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ABSTRACT: We study the stability of drum-shaped transition metal (TM) doped boron clusters,
M@B;, with n = 14 and 16, and M = 3d, 4d, and 5d TM atom using ab initio calculations. Our
results show that drum-shaped M@B14 clusters are favored for M = Cr, Mn, Fe, Co, and Ni, while
in other cases, open conical or bowl shaped structures become more favorable. The isoelectronic
Ni@B14 and Co@B 14 clusters have large highest occupied molecular orbital-lowest unoccupied

molecular orbital (HOMO-LUMO) gaps and these are magic clusters. Their stability has been



correlated with the occurrence of magic behavior with 24 valence electrons in a disk jellium model
while for Fe@B 4 case, the drum structure is deformed and the stability occurs at 22 delocalized
valence electrons. The bonding nature in these clusters has been studied by analyzing the electron
density at bond and ring critical points, the Laplacian distribution of the electron density, the
electron localization function, the source function, and electron localization-delocalization indices,
all of which suggest two and three-center ¢ bonding within and between the two B7 rings,
respectively, and hybridization between the TM d orbitals and the © bonded molecular orbitals of
the drum. The infrared and Raman spectra of these magic clusters show all real frequencies,
suggesting the dynamical stability of the drum-shaped structures. There is a low frequency mode
associated with the M atom. Results of the electronic spectra of the anion clusters are also
presented that may help to identify these species in future experiments. Further, we discuss the
stability of 24 delocalized valence electron systems Mn@Bj16 anion, Fe@B16, Co@Bis cation, and
other related clusters. Assembly of Co@Bi4 clusters has been shown to stabilize a carbon
nanotube-like nanotube of boron with Co atomic nanowire inside while a nanotube of boron with
triangular network has been obtained with the assembly of Fe@B1s drum-shaped clusters. Both

the nanotubes are metallic.

1. Introduction

Recent developments of novel atomic structures of boron clusters have generated great interest in
the understanding of their growth behavior and the underlying bonding characteristics. In the
relatively small size range B, (n < 40), clusters generally have planar and quasi-planar structures'

2 while a fullerene-like cage structure has been found to be of the lowest energy for neutral Bug



but a quasi-planar structure of Bao anion® is favored over the fullerene structure. Therefore, cage
and planar/quasi-planar structures compete in this size range. Cage structures have also been
reported*> for B39 and Bas while for larger sizes, core shell structures have been reported® for Bes,
B74, and Bgo. On the other hand, Bg4 again favors a quasi-planar structure with hexagonal holes in
an otherwise triangular network.” Double ring tubular structures have also been reported®’ in some
cases such as By and Bo4. Therefore, boron clusters take up different shapes for different sizes,
unlike the case of carbon where fullerene and nanotube structures are prevalent. Doping of a metal
(M) atom could further lead to novel structures, as has been shown for M doped silicon clusters.!%!!
Indeed recent experiments on M doped boron clusters'?!* showed the formation of Mn@Bj6 and
Co@Bis anions, which have been suggested to have drum shaped structures with the M atom
inside, though elemental B¢ cluster has a planar structure.'* These results give credence to the
idea that the interaction of a transition M (TM) atom with an aggregate of another element A such
as those of Al, Au, Si, Ge, Sn, ... leads to novel cage structures of A, pure clusters of which may
not have cage structures.'”> Here the stability of a small boron cage mediated by the m bonded

molecular orbitals can be increased by the doping of TM atom!'®!’

and give rise to new
possibilities. Recently a Bos cage has also been obtained with the doping of a Mo atom!’, while
Saha et al.'® have studied small doped boron clusters and have found magic behavior for disk-
shaped clusters with effectively 12 delocalized valence electrons. It was shown that B has large
electron affinity (EA) while Bi1 anion has a large highest occupied molecular orbital-lowest

unoccupied molecular orbital (HOMO-LUMO) gap. Recent experiments'® show large EA of 3.401

eV for Bi1 and low EA of 2.221 eV for Bi».

In this paper, we explore the effects of doping of a 3d, 4d, and 5d TM atom on the atomic structure

and stability of Bi4 and B¢ clusters. In particular, we look for the M atoms and the size of a boron



cluster for which the M doped boron drum structure is favorable. We have performed further
analysis of the stability in the cases for which the TM atom favors the drum structure to be of the
lowest energy. It is found that the doping of a 3d TM atom in B4 double ring tubular structure
(Figs. 1 and 2) gives rise to large HOMO-LUMO gaps, in particular for neutral Cr@B14, Fe@B14,
and Ni@B14 for which the values are 1.31 eV, 1.30 eV, and 1.73 eV, respectively. The tubular
isomer is lower in energy compared to an isomer in which the TM atom interacts with a bowl
shaped Bi4 cluster, a planar isomer with the M atom embedded in the boron network, and a conical
isomer. Note that Bi4 and Bis clusters have a planar structure among the low lying isomers, and
for B4 a cage-like structure has slightly lower energy.'*?* Therefore, upon doping of M atom, the
structures of the doped clusters become quite different from those of the elemental boron clusters.
We have also studied anions and cations of Mn and Co doped boron clusters, respectively, for
which a tubular structure is favored. However, for the doping of 4d and 5d elements, as well as
other 3d TM atoms, a bowl-shaped isomer is lower in energy as compared to a tubular (drum)
structure. Further, in most cases of M@B1¢ clusters, the HOMO-LUMO gap is generally small and
in a few cases the drum structure has relatively large HOMO-LUMO gap such as for M = Fe and
some charged clusters. Our results suggest that Cr, Mn, Fe, Co, and Ni atoms have the right size
to stabilize Bi4 tubular structure, though Fe, Co, and Ni are optimal in the sense that the binding
energy of the doped clusters is increased compared to the value for the elemental Bi4 cluster. We
correlate the stability of Ni doped Bi4 cluster with the occurrence of magic behavior in a disk

12122 at 24 valence electrons and discuss the trends obtained in the variation of the

jellium mode
properties of the double ring tubular structures doped with different 3d TM atoms. Further we have
studied TM doped Bi¢ clusters and besides the stability of the structures for different TM atoms,

we present results on Mn@Bi¢ anion, Fe@B1s, Co@Bi16 cation, and other similar 24 delocalized



valence electron drum shaped clusters. Finally, we show that these drum-shaped clusters can be

10,11

assembled in to a nanotube. This is similar to the nanotube structure of silicon and

23.24 that were shown to be stabilized by doping of M atoms. However, we find a carbon-

germanium
like nanotube of boron by assembling Co@B14 drum-shaped clusters and it is stabilized by an

atomic wire of Co inside. Also, another tubular structure has been obtained by assembling Fe@B1¢

drum-shaped clusters that has a triangular network of boron atoms.

