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Abstract:

Using density functional theory with the TPSSh functional and the 6-311+G(d) basis set, we
extensively searched for the global minima of two metallic atoms doped boron clusters BsM,,
B:;M;, Bi2M, and BjsM, with transition metal element M being Co and Fe. Structural
identifications reveal that B;Co,, B;Fe, and B;CoFe clusters have global minima in a B-cyclic
motif, in which a perfectly planar B; is coordinated with two metallic atoms placed along the C;
axis. The Bg cluster is too small to form a cycle with the presence of two metals. Similarly, the
B, cluster is not large enough to stabilize the metallic dimer within a double ring 2xBg tube. The
doped B4M; clusters including B;4Co,, Bj4Fe; and B;4CoFe have a double ring 2xB; tubular
shape in which one metal atom is encapsulated by the B4 tube and the other is located at an
exposed position. Dissociation energies demonstrate that while bimetallic cyclic cluster B;M;
prefers a fragmentation channel that generates the B; global minimum plus metallic dimer, the
tubular structure B;4M, tends to dissociate giving a bimetallic cyclic structure B;M, and a B@Bg
cluster. The enhanced stability of the bimetallic doped boron clusters considered can be
understood from the stabilizing interactions between the anti-bonding MOs of metal-metal
dimers and the levels of a disk aromatic configuration (for bimetallic cyclic structures), or the

eigenstates of the B4 tubular form (in case of bimetallic tubular structure).

1. Introduction

Boron-based systems have extensively been investigated with the aim of finding
materials with novel structures and properties, and high thermodynamic stabilities. Of the pure
boron nanostructures, the crystalline boron nanotube has recently been synthesized, and their

electric transport properties are found to be close to those of the carbon nanotubes, irrespective
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of their lattice structure and chirality.'*® Regarding the molecular shape of boron clusters, the

436 Wwhereas the

anions B, possess the planar or quasi-planar form up to the size of n ~ 25,
neutral counterparts going from n = 20 exhibit a variety of structures including quasi-planar,
bowled, tubular, cage and fullerene-like shapes.7 While By has a double ring tubular structure,8
the Bsg is considered as a critical size for 2D-3D structural transitions.” The bowl-shaped B, B3,
and By "% and quasi-planar Bis'® clusters can serve as building blocks to form various boron
sheets. The finding of the triple ring By, 4 and B4210 tubes, structures formed by superposition
of three By and B4 strings in an anti-prism motif, respectively, illustrates that boron nanotubes
can be constructed from small stable units. Let us note that in both Bsg and By sizes, the

10,15

fullerenes'®" and the quasi-planar isomes’ are quite close in energy content. It should be stressed

that the electronic structure of small sized boron clusters (B, with n up to 20) can be rationalized
using models of electron moving in different environments.'®'"'*

The boron atom has the capacity to form strong covalent bonds not only with itself but
also with many other elements. Combined theoretical and experimental investigations revealed
that the doping of transition metal elements on small boron clusters eventually lead to formation
of the cyclic M@BX~ structures in which the M atom is usually situated at the center of a B,
ring."”” Such a hypervalent structure was thus observed in many pure boron clusters involving the
rings B7, Bg, Bs® and Bo.?” The presence of negative charge is necessary to achieve planar
structures. The central atom M tends to connect the B, unit (anion or neutral molecule) through
both delocalized m and ¢ bonds that are formed from interaction between the d-AO(M) and sp-
AO(B), whereas the B-B bonds within the B, ring are usually simple 2c-2e bonds. These cyclic

structures are often regarded as having a double aromaticity involving both © and o electrons,

due to the fact that the number of each type of delocalized electrons satisfies the classical Hiickel
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(4N + 2) electron count. A way of searching for new M@BX™ rings is based on the electron
requirement to form electronically stable and doubly aromatic cycles, in which the total (3n + x +
k) electrons participate in n x (2c-2¢) B-B peripheral ¢ bonds and two sets of delocalized MOs (6
o and 6 = electrons). Thus the electron count can be written as 3n + x + k = 2n + 12. Such a
design principle was successfully applied to boron rings with sizes of n = 8§ and 9
including Co@Bg, Fe@B;, Ru@B;, Rh@By, Ir@B,y217*. ..

Several boron rings doped with other main group elements were theoretically searched, but
none of them was found to be a global minimum on the corresponding potential energy surface.”
The central atom M has to form delocalized © and ¢ bonds with the whole B, skeleton, but when
a main group element has a larger electronegativity, it favors connections through 2c-2e bonds.
Geometric factors also play an important role in determining the global minima. Up to now,
cyclic boron structures were not observed at the sizes n < 8, and for the sizes larger thann > 10 B
atoms, the clusters tend to adopt leaf-like, pyramid-like and umbrella-like. .. structures.**

Recently, we found that stabilized tubular and fullerene-type forms can be produced in
boron clusters B, from the sizes of n ~ 14 to 20, following doping by an iron atom. Accordingly,
the endohedrally Fe-doped boron clusters Bj4Fe and B;¢Fe are stable double ring tubes, whereas
the BisFe and B,oFe are stable fullerenes.? These represent the smallest tubular and fullerene-
like forms of boron clusters. Their formation and high thermodynamic stability suggests the use
of transition metal dopants to induce different growth paths leading to larger cages, fullerenes
and tubes of boron.

As far as we are aware, investigation on multiply doped boron clusters was quite limited
even though some boron compounds including two transition metal atoms were experimentally

observed. The series of bimetallic Re complexes of boron was synthesized and structurally
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characterized to be the triple-decker [(Cp*Re),B,X;], with n = 5-10, X = H or CI and Cp* =
Me;sCs, in which the B,X,, rings were coordinated by two Re atoms. Among these Re-boranes,
the BsXs and B¢Xs units were found to have perfectly planar pentagonal and hexagonal motifs,
respe:c‘[ive:ly.26’27 Recently the planar Bg ring was found to play as a structural motif in the solid
compound Ti7Rh4II‘2Bg,28 in which the B¢ unit is sandwiched by two Ti atoms.

