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Abstract: By means of the isolobality concept between a hydrogen atom and the radical 

dianion [B6H5
]2 derived from an extraction of a hydrogen atom in the dianion [B6H6]

2, 

forming part of the K2(B6H6) structure, we rationalize the 3D boron skeleton architecture in 

the solids CaB6 and KB6. The above statement is supported by electronic structure 

computations based on the Electron Localisation Function (ELF) in the dianion [B6H6]
2 and 

radical anion [B6H5
]2. Valence-Bond (VB) theory is also used in the study of the B-B sigma 

bond connecting the octahedra in the CaB6 structure, with the model dimer  [(H5B5)B-

B(B5H5)]
4. Quantum-chemical geometry optimizations of clusters extracted from the CaB6 

solid structure show the analogies between molecular chemistry and solid-state chemistry: In 

the same way as benzene is the building block of graphene and graphite, the anion [B6H6]
2 

is the building block of CaB6 provided every H atom in [B6H6]
2 is connected to a further 

[(B)6]
2 octahedron in the three directions of the 3D space, and every void at the Ca positions 

is embedded with two electrons. 
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1. Introduction 

   Boron is quite a peculiar Element:1 From an structural point of view, its chemistry is totally 

different from its neighbours and other Elements of the Periodic Table. Boron forms 

polyhedral structures due to its peculiar electronic configuration and atomic energy levels: 

The three valence electrons oblige clusterization of the nuclei in order to share electrons thus 

forming multicenter many-electron bonds,2 as in the polyhedral closo-BnHn
(2-) series (5  n  

12).3 The first theoretical prediction that an icosahedral cluster of Boron atoms with charge 

q = 2 could exist as a closed shell stable structure and the relation to boron carbide B4C, 

elemental Boron and metal borides MB6 was given by Longuett-Higgins.4 The combination 

of Boron with other elements from the Periodic Table (heteroboranes) expands to yield a 

very rich library of architectural constructs in any dimension. Some boron clusters, like the 

very stable and robust icosahedral B12H12
(2-) – the 3D aromatic par excellence [5] in 

comparison to the 2D aromatic par excellence benzene [6] – is completely inert and nontoxic 

inside humans; however, others boranes are highly toxic like B5H9, hence the very active 

research of Boron compounds in medicine [7]. As regards to crystal structures, Boron forms 

very diverse polyhedral structures – borides [8, 9] in periodic systems in combination with 

other Elements of the Periodic Table, as experienced in the recent 20th International 

Symposium on Boron, Borides and Related Materials (ISBB 2019) held in Niigata, Japan. 

The extraction of regular clusters within borides may lead to unexplored molecular structures 

[10]. The main goal of the work presented here is the exploration, by means of electronic 

structure computations, of solid-molecule structural relationships between existing crystal 

(CaB6 and KB6) and molecular (B6H6
(2-)) structures. Pattern recognition between solid state 

and molecular systems can shed new light into unexplored fields of molecular structures in 

any dimension. 
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2. Results and Discussion 

 

2.1 Crystal Structure Relations 

   The structure of CaB6 is known since 1932,11 with a cubic Pm�̅�m space group and 

with a lattice parameter a = 4.15 Å. The same structure is adopted by other MB6 

compounds (M = Sr, Ba, and Rare Earths).12 Among them, LaB6 is well-known by its 

application as anticathode electron emitter in electron microscopes. In addition the 

isostructural compounds KB6 and SiB6 have also been reported13,14 with unit cell 

parameters quite close to those of the other compounds, so that the nature of the M 

atoms does not seem decisive in stabilizing the MB6 structure, represented in Figures 

1 and 2. A comparison of the MM distances in these hexaboride with those of the 

parent metals were reported by Vegas et al.15,16 On the other hand, similar isolated B6 

octahedrons exist in the closohydroborates [BnHn]
2 (n = 6, 12) that are stabilized in 

compounds like K2[B6H6].
17,18 The corresponding compounds of divalent metals such 

as Ca[B6H6] have not been reported so far. The aim of this work is to establish a new 

relationship between the two families of structures MB6 and M2[B6H6] which is based 

on the isolobality concept. The result is that the 3D network of the MB6 compounds 

can ideally be obtained when each H atom in an [BnHn]
2 anion, is substituted by 

another radical dianion [B6H5
]2. Electronic structure computations of the Electron 

Localisation Function19,20 (ELF) show that the radical dianion [B6H5
]2 is isolobal to 

the H atom, thus giving sense to the formation of the 3D B6 skeletons in the 

hexaborides. 