2. Method of Calculation

The calculations have been performed using density functional theory with generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)® for the exchange-correlation
energy. The electron-ion interaction is treated with the projector augmented wave (PAW)
pseudopotential method?® using the Vienna Ab initio Simulation Package (VASP).?” We used
medium precision to expand the wave function in a plane wave basis. The calculations were
considered to be converged when the absolute value of the force on each ion was less than 0.005
eV Al with a convergence for the total energy of about 10 eV without any symmetry constraint.
A cubic supercell with lattice parameter of 20 A was used and the gamma point for Brillouin zone
integrations for all calculations on clusters. Further calculations with PBEO functional have been
performed using the Gaussian09 program?® and 6-311+G basis set for the most favourable cases
of the drum structure. The same has also been used to calculate the infrared (IR) spectra and Raman
activity for Fe, Co, and Ni doped drum structures. In all these cases, we find real frequencies
suggesting the dynamical stability of the structures. For the infinite nanotube structures, we
optimized the interatomic spacing by fully relaxing the ions. We used 17 k-points along the

nanotube axis for Brillouin zone integrations and 100 k-points to plot the energy bands. Spin-



polarized calculations have been performed in many cases in order to check if the lowest energy

isomer has any magnetic moments.

Further analysis of the electron density has been performed by calculating the Laplacian

distribution L(r)=" V?p(r) and source function?>-*2

at bond critical points (BCPs) and ring critical
points (RCPs), using the AIMAII*® program, electron localization-delocalization indices with the
AIMLDM?* script, as well as electron localization function (ELF) from VASP calculations to infer
the bonding characteristics in these clusters. The source function S(r,Q2) was employed to measure

the relative contribution of an atom or a group of atoms to the density at any point r. The local

source function is given as:

LS(r, r’) = 270 (1),

4w |r-r’|

and it represents the effectiveness of the Laplacian function L(r’) at r’ in functioning as a source
(or sink) for the electron density at r modulated by the Green’s function (4nt|r-r’|)"!. Thus, the

Laplacian also serves as the generator of the electron density distribution, by virtue of Poisson’s

equation:
p(r) = 1 far T2 @.
Equation (1) may be rewritten as:
LS(r. r’) = —12G(r) + V() 3).

[r=r'|

where G(r) and V(r) are the kinetic energy density and potential energy, respectively. Any region
where the electron density is locally concentrated (V2p(r’) < 0) and where the potential energy

dominates the kinetic energy, acts as a source for the electron density at other points, while a region



where the electron density is locally depleted (V>p(r”) > 0) and where the kinetic energy dominates

acts as a sink, removing electron density from r.

The integral of the local source function over the basin Q of an atom or functional group is the

source function S(r, Q) that represents contribution from that atom or functional group to p(r):

S(r, Q) = Jo LS(r, r’) dr' ).
Thus p(r) =Ja LS(r, r) dr' + ¥ a0 Jo: LS(r, r*) dr'
=5(r, Q) + 3 o+ S(r, Q) (5).

The electron density at any point in an atom is thus decomposed into a contribution arising from
sources within the basin of the atom and a contribution arising from sources external to the atom.
The source function is a measure of the relative contribution of an atom or group of atoms to the

electron density at any point.

The density of the Fermi hole is the difference between the pair density for electrons P**(r1,r2) of
the same spin (denoted here by a), and the simple product of the one-particle densities; it describes
how the density of a reference electron at any point in space spreads out into the space of another

electron of the same spin, thereby excluding an identical amount of same spin density:

px’(ri,r2) = P¥(ri,rz) — p*(ri)p%(r2) (6).

Double integration of this quantity over the coordinates of both electrons in the basin of an atom

Qa gives the Fermi correlation within that atom A:

FYA,A) = Joalaa px(r1,r2) dridr: (7).



The localization index A(A) is thus defined as:
MA) = [FYA,A) + FP(A,A)| = Jaa laa px(r1r2) dridr, ().
Conversely the exchange of electrons between the basins of atoms A and B is given by:
FY(A,B) = Jaa o px*(r1,r2) dridr; ),
which is then used to define the delocalization index 8(A,B):
8(A,B) = [F%(A,B) + FP(A,B)| = Jaa Jas pu(r112) dridr, (10).

The localization and delocalization indices account for the whereabouts of the total electron
population (N); the former counts the number of electrons localized within an atomic basin, while
the latter counts the number of electrons shared between two atomic basins. Both these quantities
are combined in the localization-delocalization matrix (LDM)®°, which contains A along the
diagonals, and half of ¢ in the off-diagonal elements. The sum of any column or row then yields

the resulting atomic population:
N(A) =MA) + 23 p#a 6(A,B) (1.

LDM thus captures information on both localization of electrons into atomic basins (in its diagonal

elements) and electrons shared between pairs of atoms (whether “bonded” or not).

A local measure of electron localization, also derived from the Fermi hole, is ELF, introduced by

Becke and Edgecombe*®:
ELF(r) = {1 + [A(r)/Ao(r)]*}"! (12),

Where A(r) is a measure of the local excess kinetic energy due to Pauli repulsion:



A(r) = G(r) - Tw(r) (13),

Tw(r) is the Weiszdcker kinetic energy density, and Ao(r) is the kinetic energy of a uniform electron
gas with density p(r). ELF(r) varies in the range [0,1] and increases with increasing electron

localization, with ELF = 1 corresponding to perfect localization.

3. Results and Discussion

3.1 Magic Clusters and Their Atomic Structures. We started the search for optimum small size
drum-shaped boron structures that may be able to accommodate a TM atom, by considering boron
clusters with 10, 12, 14, and 16 atoms having two equal polygonal boron rings placed in staggered
configuration, such that boron atoms form a triangular network that is generally favorable. We
placed different TM atoms in between the rings. Optimization of these structures showed that the
initial drum-shaped structures with 10 and 12 atoms deformed very much due to the inability of
these small boron clusters to accommodate M atom in the tubular cavity. The optimized structures
are shown in Supplemental Information in Tables S1 and S2. The HOMO-LUMO gaps of these
structures are also small suggesting low chemical stability and that larger clusters may be more

appropriate and favorable.

We moved onto larger sizes with 14 and 16 boron atoms. In the case of M doped Bi4 and Bis
clusters, we find that the drum-shaped structure is retained in most cases of 3d TM atoms and in
the case of Cr, Mn, Fe, Co, and Ni, it is the most stable structure (see Fig. 1), but the doping of 4d
and 5d TM atoms in these clusters leads to significant distortion in some cases (see Tables S3, S4,
and S5 in Supplemental Information). In the optimizations of Bi4 drum-shaped structures doped
with a 3d TM atom, we studied different spin-isomers, but for Cr, Mn, Fe, Co, and Ni doping a

singlet (doublet) state was favored for TM atom having even (odd) number of electrons. In general,