In this context, it is legitimate to ask a question about the existence of other bimetallic
cyclic structures in which a planar B, ring encloses two metal atoms, in particular two different
metals. The doping effect of such two metal atoms on the stability of tubular form of B,, boron
cluster is not well known yet. In order to tackle these issues, we set out to carry out a theoretical
investigation on the doped series of B,M, and B,,M; both containing two transition metal atoms.
As in the case of singly-doped clusters B,Fe,”*” we found that both iron and cobalt elements,
either 2Fe and 2Co or the mixed CoFe, exert a remarkable doping effects on the stability of the
cyclic and tubular forms of boron clusters. With the aim of finding novel boron-based building-
block nanostructures, we thus examine the doping behavior in the case of B¢M,, B;M,, BjoM,
and B4sM; clusters with M being the Fe and Co atoms and their mixture. It turns out that the
Co,@B7, Fe,@B7 and CoFe@B5 clusters are stabilized in a bimetallic-cyclic motif in which the
perfectly planar B is coordinated by two metallic atoms taken place along the C; axis, whereas
the Bg size is not able to form a cyclic motif with two metal elements.

Similarly, the By, cluster is apparently not large enough to enclose the metallic dimer in a
double ring form. The doped B4 clusters including Co,(@B)4, Fe,@B14 and CoFe@B4 emerge
with a bimetallic-axis tubular shape in which one metal atom is encapsulated by the double ring
B4 tube, and the other is located outside. The metallic dimer consistently forms the axis of the

highly symmetrical tube.
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2. Computational Methods

Electronic structure theory computations are performed using the Gaussian 09 suite of
program.” In this study, only density functional theory (DFT) methods are employed in the
searches for equilibrium structures, and subsequent determinations of relative energies.
Geometrical optimizations and harmonic vibrational calculations are carried out using the TPSSh
functional® which was shown to give better results on relative energies for boron clusters than
with other available functionals, as compared to the high accuracy MO coupled-cluster method
(CCSD(T)).® The search for global minima is conducted using the stochastic genetic algorithms

to generate the possible initial structures.®”'

In addition, the guess structures are also manually
built by adding two metal atoms to the framework of the pure B, and B;, hosts (n = 6 and 7).
Initial structures are first optimized using the small 3-21G basis set.”*** Selected lower-energy
isomers, within a range of 50 kcal/mol on relative energies, are then reoptimized using the same

3435 .
2 Unless otherwise noted,

functional but in conjunction with the larger 6-311+G(d) basis set.
the relative energies mentioned hereafter are obtained from TPSSh/6311+G(d) computations.
Energetic values are invariably referred to the energy of the corresponding global minimum. It is
well known that relative energies obtained using DFT computations are strongly dependent on
the functional employed. However, as stated above, the energy ordering of the isomers derived
from the TPSSh functional for boron clusters can be compared with those obtained using
CCSD(T) methods. We would expect an error margin of = 4 kcal/mol or + 0.2 eV on relative
energies of cluster isomers, and + 5 kcal/mol on dissociation energies. For the bare metallic
dimers, the lower-lying spin state is determined using the TPSSh/6-311+G(d) theoretical level.

The septet state is found as the ground state for Co, and Fe, dimers, while the sextet state turns

out to be the lowest energy state of CoFe (cf. Table 1). Accordingly, the TPSSh/6-311+G(d) level

Page 6 of 41



Page 7 of 41

Physical Chemistry Chemical Physics

reproduces well the spin states which agree with previous results obtained by CCSD(T)/cc-
pVTZ-DK* and others DFT computations,*®*' namely a septet state for both Fe, and Co, and a
sextet for CoFe dimer.
3. Results and Discussion

In the following sections, we will successively present the results for the B,M, and then
B.nM; systems, with n being equal to 6 and 7. As for a convention, the structures reported are
denoted by nM,.y, in which n is the cluster size, namely n = 6, 7, 12 and 14, M, = Co2, Fe2 and
CoFe stand for two dopants, and finally y = 1, 2, 3,... label the isomers with increasing energy
ordering. Let us mention that both 3d transition metals atoms have high spin ground states, Fe:
[Ar] 3d° 457, ground state: *Dy, and Co: ([Ar] 3d’ 4%, ground state: *Fo)p. The shapes of the most
stable isomers of bimetallic-doped B,M, and B,,M, with n = 6 and 7 are displayed in the Figure
1. To simplify the presentation of data, results of the extensive searches for bimetallic-doped
BsM,, BsM,, B12M; and B14M; clusters are depicted in the Supplementary Information file (ESI).
3.1 Bimetallic Doped Clusters BcM;
B¢Co,. TPSSh/6-311+G(d) + ZPE calculations point out that the high spin 6Co2.1 (C; *A”) and
6C02.2 (D¢, “A,,) are competitive for the ground state, with a small energy gap of only 1
kcal/mol. 6Co2.1 is formed by capping a Co atom on the B face giving a near-hexagonal BsCo
cyclic cluster (Figure 1a), whereas 6Co02.2 is actually generated by replacement of a B atom on
the axis of the B;Co global minimum, which also has a bi-pyramid shape.36 Within the expected
accuracy of DFT methods employed, both can be considered as energetically degenerate.
BgFe,. The triplet 6Fe2.1 (C; A”), a structure having a similar shape with the global minimum
6Co2.1 of BsCoy, is identified as the lowest-energy structure, but the corresponding quintet state

is only at 2 kcal/mol higher in energy. It is thus not possible to firmly establish the ground state
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of this cluster. Both spin states are likely to be nearly degenerate. The other low-lying isomers
are shown in the Figure S1 of ESL

B¢CoFe. Following the mixing of Fe and Co, the sextet bi-pyramid 6CoFe.1 (C, °A) isomer, a
cyclic derivative in which Co and Fe are caped on two opposite sides of the B¢ plane is now
located as the ground state. Due the asymmetry of the dopants, the resulting by-pyramid is
getting slightly distorted along the molecular axis (Figure 1a). We refer to Figure S2 of the ESI
for the low-lying isomers.