 

2.1.1 Description of the CaB6 structure 

   The CaB6 structure is described as a simple cubic three-dimensional network of M 

atoms whose cubes are centred by B6 octahedrons. The vertices of the octahedrons 

bond covalently to the adjacent octahedrons so that each B atom is bonded to five like 

atoms. The BB bond lengths are of 1.750 Å in the octahedrons and of 1.676 Å 

between atoms of different octahedrons (see Figure 1). 
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Figure 1 A unit cell (Pm3̅m) of the structure of CaB6 showing the primitive cubic array of Ca atoms 
(green spheres) centred by a B6 octahedron whose B atoms (yellow spheres) are connected by blue 
lines. The six octahedral B atoms connect to the six B atoms of the six adjacent cells. On the left a 
complete additional B6 octahedron has been depicted. 

   In the upper right side of Figure 2a, the three-dimensional network of B6 octahedrons 

has been expanded to highlight the coordination of the Ca atoms by 18 B atoms that 

form a cube with truncated vertices so that the faces of the cubes become 4.82 planar 

nets of B atoms. They are similar to the [B2C2]-subnet in the structure of CaB2C2 

drawn in Figure 2b.21  

 

 

 

 

 

 

 

 

 

 

 

 

                                                   (a)                                                           (b) 

Figure 2. (a) The expanded CaB6 structure showing the 3D network of interconnected B6 octahedra. 
They contain implicitly the 4.82 planar nets as in the structure of CaB2C2 drawn in (b). Only one of the 
eight Ca atoms has been drawn for clarity. Compare with Figure 1. (b) The tetragonal structure 
(P4/mcm) of CaB2C2 projected on (001) to highlight the 4.82 planar nets formed by the C and B atoms. 
The B and C atoms eclipse the unlike atoms of the adjacent layers. Ca: blue, B: yellow, C: black. 

2.1.2 The K2(B6H6) structure and its relationship with (K/Ca)B6 

   On the other hand, the [B6H6]
2 dianion appears in isostructural compounds such as 

K2[B6H6] and Cs2[B6H6] whose structure,16 represented in Figure 3a, can be described 

as an antifluorite where [B6H6]
2 dianions form a f.c.c.-array with all tetrahedral voids 

filled with the M+ cations.  Consequently, the K (Cs) atoms form a simple cubic array 

in which [B6H6] groups occupy alternate cubes. Two of these (empty and filled) M8 

cubes have been isolated in Figure 3b. The [B6H6] groups can be derived by breaking 
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the BB bond between octahedra in the 3D network of CaB6 (KB6) (Figure 2a) and 

further saturation of the B atoms with H atoms to form the [B6H6]
2 dianions. These 

two anions cannot occupy the Ca8 cubes so that the CsCl-type structure of CaB6 

becomes an antifluorite-type structure in K2(B6H6) like the one depicted in Figure 3a. 

In this structure, alternate K8 (Cs8) cubes are occupied by the (B6H6)
2 anions, as 

shown in Figure 3c when the structure is projected along the c axis that shows the 

alternation of both filled and empty (Ca/K)8 cubes.  

 

   A comparison of the KB6 and K2(B6H6) structures (Figures 1 and 3a, respectively) 

shows that the structure of K2[B6H6] could be notionally converted into KB6 as the 

result of a crystallographic shear according to the equation (1): 

 

4 K2[B6H6]  4 KB6 + 4 KH + 10 H2                        (1) 

 

   It implies the formation of KH and H2 releasing. The conversion might proceed as 

follows: A unit cell of the antifluorite structure contains 4 K2[B6H6] formulae. Thus, 

if alternate 44 planes of K atom, whose squares are centred by the H atoms were 

eliminated, as shown in Figure 3d, then the K atoms denoted as b would move to 

occupy the sites of the eliminated K atoms of the lower cube, whereas the K atoms, 

denoted as a in Figure 3d, would move to the site of b atoms. The result is a domino-

like 3D collapse of the structure of Figure 2a.  