the HOMO-LUMO gap of the M doped Bis clusters is small (see Table S5), while the M doped
Bi4 clusters have large HOMO-LUMO gap (1-1.8 eV within GGA) and zero magnetic moment in
some cases. In a few cases of M doped Bis clusters also, we find relatively large HOMO-LUMO
gaps (~0.8 eV within GGA) and non-zero magnetic moments indicative of M doped boron
radicals. We shall discuss these cases later. A large HOMO-LUMO is indicative of the chemical
stability of such doped clusters. Note that the true HOMO-LUMO gap would be higher, as it is
underestimated in GGA. We also obtained large HOMO-LUMO gaps (see discussion later) when
calculations were performed using PBEO functional. These results led us to conclude that B14 drum
structure is optimal for the doping of some of the 3d TM atoms in small boron clusters.
Accordingly, we present results of 3d TM atom doped Bi4 clusters in detail. Further results of TM
atom doped Bis clusters are given with a focus on the stability of clusters with effectively 24

valence electrons.
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Figure 1. Atomic structures of some low-lying isomers of Bi4 clusters doped with a 3d TM atom.
The drum-shaped structure is the lowest in energy for M = Cr, Mn, Fe, Co, and Ni. For large size
M atoms (Sc, Ti, and V), open quasi-planar (bowl-shaped) or conical structures become more
favorable than the drum structure. In the conical structure the M atom is in some cases surrounded
by a ring of B atoms. Isomers obtained from fullerene-like structure or M atom in a boron network

lie high in energy. For Ti, the fullerene-like structure transforms into a conical structure.

In our effort to find the lowest energy structures, we tried five initial structures as shown in Fig. 1
for 3d TM atoms doped in B14. These structures are quasi-planar, drum-shaped, conical, fullerene-
like and M atom embedded in a quasi-planar boron network. As small boron clusters tend to have
triangular planar structures and for B14 a fullerene-like cage is slightly lower in energy, we tried to
place a TM atom on the planar structure, which led to bowl shaped and conical structures. On the
other hand, the fullerene-like isomer led to distorted structures. A drum-shaped isomer as well as
an isomer with the M atom in a heptagonal hole in a planar boron network was also considered.
As mentioned earlier, in the case of M@B14 clusters (M = 4d and 54 TM atom), the drum-shaped
structure is not of the lowest energy as 4d and 54 TM atoms are bigger in size compared with the
3d TM atoms. Our results show that in these cases conical or bowl-shaped structures are more
favorable (Tables S3 and S4), as we also find for the larger 3d TM atoms such as Sc, Ti, and V
(Fig. 1). In these cases, such as for M = Ti, the HOMO-LUMO gap is small and therefore these
bowl and conical structures are chemically less stable; and it is likely that these structures may
prefer more B atoms. Also in the case of the drum structures of Sc@B14 and Ti@B14, higher spin
isomers with 3 pug and 2 ug magnetic moments are lower in energy, respectively. For 4d and 5d

TM atoms, the structures are shown in Tables S3 and S4 in Supplemental Information. As
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mentioned earlier, the M doped drum-shaped structure is the lowest energy isomer for M = Cr,
Mn, Fe, Co, and Ni. A planar isomer in which the M atom is embedded in the boron network
becomes quasi-planar and it is not of the lowest energy. These results suggest that the relatively
small 3d TM atoms have the correct size to favor the cavity of tubular Bis4 that has the lowest
energy. We calculated the binding energy, doping energy, and embedding energy for the boron
clusters doped with 3d TM atoms. The binding energy for a cluster is defined as the energy per
atom of the cluster with reference to free atoms, while the doping energy is defined as the lowering
of the energy due to the doping of the pure boron cluster with an M atom. The embedding energy
on the other hand is defined as the gain in energy due to the embedding of an M atom in the tubular
shaped pure boron cluster (obtained from the structure of the doped cluster by removing the M

atom and optimization). These results are given in Table 1.

Table 1. The binding energy, embedding energy, and doping energy for M@B14 (M = 3d atom)
clusters in the lowest energy configuration as obtained from VASP calculations using GGA. For

reference, the binding energy of the Bi4 cluster in the lowest energy configuration is 5.29 eV/atom.

M@B14 | Binding energy Doping energy Embedding HOMO-LUMO
(eV/atom) (eV) energy (eV) gap (eV)
Sc 5.06 1.83 591 0.34
Ti 5.16 3.29 6.41 0.15
\Y 5.24 4.51 6.87 0.27
Cr 5.23 4.38 6.41 1.31
Mn 5.26 4.77 6.78 0.57
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Fe 5.38 6.65 9.87 1.30
Co 5.39 6.77 8.85 0.32
Ni 5.30 5.43 7.45 1.73

The doping energies for Fe@B14, Co@B14, and Ni@B14 are larger than their respective binding
energies which in turn are higher compared with the binding energy of the lowest energy isomer
of pure Bis cluster. This indicates that these doped clusters are energetically more favorable
compared with the lowest energy isomer of the undoped boron cluster. Some of the 3d TM atom
doped drum-shaped boron structures show high HOMO-LUMO gap such as Cr@Bi4 (1.31 eV),
Fe@Bi14 (1.30 V), and Ni@B14 (1.73 eV) and zero magnetic moment. These values are obtained
using GGA in VASP and the actual values are likely to be significantly higher. In the case of
Co@B14 the HOMO-LUMO gap is 0.32 eV, which is small due to the odd number of electrons. In
fact, Co@B14 anion is isoelectronic to Ni@B14 and has a large HOMO-LUMO gap of 1.81 eV
which is comparable to that of Ni@B14. Co@Bi14" is isoelectronic with Fe@Bi4 and it also has a
large HOMO-LUMO gap of 1.53eV which is comparable to that of Fe@B14. In the following we
present some details of the atomic structure and our analysis of the distribution of electrons in each

of these cases in order to understand their stability.

In general, the B-B bond length within each B7 ring of the drum-shaped structure is smaller
compared with the B-B bond length between the rings. For M = Ni, both the boron rings are
identical and the B-B bond length is 1.63 A, but for Fe, the B-B bond length in one ring is shorter

(1.61 A) than in the other ring (1.67 A), though there is 7-fold rotational symmetry. The inter-ring

14



B-B bond length is longer, with the value of 1.87 A for M = Ni and 1.79 A for M = Fe. The B-Ni
bond length is 2.05 A, while for B-Fe, there are two bond lengths (1.99 A with the B atoms in the
smaller ring and 2.13 A for the B atoms in the other ring). The structure of the drum shows
similarity in cases where the number of valence electrons is the same, such as for Co@B14™ anion
and neutral Ni@B14; Co@B14" cation, neutral Fe@B14, and Mn@B4™ anion; as well as Mn@B14"

cation and neutral Cr@B14 (see Fig. 1 for the atomic structures of the neutral clusters).