3.2 Bimetallic Doped Clusters B;M,: Stabilized Cyclic Members

B-Co;. Results of the search for global minimum of two-cobalt doped on the B; system are
displayed in Figure 1b. The quartet heptagonal bi-pyramid 7Co02.1 (D, *A”,) is identified as the
ground state. This global minimum is again found to be in a seven-membered cyclic shape, in
which two Co atoms coordinated in two opposite sides of the planar B; ring to form the highest
point group of D7,. Accordingly, both Co atoms form the C7 axis and are sandwiched with a
perfectly planar B; ring. For this structure, the doublet state is close to the quartet with a small D-
Q energy gap of 4 kcal/mol. The most interesting finding is that the heptagonal bi-pyramidal
quartet structure 7Co2.1 is beyond any doubt the most stable isomer of Co,(@B7, and thus
constitutes a new member of the bimetallic cyclic boron family.

B;Fe,. Similarly, the heptagonal bi-pyramid 7Fe2.1 (D7, °A™,), possessing a sextet spin state,
turns out to be the most stable isomer (Figure 1b). 7Fe2.1 is another cyclic boron structure, in
which the dimer Fe, is symmetrically placed along the central C; axis of the planar B; ring. The
higher energy isomers of B;Fe, are displayed in the Figure S2 of ESI.

B-CoFe. In the case the Co and Fe co-doping, the high spin and high symmetry heptagonal bi-

pyramid 7CoFe.1 (C, *A™,) is calculated to be the most stable structure. It is thus unambiguous
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that the 7CoFe.1 is a new bimetallic seven-membered cyclic motif containing two different
metals. Results of the search for Co and Fe co-doped B cluster are given Figure S2 of ESL
3.3 Structure of Bimetallic Doped B;,M; Clusters

We now consider the sizes 2n = 12 and 14 of By, clusters. The main purpose in selecting
these specific sizes is to find out as to whether a tube superposing either two rings of Bg or two
rings of B; could be formed and stabilized. We consider in this section the B;2M,.
B12Co;. The search for B;,Co; reveals that the triplet 12Co02.1 (C; 3A”), which exhibits a strong
distortion from a double ring tube surrounding the first Co atom, and the second Co atom is
caped outside on a hexagonal face, is the most stable structure (Figure 1c). For this shape, the
quintet state 12C02.1 (C, *A”) is quite close to the triplet state, with an energy separation of 6
kcal/mol.
By;Fe,. For this di-iron doped cluster, there is also a competition for the ground state. Both
quintet states 12Fe2.1 (C, °A”) and 12Fe2.2 (C, °A”) are equally stable with an energy
separation of ~3 kcal/mol. As a consequence, they are competing for the ground state of B;,Fe,.
B12CoFe. Our extensive search for the structures of the mixed B;,CoFe converges to the lowest-
energy 12CoFe.1 (C; *A”) which possesses a similar shape as 12Co02.1 and 12Fe2.1 but with a
quartet state (Figure 1c). The most characteristic feature of 12CoFe.1 is that the iron atom is
caped outside on the hexagon, and the cobalt is inserted inside the tube surrounded by 12 B
atoms.
3.4 Structure of Bimetallic Doped B;4sM; Clusters
B14Co». The extensive search for B;4Co, cluster using TPSSh/6-311+G(d) + ZPE computations
points out that the high symmetry triplet 14Co2.1 (C7y *A™,) is the ground state. This structure is

composed of two seven-membered rings connected with each other in an anti-prism fashion. One
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Co atom is doped at the central region, while the other is exposed outside the Bj4 double ring.
The double ring form exists in the di-cationic B142Jr cluster and was considered as the smallest
boron double ring tube.’” The neutral B4 was found to be stable in a fullerene-type form.*® Our
extensive calculations reveal that the doping of two Co atoms tends to stabilize more the double
ring tubular structure than the fullerene.
BisFe;. Both high spin states of the structure 14Fe2.1 having a similar shape to 14Co2.1 are
competitive for the ground state. The quintet state 14Fe2.1 (C7y ~A™) and the triplet state
14Fe2.1 (Cy, *A”,) possess comparable energy content, differ from each other by only ~2
kcal/mol. In contrast, the closed-shell singlet 14Fe2.1 (C,'A’) is high in energy (56 kcal/mol).
B14CoFe. The high symmetry quartet 14CoFe.1 (C7y *A™) is once more identified as the ground
state structure. This is a double ring tube characterized by the fact that the Co atom occupies the
central position of the (2 x 7) B tube, and the Fe atom exohedrally caps on a B; face. 14CoFe.1
can be viewed as a particular situation of tubular type structure in which both metal nuclei form
the C7 axis and are half encompassed by a (2 x 7) B tube. A comparable structure in which the Fe
is instead located at the central site of the Bi4 double ring turns out to be highly unstable, and
distorted into the 14CoFe.4, which is 34 (Cs °A”), 16 (Cs *A”) and 18 (Cs *A”) kcal/mol higher
than the ground state in all spin states (Figure S4 of ESI).
3.5 Geometric Requirements of Bimetallic Cyclic and Tubular Structures