 

   The detached 44 plane is projected in Figure 3e. It contains 4 K atoms 4 H atoms 

with the KH stoichiometry and would yield a NaCl-type structure. Their detachment 

would be followed by the collapse of the structure as explained above. In turn, the 

closing up of the H atoms would condense pairs of H atoms into H2 molecules and the 

[B6H5
]2 would form BB bonds thus producing the 3D network of Figures 1 and 2a, 

(see Equation 1). It should be stressed that these processes can only be held at an ideal, 

conceptual level and would imply the isolobal character of both the H atom and the 

[B6H5
]2 radical dianion as it will be discussed below. 
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                                                                                    (e) 

Figure 3. (a) The antifluorite-type structure of K2[B6H6] showing the closohydroborate anions 
centering the K8 cubes. B: yellow, H: white, K: blue (b) The two K8 cubes of (a) are isolated to highlight 
the central empty cube and two contiguous filled cubes. (c) The same fragment as in (b) but projected 
onto the ab plane. (d) The same drawing but in which one 44 plane of K atoms (centred by H atoms has 
been eliminated. The upper K8(B6H6) cube would move b/2 up to occupy the site of the empty cube in 
Figure 3c. The result would be the bonding of the two H atoms into one H2 molecule and the formation 
of a new inter-octahedral B-B bond. (e) The 44 detached plane from (d). It contains four K atoms (dark 
blue) and 9 H atoms (light blue). That denoted by C is the central one, those denoted by F, are on faces 
of unit cells contributing 2 H atoms to the formula and those denoted by E are at the edges of the unit 
cell, shared by 4 unit cells and contributing 1 H atom to the final formula K4(H +H2 + H) = K4H4. 
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2.2 Electronic Structure Computations on B6H6
(2-) and Related Clusters 

   The isolobal analogy, formulated by Hoffmann in 1982,22 refers to molecular 

fragments of a network or cluster that have the same number of frontier molecular 

orbitals. In our case the analogy should be applied to both one H atom and a [B6H5
]2 

radical dianion and, by extension to an isolated [(B)6]
2 octahedron after losing the 

six H atoms. Although Hoffmann stressed that two isolobal groups do not need 

necessarily to be isostructural nor isoelectronic,22 the isolobal character of [B6H5
]2 

and the H atom should be expected in view of the same directional BB and BH 

bonds. In addition, both fragments contain one unpaired electron for the cluster 

bonding.  

   

   In order to check whether the [B6H5
]2 radical dianion has electronic structure 

similarities as compared to the s atomic orbital of H we have computed a localised 

ELF orbital in the [B6H6]
2 dianion (Figure 4a) and the [B6H5

]2 radical dianion, 

derived from eliminating an H atom bonded to one of the B atoms (Figure 4b and 

Figure 4c).23 The ELF localisation procedure shows a bulky orbital resembling that of 

the corresponding BH bond in Figure 4a. 

 

 

 

 

 

 

 

 

                                         

 

 

 

 

 

                     (a)                                           (b)                                      (c) 

Figure 4. (a) Optimised structure of the [B6H6]2 dianion. The yellow localised ELF orbital corresponds 
to a BH bond. (b) The [B6H5

]2 radical dianion in which one H atom has been eliminated from a B-
H bond. The unpaired electron localised at the B atom is represented in (c) by the localised ELF orbital 
drawn in yellow. 
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   The geometries of [B6H6]
2 and [B6H5

]2 were optimized using the (U)B3LYP 

functional24,25 and the 6-31G* basis set,26 and the localisation of natural orbitals within 

the ELF approach was performed at single-double-configuration-interaction (CISD) 

level27 using the STO-3G basis set.28 The occupancies of the localised ELF orbitals 

are 1.98 electrons for the Figure 4a - according to (2c, 2e) BH bonds - and of 1.12 

electrons on the lobe of the B radical as expected for an unpaired electron occupying 

the isolobal molecular orbital expected for [B6H5
]2 (Figure 4c). 

 

   Turning back to the crystal structure of CaB6 - Figure 1 and 2a - one can relate 

molecules and solid state by extracting a cluster consisting of a cube of octahedra of 

B atoms from the crystal structure of CaB6, and saturating the valences (unpaired 

electrons) with H thus leading to the structures shown in Figure 5. A comparison of 

the distances d1 between B6 octahedra in the experimental CaB6 crystal structure and 

the clusters shown in Figure 5 is shown below in Table 1. 