The drum-shaped boron clusters doped with a TM atom exhibit covalent bonding between boron
atoms as well as delocalized charge that plays an important role in understanding the stability of
the doped clusters. We use a jellium model to represent the delocalized charge and to understand
the stability due to hybridization of the molecular orbitals of the boron drum with the valence
orbitals of the M atom such as in Ni@B14. A disk jellium model represents well the drum structure
of these clusters and has been successfully used recently'® to explain the stability of doped quasi-
planar boron clusters, especially B7P and BsSi. According to this model, clusters with 12
delocalized valence electrons are magic and this results in their high stability. Further magic
clusters arise for disc-shaped jellium clusters with 24 valence electrons. This is the case of Ni@B14
which has 24 (delocalized) valence electrons. This is well suited to a disk jellium model to make
it a magic cluster, as is also evident from its large HOMO-LUMO gap. Within PBE0/6-311+G
level of theory in Gaussian09, the HOMO-LUMO gaps for Fe@B14 and Ni@B:14 clusters are 3.03
eV and 3.18 eV, respectively. These large values suggest high chemical stability of these species.
One can have 24 (delocalized) valence electron clusters for M@B16 drum structure such as M =

Fe neutral and Mn@B 6 anion as well as Co@B 6 cation. We shall discuss such clusters later.

3.2 Electronic Structure and Stability of Drum-Shaped M@B14 Magic Clusters. Some of the

molecular orbitals of Ni@B14 and their energies, as obtained from the Gaussian09 calculations
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with PBEO functional, are shown in Fig. 2, along with those of the B14 drum without the Ni atom.
An analysis of the molecular orbitals and energy levels shows that there are seven occupied ©
bonded delocalized molecular orbitals of the Bi4 drum structure that account for 14 valence
electrons of the boron framework. These molecular orbitals are of d.2, s, px, py, fyz2-yi2, fxz2-3x:2,
and p, type. Accordingly, each boron atom contributes two electrons to the two-center and three-
center ¢ bonded tubular framework of B14. The 14 delocalized electrons and 10 valence electrons
of nickel atom give a total count of 24 valence electrons, which corresponds to a magic number in
a disc jellium model. One can see that after hybridization with Ni orbitals, 5 d type orbitals are
occupied and another s type orbital of the cage becomes occupied. The HOMO in both the B14 and
Ni@B:14 cases remains of p, type. The LUMO of the Ni@Bi4 cluster is a g type molecular orbital
and there is a large HOMO-LUMO gap. The ftype molecular orbitals in the Bi4 and Ni@B14 cases
remain at nearly the same energy positions, suggesting little participation in the hybridization with
Ni orbitals. The high chemical stability for Co@B14 anion can again be attributed to 24 valence
electrons in a disk jellium model. The positions of the f orbitals for M = Fe are slightly changed
because of the deformation of the drum structure, as the Fe atom moves towards one of the rings
and the two B7 rings are not identical. This lowers the symmetry and leads to some deformation in
the molecular orbitals, as shown in Fig. 2. In this case the second s type molecular orbital is
unoccupied. Also, the dy, and d.x type hybridized orbitals are unoccupied while two more f type
molecular orbitals of the drum get occupied. Therefore, the stability of the Fe doped B4 drum

structure is related to the presence of 22 (delocalized) valence electrons.
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Figure 2. The molecular orbitals of drum-shaped neutral Fe@B14 and Ni@Bi4 clusters, as well as
those of the pure Bi4 symmetric drum-shaped cluster without Ni atom. The different n-bonded
molecular orbitals involved in the bonding are also shown. Note that the Fe atom is displaced
towards one of the boron rings, which becomes slightly smaller than the other ring. The dashed

lines show the LUMO.

3.3 Bonding Characteristics in Drum-Shaped M@B14 Structures. In order to understand the
electronic stability and bonding characteristic of the drum-shaped M doped B4 clusters, we studied

ELF of the doped and the undoped drum-shaped B4 structures and further analyzed the electronic

17



charge density. ELF isosurface at 0.8 shows (Fig. 3) localization of the electron density on two-
centered bonds of the B7 rings. Further, ELF analysis of B4 structure at isovalue 0.7 (Fig. 3) also
indicates the presence of three-centered o bonded framework of the drum. This picture is consistent

with AIMAII analysis of the doped systems as discussed below.

Figure 3. (Upper panel) Isosurfaces (isovalue 0.8) and lower panel (isovalue 0.7) of ELF for (a)
B14 drum structure, (b) Fe@B14, and (c) Ni@B:14, respectively. 2-center ¢ bonding is seen in B

rings, while 3-center ¢ bonding is seen in boron framework in all the three cases.
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Contours of the Laplacian of the electron density for (a) Ni@B14 and (b) Fe@B14 drum-

Figure 4

shaped structures. The top row shows contours in a plane passing through four boron atoms at

opposite ends of the drums, and the metal atom, while the bottom row shows contours in a plane
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passing through three adjacent boron atoms, one on the top face and two on the bottom face of the
drum. (c) Contours of the Laplacian of the electron density for Fe@B14 drum-shaped structure in
a plane passing through one of the drum faces (B7 ring). Full (dashed) line contours show charge
accumulation (depletion). Accumulation of charge is seen in B7 rings. BCPs are shown as green
dots and RCPs as red dots. Bond paths are shown with a full line. Pink balls show B atoms while

the large green and orange balls show Ni and Fe atoms, respectively.

Figure 4 shows contours of the Laplacian of the electron density, as well as the bond paths, BCPs
and RCPs obtained from AIMAII calculations. Analysis of the Laplacian of the electron density
indicates prevalence of two center and three center bonding in the boron drum structure, and
extensive delocalization of electron density of the boron drum over the M atom. Molecular orbital
pictures provide more detailed insight of the behavior of the 14-valence electrons and their
delocalization. As discussed above, analysis of the molecular orbitals reveals that these seven -
bonded molecular orbitals of the undoped Bis disc-shaped cluster are of the s, px, py, pz, d7, fxi’-
3x” and fy,%.y” type, as shown in Fig. 2. The © molecular orbitals of the boron cage hybridize with
the 3d, 4s, and 4p orbitals of the 3d TM atom. In the case of Ni@B14, the doping of nickel atom in
B4 cluster gives rise to twelve such hybridized molecular orbitals which are of the types s, px, py,
D2, A7, AP, dy, dxz, dys, S, fy-yand fi’3x”. These twelve molecular orbitals accounting for 24
valence electrons, and the ¢ bonded orbitals of the boron drum, give rise to the chemical stability
of Ni@B14. Fe@B14 also shows high chemical stability with a GGA HOMO-LUMO gap of 1.30
eV. There are 22 electrons which reside in the delocalized m bonded molecular orbitals of the B
drum and the valence orbitals of the Fe atom, while the rest of the valence electrons occupy the o-

bonded framework. These 22 electrons reside in the s, px, Py, Pz, d7, dxy, dx*~?, fxi*-3xi% fyiyits 1y -
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3y, fxo-3xy” type orbitals with hybridization of Fe atomic orbitals. The second s type molecular
orbital in Fe@B14 is not occupied, in contrast to the Ni case; two d type molecular orbitals are
unoccupied, while two more f type molecular orbitals become occupied. Therefore, the electronic
structure of the Fe doped drum is different from that of the Ni doped drum. The HOMO-LUMO
gap is lower than in Ni@B14. However, the Co@B14anion cluster also attains a 24-valence electron
configuration. It has a large HOMO-LUMO gap of 1.81 eV as compared to its cationic form
Co@B14", which has a HOMO-LUMO gap of 1.53 eV the latter is also deformed as in the case of

Fe doping.