After identifying the lowest-lying structures of the B,M, and B,,M, species, we now
analyze the geometric requirements for formation of doped cyclic and tubular boron clusters. In
general, a doubly doped 6M2.1 structure can be formed by adding a metal on the hexagonal face
of the corresponding singly doped BsM, which exhibits a hexagonal shape but with a B atom

located at the central position.*” The ground state of B;M cluster has a bi-pyramid hexagonal
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shape containing M-B Cg axis. A replacement of the axial B atom by an M atom releases the
6M2.2 motif. As for a prediction, the BgM cluster is expected to be stable in a bi-pyramid
heptagonal shape with a M-B C; axis,”" this is similar to the 7M2.1 structure in which the axial
B atom replaced by the second metal. Accordingly, both minima 7M2.1 and 6M2.2 have a
comparable motif of structure and are produced by a similar growth sequence. However 6M2.2
is competing with 6M2.1 for the global minimum status, whereas 7M2.1 is firmly the ground
state. In other words, the B¢ ring is not favorable yet for formation of a bimetallic cycle. For the
latter purpose, a By ring more readily satisfies the geometric requirement.
For bimetallic doped Bj2M; clusters, the 12M2.1 results from a strong distortion of a (2 x

6) B, tube with one metal caped on the hexagonal face, but no tubular-type structure could be
retained. In 12M2.2 which competes against 12M2.1 for ground state, the seven B atoms make a
heptagonal face, and the five remaining B atoms cannot introduce the second ring but undergo a
distortion giving rise to another hexagonal ring. No tubular structure can thus be formed. In view
of the emergence of a heptagonal ring in 12M2.2, the B4 system becomes significantly stabilized
by the superposition of the second heptagon, and the most remarkable consequence is the
production of a bimetallic double ring tube 14M2.1.
3.6 Dissociation Energies

In order to better evaluate the stabilities of bimetallic doped boron clusters, the dissociation
energies (DE) of various channels are computed and listed in Table 2.

The bimetallic doped BsM, clusters prefer the dissociation pathway generating a metallic
dimer plus Bg cluster. A similar behavior is observed for B;Co,, B;CoFe and B;Fe, cyclic
structures, they favor the dissociation channel generating metal-metal dimers and B@Bs

structure.
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For the bimetallic doped B;,M; clusters, the dissociation channel generating the global
minimum of B, plus metal-metal dimer is the most favored. The resulting pathway in which the
parent clusters are fragmented into Bg and the corresponding bimetallic doped BsM; clusters is
associated with much greater DE value, and thereby this channel is not opened.

The bimetallic-tubular structures of B;4Co,, BjsFe, and BjsCoFe dissociate mainly
through the channel generating the corresponding bimetallic cyclic form (B;M;) and B@Bg
cluster whereas the DE values of pathway resulting bimetallic cyclic structures (B;M,) and B
string are much higher, except for the case of B14CoFe. Proceeding in the opposite direction, the
bimetallic-tubular structure is a product of bimetallic cycle and B@Bg cluster.

3.7 Chemical Bonding and Electron Shell Model

The stability of bimetallic—doped boron clusters can be understood in terms of electronic

shell model. From the viewpoint of Jellium model,*® which is successfully applied to interpret

41,42,43,44,45,46,47,48,49,50,51,52
the valence electrons are assumed

the stability of binary atomic clusters,
to be freely itinerant in the spherical potential formed by the nuclei of atoms; the valence
electrons will be occupied in the hydrogen-like orbitals with the pattern as [1S* 1P® 1D'° 28 1F"*
2P 1G'® 2D . .]. The number of electrons of 2, 8, 34, 40, 56,... are magic numbers that actually
correspond to a full filling of the successive electron shells, which ultimately leads to stable
clusters.

The diagram of energy MO levels of B;Co, and B4Co, are given in Figure 2 and those
of relevant clusters are given in the ESI file. In combining with the shape of MOs, the electron
shells established for the clusters considered are listed in Table 3. Strong orbital overlaps

between valence orbital located on metal (sd-AOs(M)) and valence orbital of B (sp-AOs(B))

appear to determine the shell configuration and induce the stabilities. The electrons of 6Co2.1 is
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distributed in subshell of 1S, 1P, 1D, 2S, 2D and 2P with 28 electrons whereas in case of
6CoFe.1 and 6Fe2.1 1F level appears beside 1P, 1D, 2S, 2D, 2P and 1F. All bimetallic doped B
clusters have the shell pattern occupied up to the 1F sublevel. As given in Table 3, the shell
patterns assigned to B;,M; and B;4M; clusters are contributed by 1S, 1P, 1D, 1F, 1G, 2S, 2P and
2D subshells.

3.8 Orbital Interactions and Electron Counting for Bimetallic Cyclic and Tubular
Structure.

3.8.1 The Co,@B7, Fe;@B7 and CoFe@B; Clusters. It is well known that the d-d interaction of

two transition metal atoms usually give rise to a quadruple bond configuration such as: (G T 0

8* m* 6%*). The cobalt atom has an electron configuration of [Ar] 3d’ 4s>, and as a
consequence, the Co, dimer has enough electrons to fully occupy an electronic configuration of
[0° " &* 8**). The Fe, dimer has a configuration of [0° 7" & 8*” ] from the shell structure of
[Ar] 3d° 4s of Fe, and the mixed Co-Fe dimer contains 13 d-electrons filling up a configuration
of [0 7' 8" 8*°]. In all cases, the anti-bonding 3 MOs are filled and as a consequence, the

strength of metal-metal bonding is reduced. In this section, we explore further the orbital
interactions of metal dimers and B, and B;4 moieties.

The orbital interaction diagram between B string and Co; is shown in Figure 3. For both Fe,
and CoFe species, the corresponding diagrams are also given in Figures S7 and S8 of ESI. With
an orbital configuration of B;: [16” 26” 17°], the delocalized MO pattern of the B, string appears
to satisfy a disk aromatic framework, which is raising, in term of irreducible representation, from
a model of a particle in circular box.***** Within this model, the boundary condition gives
rise to two quantum numbers, namely the radial quantum number n and the rotational quantum

number m. These numbers have valuesn=1, 2, 3,... and m = 0, =1, £2,... which is denoted as m
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= o, T, J,... respectively. A state with non-zero value of m is doubly degenerate. The lowest
eigenstates in ascending energy are lo, 1m, 19... etc. A full occupation of these eigenstates, both
degenerate and non-degenerate, requires the amounts of 2, 6, 12, 16, 20,... electrons. These
numbers are the characteristic electron counts of the disk aromaticity.

