsg cage in the endohedral
manner. The transition metal atoms move from inside to outside of the Bsg cage with
decreasing atomic radii. From Table 1, we can also see that the metal doped
quasi-planar structures are still not energetically favorable. Sc, Y, Ti and Nb atom
favors to occupy the B hexagon holes of the structure. While Fe, Co and Ni prefer to
face-capping on the A hexagon hole. The increased energy difference can be found
between fullerene and quasi-planar structure for M=Sc, Ti, Fe, Co, Ni. Doping with
metal atoms may favor to isolating Bsg fullerene. But for M=Y and Nb, the energy
difference becomes smaller.

We focus on the properties of endohedral M@B33 (M=Sc, Y, Ti) structures. The
encapsulation process of metal atoms into the cage is an exothermic process that

yields binding energies of Sc, Y and Ti atoms are 5.22, 5.54 and 6.07 eV with respect
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to M+B3;s=MBsg (See Table 1). For comparison, binding energies of Sc, Y for
experimentally abundant Sc@Cg-Cy(9) [46] and Y@Cgr-Coy(9) [47] are 5.24 and
5.80 eV, respectively, at the present level of the theory. This magnitude indicates
substantial interaction between the metal atoms and the cage as well as considerable
stabilization of these endohedral boron fullerenes. Mulliken population analysis
shows that atomic charges of Sc, Y and Ti are -0.20, -0.42 and -0.28e, implying
substantial charge transfers from the outer cage to the metal atoms. The changes in
charge can be identified by visualisation of the spatially deformed charge distribution
in these endohedral fullerenes, which is defined as the total charge density minus the
density of the isolated atoms. The electronic character of M@B5s at an iso-value of
0.15 e/A® are displayed in Figure 3. It clearly shows that a large amounts of difference
charges are on the Bsg cage and mainly distributed on the four hexagonal rings. It
means that there is covalency in B-B interactions.

Figure 4 shows the charge density of HOMO and LUMO of these endohedral
boron fullerenes. The HOMO of Sc@Bss and Ti@Bsg is predominately delocalized
inside the cage and mainly distributed in both sides of Sc and Ti atom. While for
Y @B3s, it is mainly localized on one couple of hexagonal rings of the boron cage.
The contribution of Y atom to the HOMO is very small. The LUMO orbital of these
M@B;s mainly locate on the outer cage and a quite amount of charges are distributed
on the two boron atoms filling one couple of pentagon rings. Sc, Y and Ti atoms carry
relatively small amount of the charge density. The HOMO-LUMO gaps of Sc@Bs3s,

Y @B;s and Ti@Bsg are 0.58, 0.45 and 0.78 eV, respectively, much smaller than that
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of the pristine Bsg (The value is 1.25 eV at the present level of the theory. Ref. [25]
give the result of 2.25 eV).

The introduction of transition metal atoms can produce spin density and
magnetism on the M@Bjg systems. Both Sc@B;s and Ti@B;s are nonmagnetic.
Y @Bag carries net magnetic moment by only 0.006p. Such small moment is safe to
say Y@Bsg is virtually nonmagnetic. The quenched magnetism results from
delocalization of the d-electron, dues to the orbital hybridization between sp electrons
of Bsg and d electrons of transition metal atoms.

The calculated vertical ionization potential (VIP), vertical electron affinity (VEA)
of Sc@Bss, Y@B3s and Ti@Bsg are 6.05, 5.96 and 6.36 eV as well as 2.47, 2.39 and
2.43 eV, respectively. It suggests that these endohedral boron fullerenes have good
electron accepting capacity. Studies shown that hollow fullerene are good electron
acceptor materials [48]. The combination of fullerene and some organometallic
molecule can provide nanostructures for opto-electronic devices of the p (an electron
acceptor)-n (an electron donor) junction type [49-51]. It is interesting to discuss the
donor-acceptor properties of these endohedral boron fullerenes. A model was
proposed to evaluate accepting and donating capacity of a system [52-55]. The accept
and donate electron power can be defined as

o = VIP+ 3VEA)
16(VIP - VEA)

o = BV + VEA)®
16(VIP-VEA)

F and Na atoms are chosen for reference as a good electron acceptor and donor.
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An electron acceptance index can be defined as R, =" /w, . R, > 1 means M@B3s

has better accepting power than F atom. An electron donation index is defined as

R, =w /oy, [53,54]. R;> 1 means M@B3s is a worse electron donor than Na atom.