AIMAIl analysis of the doped boron and drum-shaped Bis clusters reveals their bonding
characteristics. There are three types of bonds: two-centered bonds between the nearest neighbor
atoms of each B7 ring, whilst three-centered bonds connect the boron atoms of the two rings, and
lastly there are metal-boron bonds. We analyzed the Laplacian distribution, L(r) = -%4V?p(r), as
well as the BCPs and RCPs of the charge density. Electron density is accumulated in regions with
L(r) > 0, while regions with L(r)< 0 correspond to electron depletion. These are shown in Figs. 4
and 5. The Laplacian distribution at the BCPs of the two-centered bond in the B7 rings shows a
large positive value (0.06 e/bohr® in the case of Ni@Bi4,) indicating strong covalent bonding.
Laplacian distribution at BCPs of three-centered bonds interconnecting B7 rings have a lower
Laplacian value of around 0.01 e/bohr®. Since these are three-centered bonds, an increase in the
delocalization of the electron density is expected. Even in the ELF analysis, the three-centered
bonds are observed at a lower isosurface value of 0.7. The Laplacian at BCPs of nickel-boron
bonds lies in the range of -0.02 to -0.03 e/bohr®. The negative L(r) indicates electron depletion and

coordinate bonding. These results of Laplacian of the electron density for M doped clusters are
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similar to those for Bi4 drum-shaped cluster obtained by removing the M atom (without

reoptimization), shown in Fig. S1 in Supplementary Information.

The structure of Fe@B14 1s not symmetric, as the iron atom is not present at the center of the drum
but is closer to one of the B7 rings, which has slightly shorter B-B bonds than in the other B7 ring.
This asymmetry is also observed in the case of Co@B14". This doped cation cluster is isoelectronic
to Fe@B14 and its atomic structure is also similar to that of Fe@B14. In these cases, there are five
different types of bonds: two types of two-centered boron-boron bonds in the two B7 rings, three-
centered bonds along the rim of the boron drum connecting different B7 rings, and two types of
M-boron bonds (proximal B7 ring-M bonds and distal B7 ring-M bonds). The Laplacian at the
BCPs of the two-centered bonds in the distal B7 ring is around 0.06 e/bohr® similar to the Ni doped
case, while the Laplacian at the BCPs of the proximal B7 ring bonds is lower (around 0.04 e/bohr®).
The decrease in the value of Laplacian at these BCPs can be explained by the fact that the electron
density of the proximal B7 ring interacts more strongly with the iron atom. This weakens the extent
of localization of the two-centered bonds in the proximal B7 ring. The Laplacian at the BCPs of
the M atom to the proximal B7 ring is -0.02 e/bohr® while that for the distal B ring is -0.04 e/bohr®.
This indicates that the iron atom interacts more strongly with the proximal B7 ring than with the
distal ring. Figure 5(c) shows the bond ellipticity. As expected the bond ellipticity is close to zero
for the B-B bonds in the B7 rings due to strong covalent bonding, while the bond ellipticity
increases significantly for the inter-ring bonds as well as M-B bonds, due to reduced covalency in

these bonds. The Laplacian for all RCPs is negative, as shown in Fig. 5(d) for Ni@Ba4.
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Table 2. Atomic source function contributions to the electron densities at representative BCPs for

each type of bond in Ni@B14 and Co@Ba.

BCP Bonded atoms Nearest neighbors Other atoms

Bi14Co B14Ni B14Co Bi4Ni B14Co Bi14Ni

B1 B2 (ring) 71.60% | 73.56% | 19.15% | 16.52% 9.25% 9.93%

B1 B9 (bridge) 48.81% | 46.71% | 34.45% | 35.41% | 16.74% | 17.88%

B1M 29.66% | 29.36% | 37.33% | 37.09% | 32.95% | 33.56%

We have also analyzed the source function at the BCPs of the different bonds in Fe@B14, Co@B14
and Ni@B 4. The values of the atomic source function are shown in Table 2. B1 and B2 (here the
number indicates the atom number) are adjacent atoms in a B7 ring of Ni@B14 which are involved
in a two-centered bond. The bond is a strongly covalent bond, as the source function analysis
reveals that the electron density at the BCP between B1 and B2 arises primarily from contribution
of the bonded atoms. This is in contrast to the BCP between B1 and B9. These atoms are in
different B7 rings of Ni@B:14, and are connected to each other via three-centered bonding. The
contributions of these atoms to the electron density at the BCP is lower, indicating the presence of
delocalization, as expected of three-centered bonding. The difference between these two kinds of
boron-boron bonds is also evident from the Laplacian distributions in Figs. 4 and 5. The
contribution of the bonded atoms to the electron density at the BCP of a metal-boron bond is very
low, pointing to extensive conjugation. This supports the jellium model used here to understand
the stability, as well as agrees with the bond ellipticities. The delocalized electron cloud of the M

atom interacts with that of the boron drum to give a stable electronic configuration. A similar trend
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is observed in a comparison of the atomic source function contributions to the electron densities

at the corresponding RCPs (Table 3). One can see a reduction in the value for the ring atoms as

compared to the BCPs in Table 2.

Table 3. Atomic source function contributions to the electron densities at representative RCPs for

each type of bond in Ni@B14 and Co@Bi4.

RCP Ring atoms Nearest neighbors Other atoms
B14Co B14Ni B14Co B14Ni B14Co B14Ni
B1 B2 M (ring) 40.60% 41.15% | 36.35% | 35.31% | 23.00% | 23.41%
B1 B2 B10 61.00% 59.00% | 25.13% | 26.19% | 13.86% | 14.82%
B1 B10 M (bridge) | 28.73% 25.90% | 40.79% | 42.05% | 30.43% | 32.11 %

A similar scenario is observed for Fe@B14 (Table 4), except for the fact that as mentioned earlier,

there are five types of bonds in Fe@B14 (unlike the case of Ni@B14), due to the presence of

asymmetry in the atomic structure. The BCPs between B2 and B1, and between B7 and B8 atoms

of the other B7 ring, again represent two-centered bonding inside the B7 rings of the drum structure,

deriving the major share of their electron densities from the respective bonded atoms. In contrast,

the BCP between the B§ and B6 atoms, which are from different B7 rings, derives a much lower

contribution of its electron density from the bonded atoms, and is part of a three-centered bond.
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Table 4. Atomic source function contributions to the electron densities at representative BCPs for

each type of bond in Fe@Bi4.