The fully occupied anti-bond 6* MOs are stabilized upon interaction with the doubly
degenerate vacant 16-MOs and produces the 1F,3 subshell. The 256-MOs of B; string enjoy a
stabilizing interaction with 8-MOs of Co, yielding the 2Dy, and 2D,2.,2 levels having similar
irreducible representations to the o level of a disk aromaticity framework. The anti-bonding 7*-
MOs has a stabilizing interaction with the 1n level of B; and this gives rise to the 1Dy,, 1Dy, and
2Dy,, 2Dy, levels, in which the 1Dy, and 1Dy, levels have the same irreducible representation as
the Im state of the disk. The m bonding MOs of Co, have an enhanced overlapping with the 2n
level of the B; disk generating the 2P, and 2Py levels (in terms of Jellium model) having the
same node characteristics as the 2w levels.

Interaction of bonding 6 MOs and the 2c level ends up in the 1D,2 and 2S subshells,
where the 1D,2 bears the same irreducible representation as the 2. Finally, anti-bonding 6*-MO
of Co; is stabilized upon interaction with the 1o level of the B; disk, and yields the 1F,3 subshell
which is singly occupied. The anti-bonding MOs of Co, involving the 6*, n* and 6*- MOs are
significantly stabilized by overlapping with d, ® and o levels of the B; disk including both empty
and occupied MOs. On the basis of irreducible representation, a disk configuration is identified
for Co,@B7 as [1o® 1n* 2n* 18* 267 28], in which the previously empty levels are filled, and this
has a significant contribution to the overall stability.

Similar results are also obtained for B;CoFe and B;Fe; in which the anti-bonding MOs of

CoFe and Fe, species are greatly stabilized by interacting with the 8, m and o levels of the B
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disk. The disk aromatic configurations of [1o” 17" 21" 18* 267 25°...] and [16? 17" 21" 18* 267 267
are thus identified for both B;CoFe and B-Fe; clusters, respectively.
3.8.2 Electron Counting. As the valence MOs of M, are formed from overlap of d-AOs, they
could not interact with the states of disk model having rotational quantum number greater than 2.
For this reason, the possible states of the B; disk which could overlap with M, species are the 1o,
20, 1m, 2m, 10, and 28. Orbital interaction analysis illustrates that there are extra stabilizing
interactions whose resulting MOs do not belong to the disk model (on the basis of irreducible
representation). These extra interactions formed by overlapping n*-MOs of metal-metal and 1n
state of By yield doubly degenerate 1Dy, and 1Dy, MOs which are occupied by 2 electrons in all
cases, and maximum by 4 electrons. Combination of 2¢ state and 6-MO turns out to give the 2S
subshell fully filled by 2 electrons, whereas the 16 and 6*-MO interaction forms the 1F,3 shell
which is singly occupied in Coy(@B5. Overall, the total number of electrons of a bimetallic cyclic
structure includes the number of electrons occupied on the disk configuration plus the amount of
electrons filled in extra MOs.

The By string can introduce in total 21 valence electrons that are distributed in seven (2c-
2e) bonds (14 electrons). The 7 remaining electrons are distributed in delocalized MOs. The M,
unit gives x electrons, and thus the total number of electrons could be expressed as: n + x =
n(disk) + n(extra), where n(disk) and n(extra) correspond to the number of electrons of the disk
configuration and the extra stabilized MOs, respectively.
3.8.3 The B4Co;, B4Fe; and B4CoFe Bimetallic Tubular Structures. The most recent
investigation on of the tubular boron clusters B,,, with n = 10-14, illustrates that the HOMOs can
be classified into two distinct sets, namely the radial (r-MOs) and tangential (t-MOs) MO sets on

the basis of the orientation of the p-lobes.” Another set of MOs is identified as s-MOs that are
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constructed by a major contribution from s-AOs. The electron counting rule is in this case
established as (4N + 2M), with M = 0 and 1, depending on the number of non-degenerate MO for
both r-MOs and t-MOs sets.

In the case of tubular B4 structure, with n = 7, their MOs are also classified into three sets

involving radial (r-MOs), tangential (t-MOs) and s-MOs sets. Let us now analyze orbital
interactions of the t-MOs and r-MOs set of B string with those of the metal-metal units.
3.8.4 Orbital Interaction of t-MOs Set and Co,, Fe, and CoFe. Interaction of the t-MOs set
with the [o” 7* 8* §**] configuration of Co, is depicted in Figure 4. Combination of vacant (3 +2
1) MOs and the anti-bonding 6* orbital (occupied by 4 electrons) creates some stable MOs,
being identified as the 1G,2 (x2,,2) and 1Gyy,2 shells. This interaction introduces also doubly
occupied MOs that are assigned by the (3 +2 1) level in terms of hollow cylinder model.** The n*
MOs of Co, are stabilized by overlapping with the doubly occupied (3 £1 1) MOs of the double
ring B4, and form the 1F,,2 and 1Fy,2 levels (fully filled by 4 electrons), and the doubly
degenerate HOMO-1,1’ subshell (occupied by 3 electrons).

The two shells 1F,,2 and 1Fy,2, in terms of the Jellium model, also correspond to the doubly
degenerate (3 £1 1) MOs of the hollow cylinder model. The weak interaction of the non-
degenerate (3 0 1) level and empty 6* MO results in the 1F,3 level. Similar results are obtained
for the B14CoFe and Bj4Fe; bimetallic tubular forms, as given in Figures S11 and S12 of ESL

Orbital overlaps of the metallic dimer with the t-MO set of B4 tube end up in enhanced
stability. Each of the bimetallic tube exhibits five fully filled MOs corresponding to the (3 0 1),
(3 £1 1) and (3 £2 1) states of the hollow cylinder model, thus satisfying the counting rule for
tangential MO set with 10 electrons. In the case of CoFe@B4, a singly occupied MO combining

the (3 0 1) level and 6*-MO is identified. Due to the mixing of Co and Fe, a modification of the
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potential occurs, and as a result, the energy ordering of the eigenvalues is changed.