The VIP and VEA of F atom obtained at the same level of theory are 17.84 eV and
2.84 eV. Corresponding values of Na atom are 5.26 eV and 0.28 eV, respectively. The
obtained R, = 1.09, 1.04 and 1.02, whereas R; = 2.29, 2.22 and 2.27 for Sc@Bs3s,
Y @B;s and Ti@B3s, respectively. These data show that M@B3g (M = Sc, Y, Ti) are all
good electron acceptor and bad electron donor, indicate that all of them are stable
against oxidation.
4 Conclusions

In summary, exohedral and enohedral Bsg fullerene with transition metal atoms
(M =S¢, Y, Ti, Nb, Fe, Co, Ni) were explored by means of DFT calculations. Results
shown that M@Bss (M = Sc, Y, Ti) possess endohedral structures as their lowest
energy structures, while Nb, Fe, Co and Ni atoms favor to coordinate Bsg fullerene in
an exohedral manner. Sc@B3s, Y@B3s and Ti@B3g hold sizable HOMO-LUMO gaps

and large binding energies imply their promise for experimental realization. Sc, Y and

Ti atoms are all negatively charged. Sc@Bss, Y@B3s and Ti@Bss are all nonmagnetic.

The analysis of VIP and VEA indicates M@B5;s are good electron acceptor and bad
electron donor. These endohedral boron fullerenes have additional properties arising
from metal-cage interactions. This will broaden their applications in catalyst,
medicine, electronics and photovoltaics. For example, the combination of endohedral

fullerene and some organometallic molecule can provide nanostructures for
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opto-electronic devices of the p (an electron acceptor)-n (an electron donor) junction
type. Recently, Ref. 38 shown that endohedral boron fullerenes Li@B, is an efficient
sorbent for CO, capture and separation. It is expected that the unique properties of

endohedral boron fullerenes should be further investigated.
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Figure and Table captions
Figure 1 The structure of Bsg fullerene and quasi-planar. In fullerene, one hexagon
hole is connected with four hexagons (H-1), and the other hole is surrounded by two

pentagons (H-2). There are two hexagon holes A and B in quasi-planar.

Table 1 The relative energies of transition metal atoms doped Bss. The binding energy

(Eb) of metal atom for the lowest energy structure with respect to M+B3s=MBss. The

energy unit is eV.

Figure 2 The most stable structures of endohedral or exohedral Bsg fullerenes.

Figure 3 Deformation electron density of Sc@B:s, Y(@B3s and Ti@B3s at an iso-value

of 0.15 electron/ A°>.

Figure 4 The charge density of HOMO and LUMO of Sc@Bs:s, Y @B3s and Ti@B3s.
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Figure 1 Q. L. Lu, et al.
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Sc

Ti

Fe
Co

H-1
0.61
0.73
0.74
0.39
0.46
0.17
0.00

fullerene

H-2 endohedral

1.17
1.32
0.85
0.00
0.00
0.00
0.08

0.00
0.00
0.00
0.08
1.93
1.87
1.94

quasi-planar

A
1.43
1.24
1.57
1.14
2.01
1.60
1.51

B
0.72
0.52
0.95
0.53
2.09
2.02
1.81

Ey

5.22
5.54
6.07
5.51
5.43
6.36
6.43

Table 1 Q. L. Lu, et al.
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Figure 3 Q. L. Lu, et al.
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