BCP Bonded Nearest Other atoms
atoms neighbors
B2 B1 (proximal ring) 68.35% 21.75% 9.85%
B8 B6 (bridge) 49.80% 34.00% 16.14%
B7 B8 (distal ring) 72.06% 18.88% 9.00%
B2 (proximal ring) Fel5 38.80% 33.15% 28.01%
B12 (distal ring) Fel5 20.64% 41.50 % 37.84%

Analysis of LDM (Tables S6-S8 in Supplementary Information) in Fe@B14, Co@B14, and Ni@B14
shows that in all three clusters, approximately 3.15 electrons are localized in the basin of each
boron atom, and approximately 1.46 electrons are shared between each boron atom and
neighboring boron atoms. Bonds connecting neighboring boron atoms in a ring, e.g. B1-B2 and
B1-B14, share almost twice the electron density (0.92 electrons in Fe@B14, 0.96 in Co@B14 and
1.0 in Ni@B14) as do bonds connecting neighboring boron atoms in different rings, e.g. B1-B9 and
B1-B10 (0.52 electrons in Fe@Bi4, 0.5 in Co@Bi4 and 0.44 in Ni@Bi4). This supports the
interpretation of covalent bonding between neighboring boron atoms in each B7 ring, versus three-

center bonding in the 14 B-B-B triangles connecting the two rings.

It 1s worth pointing out that the number of electrons localized on an atom or delocalized between

a pair of atoms as determined by LDM may be different from that given by orbital models, where

26



the electrons localized on an atom are just the core and non-bonding electrons (two for boron). In
LDM these numbers are computed from the double integrations over atomic basins in equations
(7) - (10), and do not assume any core-valence separation. The atomic localization indices (~3.15
electrons) for M@B14 clusters are comparable to those obtained for pure boron ring clusters (B, in
the range n = 3-10) studied by us earlier'®. The delocalization indices for BB bonds in the B rings
are comparable to but somewhat smaller than the peripheral bonds'® in pure By ring clusters (n =
3-10), indicating that the BB bonds in the B7 rings of M@B 14 clusters are not as covalent as in the
pure B, ring clusters. Likewise, bonds with high ellipticities (see Fig. 5¢) between boron atoms in
different B7 rings have delocalization indices comparable to but on the lower range of the values
for similar high ellipticity “radial” bonds between the central atom and the ring atoms of pure B,

ring clusters. Note that for strongly directional covalent bonds the ellipticity will be zero.

3.4 Vibrational Spectra of Drum-Shaped M@Bi14 Clusters. We further calculated the
vibrational spectra of neutral and cation Fe@B14, Co@B14, and Ni@B14 drum-shaped structures
using Gaussian09 with PBEO functional and found all the frequencies to be real. This suggests
dynamical stability of these structures. The IR absorption spectra are shown in Figs. 6 and 7 for
cation and neutral Fe, Co, and Ni doped boron clusters, respectively, while the IR intensities and
Raman activities are tabulated in Table S9 in Supplementary Information. The lowest vibrational
mode for each of them consisted of the M atom moving out of the plane of the boron drum in the
z direction (taken to be perpendicular to the B7 rings). The frequency of this mode for Fe, Co, and
Ni doped neutral clusters is 398 cm™, 149 cm™!, and 302.5 cm™!, respectively. The low frequency
mode corresponds to weaker bonding between the M atom and the boron drum compared to that
between boron atoms. For neutral Fe@B14, the dominant modes are at 543 cm™ (scissor mode,

doubly degenerate), and two breathing modes at 769 cm™ and 802 cm™'. For neutral Co@B14, the
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dominant modes are at 511 cm™! (scissoring mode), 535 cm™ (bending mode), and 880 cm!
(stretching and bending mode). These are all doubly degenerate. For neutral Ni@B14, the doubly
degenerate dominant modes are at 407 cm™! (scissoring mode), 518 cm™ (bending mode), and 880.5
cm! (stretching and bending mode). The vibrational frequency having the highest intensity
involves scissor movement of the boron rings, while the M atom oscillates around its position in
the xy plane. The highest frequency vibrational mode of these clusters consists of asymmetrical
stretching in the two B7 rings coupled with slight oscillation of the M atom in the xy plane. The
frequency of this vibrational mode is nearly independent of the M atom. In the case of cations of
M = Fe and Ni, this mode is doubly degenerate. For the case of Fe doping, the dominant modes
are: stretching and bending mode at around 885 cm™!, breathing mode at 743.7 cm™, doubly
degenerate scissoring mode at around 585 cm™!, doubly degenerate scissoring-bending-stretching
mode at around 516 cm’!, and a breathing mode at 267 cm™!, but for the case of Co cation, the
highest frequency mode splits as the two B rings are different and occurs at 889 cm™'and 871.5
cm’! (both doubly degenerate). The other modes are at 728 cm! (breathing, single mode), doubly
degenerate scissoring mode at 597 cm’!, scissor modes at 551 cm™ and 553 cm, a doubly
degenerate bending-stretching mode at 506.5 cm™, and a bending mode at 260 cm™'. For Ni doped
cation cluster, the modes are: doubly degenerate stretching mode at 869 cm™', breathing mode at
738 cm™!, doubly degenerate scissor mode at 510 cm’!, scissor modes at 500 and 503 cm™!, and a
breathing-bending mode at 202 cm™. We also calculated Raman spectra of cation as well as neutral
clusters with M = Fe, Co, and Ni, and these are given in Figs. S2 and S3 in Supplemental

Information.
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Figure 6. The IR absorption coefficient of M@Bi4" (M = Fe, Co, and Ni) cation clusters.

The IR intensities are given in Supplementary Information.
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3.5 Ionization Potential, Detachment Energies, and Electronic Density of States. The vertical
detachment energy (VDE) and adiabatic detachment energy (ADE) of the Ni@B14 neutral cluster
are particularly low, as shown in Table 5, suggesting that this structure has high stability. The
ionization potentials (IPs) are also given in Table 5. IPs of Fe@B14 and Ni@Bi14 clusters are
relatively large, which is also indicative of their stability. In the case of Co@B14, the VDE and
ADE are larger, while the IP is smaller than the values for the Ni and Fe doped systems. This is
due to the fact that neutral Co@B14 is not a closed shell system because of the odd number of

electrons.

Table 5. Vertical detachment energy (VDE), adiabatic detachment energy (ADE) and ionization

potential (IP) of selected doped clusters.

Cluster VDE(eV) ADE (eV) IP (eV)
Fe@Bi14 3.08 3.37 6.48
Co@Bi4 3.39 3.61 6.11
Ni@Bi4 2.28 2.33 6.43

The Gaussian broadened electronic densities of states of M@B14 (M = Fe, Co, and Ni) anion
clusters are shown in Fig. 8. These results may be compared with photoelectron spectroscopy data
when it becomes available. This as well as the IR and Raman data will help to establish the atomic
structures of these clusters. As expected the HOMO-LUMO gap for M = Co is large as it is a

closed shell system, while for Ni it becomes quite small as there is an odd number of electrons
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which is one electron more than the electronic closed shell structure. The calculations in this case
were done with spin polarization. In the case of Fe also the number of electrons is odd and the

HOMO-LUMO gap is intermediate.
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Figure 8. Gaussian broadened electronic density of states of the anion M@B 14 clusters (M = Fe,
Co, and Ni). The vertical broken line shows the HOMO. In the case of Fe and Ni, the calculations

were done with spin polarization, but the exchange-splitting is small.