3.8.5 Orbital Interaction of the r-MOs set with Co,, Fe; and CoFe. Figure 5 displays the
orbital interaction between MO(Co;) and the radial MO set of the B4 double ring, in which the
0*-MOs have no interaction. The lowest eigenvalue state of B4 double ring (1 0 2) can only
interact with the bonding and anti-bonding 6-MOs of M, to yield the 1D,2 and 2S subshells,
respectively. The n*-MOs of Co, favorably overlap with the (1 +2 2) eigenstates of B4 and give
rise to the 2Dy, and 2Dy, levels. Combination of n-MOs and (1 £2 2) levels introduces the 2P
and 2Py subshells. The 6*-MO of Co, interacts with the doubly occupied state of (2 0 2)
generates a fully filled MO which is assigned as the 2P, subshell. Finally, the stability of & bond
is enhanced upon interaction with the empty (1 +2 2) states of the double ring, and consequently
produces the 2Dy2.,2 and 2Dy, subshells. Similar orbital overlap patterns are also observed in the
B4CoFe and Bj4Fe; tubular structure, as shown in Figure S9 and S10 of ESIL.

The enhanced stability of bimetallic tubular clusters can thus in part be understood by
introduction of M, dimer electrons to fill up the radial MOs (up to 11 electrons). The bare B4
tube has only 8 radial electrons, populated in the (1 0 2), (1 1 2), (1 £2 2) and (2 0 2)
eigenstates. The anti-bonding MOs of M, are stabilized by interacting with the r-MOs set of the
B4 tube. The 6 bond is reinforced in combining with the empty (1 £2 2) level of the B4 tube to
yield the 2D subshell. We also note that the presence of transition metal dimers modifies the
potential of hollow cylinder model, and as a consequence, the energy ordering of eigenstates can
no longer be built as in the case of bare B;, tubes.

3.8.6 Electron Counting Rule. Let us now analyse the electron counting for the M,@B4 tubular

14,61
L

structures in the framework of the hollow cylinder mode Electron numbers for the r-MOs

set are simply (4N), due to the fact that all structures considered have two non-degenerate MOs,
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whereas those of the t-MOs set have (4N+2) electrons. Because the MOs of M, are formed from
d-AOs or sd-AOs, they can only interact with the MOs of the cylinder model having the quantum
number / not greater than 2. On the other hand, all possible states of the r-MO set that can
overlap with MOs of M, include the levels of (1 0 2), (1 £1 2), (1 £22),(202), (2+12), (2 £2
2)... In the present case, 10 of the available electrons are found to be fully distributed in the (1 0
2), (1 £1 2) and (1 £2 2) states, and the (2 0 2) state is singly filled.

For the t-MOs set, only the (3 0 1), (3 1 1) and (3 +2 1) levels of the tube can interact with
the MOs(M,). They are fully occupied by 10 electrons and thus perfectly correspond to the (4N +
2) counting rule (having no degenerate MOs). The special geometry in which one M atom is
encapsulated inside the B4 double ring and the other is exposed outside, appears to be formed in
order to gain stabilizing interactions of anti-bonding MOs of M». The 6*-MO and ©*-MO have
the same irreducible representation to the (1 0 2) and (1 £1 2) MOs of the model, and
consequently they induce extra interactions releasing the 2S, 1F,;, 2Dy, and 2Dy, levels. The
latter are occupied by 8 electrons in the case of Co,@B)4, but only 6 electrons for both Fe,(@B 4
and CoFe@B4. The 1F,; subshell is not appeared in the latter cases.

Similar stabilizing interactions are also observed for the t-MOs set. Thus, interaction of the
doubly degenerate n*-MOs with the (3 +1 1) state of the tubular-like B4 generates the doubly
degenerate HOMO-1,1, which are occupied by 3 electrons in Fe,@B;4 and Co,@B4 but 4
electrons in CoFe@Bis. The 4 electrons that induce extra stability, are distributed on both
HOMO-2,2, and HOMO-1 of the mixed CoFe@B4. Again, due to the involvement of extra
MOs, an electron counting rule for all delocalized electrons cannot be established as in the bare
Bs, tubes. For each MO set, a full electron occupation of the MOs of r-MOs or t-MOs sets

induces extra stability.
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3.8.7 Metal-Metal Bonding. It is now of interest to ask the question about the nature of the M-
M bond. For this purpose, we consider the Mayer bond order (MBO) whose calculated values are
given in Tables 4 and 5. The MBO of bare metallic dimers in the most stable spin state are given
in Table 6. Metal-metal connections of B,M, and B,,M, clusters have values of MBO varying
from 0.4 to 1.1, excluding the case of B;xM, being only 0.2. According to the usual meaning of
bond order, such values illustrate the existence of direct metal-metal bonds with a single
character. However, MBO values of doped boron are much smaller than that of bare dimeric
metals (Table 6) while M, bond lengths of B,M; and B,,M, clusters are significantly larger than
the isolated metallic dimers. As a result, B, and B;, counterparts reduce the bond order of
dimeric metals and significantly increase the distance between two metal atoms.

3.8.8 Electron Localization Function Analysis. The electronic structure is further examined
using the electron localization function (ELF). This partition of the density identifies the spaces
of molecule where the electrons are present. The ELF maps of B,Co» clusters are displayed in
Figure 6, while the maps of others are shown in the Figure S13 of ESI. At high bifurcation value
of 0.85, the ELF maps indicate a strong interaction between metallic dimers and boron
framework. No localization domain can be observed between metal atoms and B, counterparts,
indicating a certain ionic feature of B-M bonds. The localization domain between two metal
atoms can only be found at the low bifurcation value, even though the MBO values illustrate the
single bond character for metal — metal moiety. The large radii of transition metals results in
small concentration of electron density, and as a result the V(M,M) basin can only be observed at
small bifurcation values.