3.6 Stability of Drum-Shaped M@B1s (M = Mn, Fe, and Co) Clusters

Recently anions of M@B16 (M = Mn and Co) have been obtained'*!® in experiments and a drum-
shaped structure has been reported. From our analysis of the stability of M@B14 clusters with 24
(delocalized) valence electrons, we anticipate that anion of Mn@B16, neutral of Fe@Bis, and
cation of Co@Bis could also be magic with 24 delocalized valence electrons (assuming one
electron from each B atom contributing to the delocalized charge), though the size of the two Bs
rings increases compared to the case of M doped Bis clusters, and that could make M-B
interactions weaker. Accordingly, we performed calculations on neutral, cation, and anion of these
clusters, as well as other similar systems to understand their stability. These calculations were
performed with spin polarization using both VASP as well as Gaussian09 programs. The atomic
structures of the clusters with 24 delocalized valence electrons are shown in Fig. 9, while for other
clusters the atomic structures are shown in Fig. 10. It is found that for neutral Fe@B16 and cation
of Co@Bis (both with C; symmetry), a singlet state of the drum structure is favored while for the
anion of Mn@B16 (C4v symmetry), a triplet state of the drum structure is 0.39 eV lower in energy
than a singlet state. The GGA HOMO-LUMO gap for Co@Bjs cation is relatively large (0.86 eV)
which supports the special stability at 24 delocalized valence electrons, but for the Fe doped neutral
cluster and anion of Mn doped cluster, the GGA value of the HOMO-LUMO gap is 0.41 eV and

0.32 eV, respectively. In these two cases, the Mn and Fe atoms are slightly displaced from the
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center as we also obtained for Fe@B14 cluster. Accordingly, the behavior of Mn and Fe doped
clusters is different from that of the Co doped cluster. The triplet state of Mn@B1¢ anion cluster
suggests two unpaired electrons. Accordingly, we studied a cation of Mn@B1s and Cr@Bis. For
Mn@Bj6 cluster a triplet state is again lower in energy than a singlet state, but for Cr@B1¢, a
singlet state is favored and the GGA HOMO-LUMO gap is relatively large (0.82 eV), again
suggesting special stability of this cluster similar to Fe@Bi4, corresponding to 22 delocalized

valence electrons.

Re@B1g" Os@B16 r@B16 "

Fig. 9. Optimized atomic structures of drum-shaped M@B1¢ clusters with 24 delocalized valence
electrons as obtained from VASP calculation. The GGA HOMO-LUMO gaps (multiplicity) are

0.32 eV (triplet), 0.41 eV (singlet), 0.86 eV (singlet), 0.42 eV (singlet), 0.46 eV (singlet), 0.63 eV
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(singlet), 0.48 eV (singlet), 0.46 eV (singlet), 0.65 eV (singlet) for Mn, Fe, Co, Tc, Ru, Rh, Re,

Os, and Ir doped clusters, respectively.

Mn@B16

Fig. 10. The optimized atomic structures of M@Bi1s clusters having 22, 23, 25, and 26 delocalized
valence electrons as obtained from VASP calculation. The GGA HOMO-LUMO gap (multiplicity)
is 0.30 eV (doublet), 0.42 eV (triplet), 0.27 eV (doublet), 0.81 eV (doublet), 0.31 eV (triplet), and
0.82 eV (singlet) for Co doped neutral cluster, Co doped anion cluster, Fe, Mn doped neutral
cluster, Mn doped cation cluster, and Cr doped neutral cluster, respectively. Relatively large values
for neutral Cr doped cluster corresponding to 22 delocalized valence electrons, and neutral Mn

doped Bis cluster corresponding to 23 delocalized valence electrons, are notable.

The neutral Co@Bis cluster has a doublet state as expected for a system with odd number of

electrons, while for the anion of Co@Bjs, interestingly a triplet state with two unpaired electrons
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and Dss drum-shaped structure has lower energy than a singlet state. This result is in agreement

with the findings of Popov et al.'?

, and it supports that the shell closer occurs at cation of Co@Bis
(C2 symmetry) corresponding to 24 delocalized valence electrons. The GGA value of the HOMO-
LUMO gap for neutral Co@Bi¢ (C> symmetry) and Co@Bis (Dsa symmetry) anion (both with
open shell structure) is 0.30 eV and 0.42 eV, respectively, values much smaller than for the cation
cluster. There are distortions in the structures of Fe@B1s (two Bg rings have different sizes with
average Fe-B bond lengths of 2.208 A and 2.254 A, inter-ring B-B bond lengths 1.77-1.81 A, intra-
ring 1.59-1.61 A) and Co@B16" (intra-ring bond lengths 1.59-61 A, and inter-ring B-B bond
lengths varying from 1.78 A to 1.82 A), both of which have singlet states. This suggests that the
M-B bonding may not be optimal in these cases. Further calculations on these systems using PBEO
functional in Gaussian09 code confirmed the same trend of the atomic structures and the energy
ordering of the spin isomers, though the value of the HOMO-LUMO gap increased significantly
as shown in Table 6. It is found that the PBEO value of the HOMO-LUMO gap for Co@Bi¢" cation
i1s 1.94 eV, and for the neutral and anion clusters it is relatively large (~1.7 €V). The VDE of
Co@Bis is low (2.63 €V), supporting strong stability of the Co@B1s" cation cluster, as we expect
from the criterion of 24 delocalized valence electrons. The relatively large value of the HOMO-
LUMO gap obtained with PBEO for the neutral and anion Co@B¢ clusters suggests also good
stability of these radicals and the finding of Co doped anion cluster observed in experiments.'?
Similarly, the anion of Mn doped cluster also has a relatively large HOMO-LUMO gap (1.52 V)
in PBEO, and this also supports the finding of this cluster in experiments.'? The cation of Fe doped
Bis cluster has a large HOMO-LUMO gap of 2.13 eV and it is similar to the value for the neutral
Mn doped Bis cluster, supporting their similar electronic structure with a doublet state.

Calculations were also done for Tc, Re, Ru, Os, Rh, and Ir doped drum-shaped clusters. In all these
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cases the GGA HOMO-LUMO gap is small as shown in Fig. 9, and the results on other isomers

suggest that the drum-shaped isomer are not of the lowest energy in these cases.

Table 6. VDE, ADE, IP, and HOMO-LUMO gap for the neutral and charged M@B 16 drum-shaped

clusters (M = Mn, Fe, and Co).

VDE | ADE |IP HOMO-LUMO | HOMO-LUMO | HOMO-LUMO
eV) | (V) |(eV) |neutral (eV) anion (eV) cation (eV)
Co@Bis | 2.63 254 17.02 | 1.71 1.70 1.94
Fe@Bis |2.87 |[2.76 |6.51 |2.11 1.69 2.13
Mn@Bis | 4.08 274 | 7.52 | 2.14 1.72 1.52

3.7 Assembly of clusters — The finding of nanotubes of boron with metal doping

The stability of drum shaped clusters makes their assemblies interesting to develop nanotubular
structures of boron stabilized by M atoms. To start with, we considered two M@B14 (M = Fe, Co,
and Ni) clusters placed one over the other to form a dimer along the faces. The optimized structures
are shown in Fig. 11. It is found that Fe and Ni doped structures are distorted, while the Co doped
dimer retains its structure well. We further stacked one more M@B14 cluster to obtain a trimer.
The optimized structures (Fig. 11) are again distorted in the cases of Fe and Ni, while the Co doped
clusters develop in to a nice tubular structure. Encouraged with this result, we developed an infinite
nanotube of Co doped B4 clusters and the optimized results are shown in Fig. 12. Interestingly the
atomic structure of this boron nanotube is similar as for carbon zig-zag nanotubes with all
hexagons of boron and it is stabilized with Co atoms. The bonds in the rings of the drum-shaped
clusters become elongated while the inter-ring bonds become shorter (~1.65 A). The cohesive

energy of this nanotube is 5.85 eV/atom which is significantly higher than the value for the drum-
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shaped Co@Bi14 cluster. There is 1 pug magnetic moment per Co@Bi4 formula unit and the
nanotube is metallic. To our knowledge this is the smallest nanotube of boron (diameter of 4.36
A) with similarity to carbon nanotubes that has been stabilized with the doping of M atoms. Note
that unlike carbon a hexagonal layer of boron is not stable and extra boron atoms are needed to fill
centers of some hexagons to stabilize an alpha boron layer with some hexagonal holes. Bader
charge analysis shows charge transfer from Co to B atoms. The Co-Co bond length is 2.98 A which
suggests significant interactions between Co atoms and the formation of an atomic wire of Co
inside the boron nanotube. Further assemblies of Fe@B1¢ drum-shaped clusters leads to another
type of boron nanotube with triangular network and Fe atoms inside as shown in Fig. 12. The Fe-
Fe bond length is 3.19 A suggesting weak interaction between Fe atoms. There is 3.36 pg magnetic
moments per Fe@Bis unit in this nanotube and it is also metallic. These nanotubes may have
interesting possibilities for interconnects. A detailed account of these results will be published

separately.
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Fig. 11. Stacking of two and three M@B14 clusters (M = Fe, Co, and Ni). In the case of Co doping

the assembly forms a well ordered finite nanotube.

Fe@B,c Nanotube

Fig. 12. An assembly of Co@B14 clusters to obtain an infinite nanotube of boron stabilized with
Co atoms. Both side and cross-sectional views are shown. The B-B bond length in drum-shaped
clusters become elongated leading to hexagonal network. The atomic structure of this nanotube
has similarity with that of carbon nanotube with all hexagons. Assembly of Fe@Bj¢ clusters leads

to the formation of another type of boron nanotube with a triangular network.
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4. Conclusion

From our analysis of the atomic structure and stability, we have found that the correct size of drum-
shaped boron clusters suitable for M atom doping is B14. The correct TM atom for creating highly
stable M doped drum clusters is a 3d TM atom from Cr to Ni, but Fe, Co, and Ni are special, with
large HOMO-LUMO gaps. We find that the drum-shaped isomer is lower in energy than a bowl
or conical shaped isomer interacting with M atom, as well as a quasi-planar isomer in which M
atom is embedded in the boron network. On the other hand, drum-shaped structure is not favorable
for relatively large 3d M atoms as well as for 4d and 54 TM atoms. Ni@B14 is a magic TM doped
drum-shaped structure. We explained its stability by invoking a 24-electron disk jellium model.
Co@B14” with a large HOMO-LUMO gap of 1.81 eV, is isoelectronic to the 24-electron Ni@Bi4.
Fe@B4 is also favorable, but the atomic structure is deformed with a lower value of the HOMO-
LUMO gap. In order to corroborate our hypothesis, we have analyzed the molecular orbitals of the
clusters, and also the electron densities in terms of the Laplacian distributions, critical points,
source functions, ELF and electron localization-delocalization indices that support 2-center and 3-
center sigma bonding within each ring and between the rings, respectively. The m bonded
delocalized charge leads to the stabilization of the drum structure upon interaction with the M
atom. These multiple approaches support the view of different types of boron-boron bonds in
M@B4 clusters — two-centered bonds of essentially covalent character in each B7 ring, and three-
centered bonds with high ellipticity along the rim of the boron drum connecting different B7 rings.
Low electron densities and negative Laplacians characterize the essentially non-covalent M-boron
bonding. We have also presented results for the infrared as well as Raman spectra of neutral and
cation Fe, Co, and Ni doped clusters, and the electronic densities of states of anion clusters. These

can be compared when experimental data becomes available. Further studies have been done on
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M doped Bi¢ clusters with an emphasis on M = Cr, Mn, Fe, and Co. In particular, it is possible to
construct clusters with 22 and 24 delocalized electrons. Our results confirm the earlier finding of
Co@B16 anion with a triplet state and two unpaired electrons, supporting the applicability of the
24-electron rule to these clusters. In fact, Co@Bi¢ cation has a singlet state and a relatively large
HOMO-LUMO gap, as also Fe@B 16 which is also a singlet. There is a subtle change in the atomic
structure and associated electronic structure, that leads to the stability of 22 valence electron
systems such as for Cr@B16. Our results also show stability of open shell systems with relatively
large HOMO-LUMO such as for neutral Mn@B1¢. Further we studied assemblies of stable drum
shaped M@B14 and Fe@Bj clusters. We find Co doped Co@B14 nanotube of boron that is similar
to the carbon nanotube while Fe@B 16 nanotube has a triangular network of boron atoms. We hope
that our findings will encourage experimentalists to look for magic clusters and nanotubes

suggested here.
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1. Tables S1 gives atomic structures of BijoM (M = Fe and W) clusters.
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2. Tables S2 gives atomic structures of B;;M (M = Fe and W) clusters.

3. Tables S3 gives atomic structures of different isomers of B1sM (M = 4d element) clusters.

4. Tables S4 gives atomic structures of different isomers of BisM (M = 5d element) clusters.

5. Tables S5 gives atomic structures of different isomers of BisM (M = 3d, 4d, 5d element) clusters.
6. Fig. S1 gives the Laplacian for Bis drum-shaped cluster.

7. Table S6 gives LDM for Fe@B:a.

8. Table S7 gives LDM for Co@B14.

9. Table S8 gives LDM for Ni@B:a.

10. Fig. S2 gives Raman activity for cation M@B14 (M = Fe, Co, and Ni) clusters.

11. Fig. S3 gives Raman activity for neutral M@B14 (M = Fe, Co, and Ni) clusters.

12. Table S9 gives the IR intensities and Raman activities for M@B14 clusters.
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Co@Bi4 Fe@Bis

Drum-shaped Co@B14 and Fe@B s stable clusters that can be assembled to form carbon-like

nanotube with boron hexagons and a nanotube with triangular boron network, respectively.
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