3.9 Forming Boron Tubes from Bimetallic Tubular Units.

In view of the tubular shape of the stable 14M2.1, it is tempting to suggest that the
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exohedral metal atom can serve as a linker which connects another [B;4M] unit, with M = Co and
Fe, to form the doped boron tubes. Figure 10 depicts the optimized shapes of B,sM, structures
produced by combination of two bimetallic tubular units (TPSSh/6-311+G(d) computations). The
final configuration remains a tubular equilibrium structure. The transition metal atoms form the
axis of the tube, whereas the merging of two B4 double rings ends up in a quadruple ring having
the shape of the slightly distorted heptagonal tube. The persistence of an external metal atom
following fusion of [B14M>] units suggests that it plays the role of a linker allowing a continuing
formation of a boron tube.

3.10 Vertical electron affinities (VEA) and vertical ionization energies (VIE).

The metal doped boron clusters can be determined experimentally comparing the vertical
electron affinities (VEA) of the neutrals (detachment energies of the anions), or vertical
ionization energies (VIE) of the neutrals, obtained from calculations and photoelectron
spectroscopy. We determine here the VEA and VIE values for all neutral clusters considered. The
VEA value is obtained from energy difference of neutral state and corresponding anion without
structure optimization, while the VIE is calculated as energy difference between the neutral state
and the cation having the neutral structure. As the B,M, and B,,M, clusters exhibit high spin
state, the cationic and anionic states bear different multiplicities. Results of VEA and VIE are
displayed in Tables 6 and 7. It appears that the VEA values are not quite large (~ 2 eV) and the
VIE values are within the classical range of IEs of boron clusters.*>**

4. Concluding Remarks
We presented a theoretical investigation on the geometry, electronic structure and stability
of BeM,, B;M,, B12M; and B14M; clusters involving a doping of two metal atoms Co and Fe. The

bimetallic cyclic motif of structure is observed in the case of B;Co,, BsFe, and B;CoFe in which
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perfect planar B; is coordinated by two metal atoms. On the contrary, the B counterpart is not
able to form a bimetallic cycle. The bimetallic doped B;,M; clusters are found to be stable with
distorted double ring form, due to the fact that the B;, moiety is not large enough to result in a
double ring motif.

The global minima of the two metal doped B4sM, clusters feature a tubular structure, in
which one metal atom is encapsulated by B4 tube and the other is located outside. The two metal
atoms form the C; axis of the tube. Dissociation energies illustrate that the B;4Co,, B4Fe, and
B4CoFe bimetallic-tubular can be formed by combining the corresponding bimetallic cyclic and
B@Bg string.

The enhanced stability of bimetallic cyclic and tubular clusters can be understood from by
two perspectives: 1) the anti-bonding and bonding MOs of metal-metal species induce stabilizing
interactions with the levels of disk aromatic configuration (for bimetallic cyclic structures), and
eigenstates of B4 tube (in case of bimetallic-tubular structure), and ii) both disk aromatic
configuration and eigenstates of the hollow cylinder model gain more electrons due to a
substantial electron transfer from dimeric metals. This induces a polarization of the metal dimer
and some additional stabilizing electrostatic interactions.

In summary, we have found for the first time that the metal dimers such as Co,, Fe,, or
CoFe strongly stabilize the tubular form of boron clusters from a size as small as B4. It is highly
desirable to further investigate as to whether these bimetallic doped B4sM;, could serve as

realistic units for the generation of boron tubes.
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Table 1. The lower-lying spin states (multiplicity) of bimetallic species. Calculations were

performed at the TPSSh/6-311+G(d) level. Relative energies (RE) are given in kcal/mol

Co, Fe, CoFe
Multiplicity RE Multiplicity RE Multiplicity RE
1 62 1 90 2 5
3 27 3 51 4 16
5 3 5 35 6 0.0
7 0.0 7 0.0 8 6
9 94 9 3 10 174
11 175 11 45 12 175

Table 2. The dissociation energies (kcal/mol) of bimetallic-doped B; and B4 in various

channels. Energy calculations were performed at the TPSSh/6-311+G(d) level.

Channel Co Fe CoFe*

M,Bs — M, +Bg¢ 154.39 147.81 146.79
M;,B¢ — 2M +Bg¢ 195.32 337.13 275.71
M,;©B7; — B7; + M, 247.93 257.48 244.65
M,©B; — B7 + 2M 288.85 446.80 373.56
M,©B; — BOB¢ + M, 160.20 169.75 156.92
M,©B; — BOB¢ + 2M 201.13 359.07 285.84
M,B1; — By, (opt) + M, 152.29 160.08 144.21
M;B; —»Bst+M;,Bg 235.48 249.85 235.00
M,©B4 — B4+ M, 233.70 241.44 224.22
M;©B4 — M,©B; + B, 298.16 296.35 291.96
M;©B4 — M,©B; + BOBg 210.43 208.62 204.23
M,©B 4 — B4 (opt) + M, (opt) 203.68 211.42 194.20

*1n case of CoFe, M, stand for CoFe
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Table 3. The shell configurations of the bimetallic doped boron clusters considered.

Species Shell Configuration

6Co2.1  [1S”1P°1P°ID”1P° 1D*2S” 1D” ID* 2D” 2P 2D7]

6Fe2.1 [1S* 1P? 1P? 1D* 1P? 28 1F? 1D? 1D? 2P 2P? 2D7]

6CoFe.1 [1S?1P*1D* 1P? 1F* 1F? 1D*2P% 1F* ID?2P?2D' 2D' 2P']

7Co2.1  [1S?1P*1D* 1F*1P?28*2P* 1F* ID* 1D? 2D* 2D°1F']

7Fe2.1 [1S* 1P 1D* 1F*1P?28%2P* 1F* 1D* 1D? 2D’ 2D7]

7CoFe.l  [1S*1P*1D* 1F* 1P*28*2P* IF* 1D* 1D? 2D* 2D

12Co0,.1  [1S?1P°1D° IF* 1F? 28? 1F? IF? 1F? 1G? 1G*2D? 2P?2D? 1G* 2D* 3P? 1G*2P? 2P IF' ... ]
12Fe;.1  [1S?1P° 1D° 1F? 1F?2S% 1F? 1F? 2S% 1F? 2P 2P? 1F?2D?2D? 38*3P? 1G' 3P'.. ]

12CoFe.1 [1S?1P°1D°1F*1F*2S*1G*1F*1F*2P?2P*3S? 1IF22D*2D*3P*3P" .. ].

14Co2.1  [1S?1P*1D*1P? 1D* 1IFY1D? 1F* 28 1G* 1F?2D* 1F* 2D* 1G* 1G* 2P]

14Fe2.1  [1S*1P*1D*1P?1D* IF*1D? 1F* 28 IF* 1F* 1G* 2D* 1G* 2P* 1G* 2P']
14CoFe.1 [1S*1P*1D*1P?1D* IF*1D? 1F*2S8? 1IF?2D*1G* 2D* 1F* 2P* 1G* 1G’1G' 2P! .. ]

Table 4. The Mayer bond order (MBO of M-M) and metal-metal bond length (A) of bimetallic

doped B, and By, clusters with n = 6.

C02B6 F62B6 COFGBﬁ COz@Blz Fez@Blz COFC@BH

MBO 0.61 0.98 0.43 0.34 0.21 0.29
d(M-M) 2.45 2.46 2.72 2.52 2.66 2.58
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Table 5. The Mayer bond order (MBO) and metal-metal bond length (A) of bimetallic doped B,
and B», clusters withn = 7.

CoFe@B7 COz@B14 Fez@B14 CoFe@B14
Co,@B; Fe;@B;
MBO 0.81 1.1 0.54 0.44 0.47 0.46
d(M-M) 2.29 2.40 2.40 2.25 2.22 2.18

Table 6. The Mayer bond order (MBO) and bond length (A) of metal dimers.

All values were calculated using the TPSSh/6-311+G(d) level.

Co, Fe, CoFe
Multiplicity 7 7 6
MBO 2.6 3.1 1.7
d(M-M) 2.1 2.0 2.2
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Table 7. Vertical electron affinities (VEA, eV) of B,M; and B,,M; clusters
(TPSSh/6-311+G(d)).

BsM, B/M,
Co, Fe, CoFe Co, Fe, CoFe
VEALI 1.43 1.74 -0.05 1.85 -0.69 8.86
VEA2 1.74 1.52 1.28 2.57 1.40 9.20
VEA3 1.74 1.89 1.80 1.71 2.04 9.12
B;:M, BiM,
Co, Fe, CoFe Co, Fe, CoFe
VEA1 0.83 1.02 1.16 0.34 -0.98 0.87
VEA2 2.17 2.14 2.47 1.79 1.71 1.79
VEA3 2.51 2.50 2.56 1.08 2.34 1.08

VEAI = E(B,M,) - (B,M;, singlet / doublet)
VEA2 = E(B,M,) - (B,M,)" triplet / quartet)

VEA3 = E(B,M,) - (B,M;), quintet / sextet)

26
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Table 8. Vertical ionization energies (VIE, eV) of B,M; and B,,M,; clusters

(TPSSh/6-311+G(d)).

BsM, B/;M,
Co, Fe, CoFe Co, Fe, CoFe
VIE1 7.46 8.21 9.38 9.18 10.42 8.86
VIE2 7.57 7.19 7.76 8.73 8.26 9.20
VIE3 7.59 7.06 7.51 7.76 8.21 9.12
B;:M, BiM,
Co, Fe, CoFe Co, Fe, CoFe
VIE1 8.59 9.16 8.95 7.18 7.41 0.87
VIE2 7.85 7.86 7.81 7.18 7.21 7.16
VIE3 7.63 7.45 7.47 7.26 6.92 7.14

VIE1 = (B,M,",singlet / doublet) - E(B,M,)

VIE2 = (B,M," triple t/ quartet) - E(B,M,)

VIE3 = (B,M,", quintet / sextet) - E(B,M,)

27



Physical Chemistry Chemical Physics Page 28 of 41

28

Figure captions

Figure 1. The shapes of the global minima of B,M, and B,,M; clusters, with n = 6 and 7.
Geometry optimizations and energy calculations were performed using the TPSSh/6-311+G(d)
level. a) BsM,, b) B7;M;, ¢) B1:M; and d) Bj4M,, with M = Co2, Fe2 and CoFe. Green atom: Fe,
Organ atom: Co and Red atom: B.

Figure 2. The diagram of energy MO levels of a) B;Co, and b) B;4Co, (TPSSh/6-311+G(d)).

Figure 3. The diagram of orbital interactions between the B; disk and Co, dimer (TPSSh/6-
311+G(d)).

Figure 4. Diagram of orbital interactions between the Co, dimer and the tangential MO set of

B4 tube.

Figure 5. Diagram of orbital interactions between the Co, dimer and the radial MOs set of B4

tube.

Figure 6. The ELF iso-surfaces plotted at the bifurcation value of 0.85 of two Co doped B,
clusters, with n = 6, 7, 12 and 14. Electron densities were obtained using TPSSh/6-311+G(d)

computations.

Figure 7. Optimized structures of Bj4@Co-Co-Co@B)4, BisFe-Fe-FeB4, BjyFe-Co-FeB4 and
B14Co-Fe-CoBy4 (TPSSh/6-311+G(d)).
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