 
 

 

 

 

 

    

 

 

 

 

 

                                              
 
 
 
 
                                  (a)                                                                (b) 
 

Figure 5. Optimized geometries of the cluster models extracted from CaB6: (a) Ca7[(B6H3)8]2,               

(b) [(B6H3)8]16 . B3LYP/cc-pVDZ computations. d1 is the B-B distance between octahedra. 

 

Clearly, if we eliminate the Ca atoms and add two electrons for every Ca atom, the 

structure swells considerably due to the lack of the counter-cations and the Coulomb 

repulsion of the added electrons. However, both structures in Figure 5 correspond to 

energy minima in the geometry optimization and therefore these structures, though 

(2) (16) 

d1(B-B) 
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(4) 

ideal, could exist in the same way as benzene is the building molecule of graphene and 

graphite: Both exist separately. 

 

Table 1 d1(B-B) distances (Å) between B6 octahedra in CaB6 and the two clusters shown in Figure 5, 

Ca7[(B6H3)8]2  and [(B6H3)8]16 . B3LYP/cc-pVDZ computations. 

 

 CaB6 Ca7[(B6H3)8]2 [(B6H3)8]16 

d1(B-B) 1.6758 1.6960 1.8945 

 

   At this point, we should also ask whether the octahedra in CaB6 are bound covalently 

to one another through a single B-B bond (d1 in Figure 5 and Table 1). In order to 

answer this question we performed a Valence-Bond (VB) computation on the dimer 

[(H5B5)B-B(B5H5)]
4 shown in Figure 6a. 
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(c) 
 
Figure 6 (a) Dimer of the [B6H6]2 dianion obtained by removing one H atom on each dianion, and 
joining each B atom into the structure of the tetra-anion [(H5B5)B-B(B5H5)]4.  (b) The two bridge VB 
orbitals 1 and 2 which form the B-B bond (c) Covalent and ionic structures of the dimer. 
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A Valence-Bond Self-Consistent-Field (VBSCF) computation29 on the dimer from 

Figure 6, gives the following wave function:  

 

𝚿𝑽𝑩 = 𝟎. 𝟕𝟔|𝝓𝟏�̅�𝟐| + 𝟎. 𝟏𝟓(|𝝓𝟏�̅�𝟏| + |𝝓𝟐�̅�𝟐|)  (2) 

 

with weights cov = 75.4% and ion = 12.3%, namely, the single B-B bond joining the 

two octahedra has a 75% of covalent character and 12% of ionic character. The two 

VB orbitals ϕ1 and ϕ2 forming the B-B bond and the covalent and ionic resonant 

structures are shown in Figure 6b and Figure 6c respectively. The computations were 

carried out with the program XMVB.30 A VBSCF computation on the H2 molecule 

gives 80% and 10% covalent and ionic character respectively in the H-H bond, and 

therefore this is not very far from the single bond character of the B-B bond in the 

dimer from Figure 6. 

 

3. Conclusions 

 

1) By using the isolobal analogy between an H atom and the radical dianion [B6H5
]2 

the 3D crystal structures of CaB6 (KB6) and K2[B6H6] can be correlated in a rational way. 

 

2) The above statement is checked through quantum-chemical computations that 

include localisation procedures within ELF functions and Valence-Bond (VB) 

computations. 

 

3) The counter-cations in CaB6 and K2[B6H6] are shown to produce a “closer” arrangement 

of [B6H6]
2 dianions due to the Coulomb screening of the Ca and K atoms. In the particular 

case of CaB6, removal of Ca counter-cations in the solid structure leads to clusters with 

octahedra being much more far apart from each other (swelling effect of cube of B6 

octahedra), yet still chemically bound to each other. The (Ca/K)B6 structure can be ideally 

derived by a crystallographic shear after eliminating alternate (400) planes in the 

K2(B6H6) structure, followed by H2 release. 
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The packing forces in crystal structures are absent in molecules due to the lack of periodicity. 

However, it should be possible to predict solid state chemical structures by analysis of 

repetitive patterns resembling existing molecular structures and this is definitely the case of 

the dianion [B6H6]
2, a well-known molecular species in the chemistry of polyhedral 

boranes.37 

 

Theoretical Methodology Section 

 

Electron localisation function (ELF) procedure 

Our topological analysis for determining electronic structures requires the implementation of two steps21-23: i) 

a partitioning of the 3D molecular space according to the ELF technique into disjoint basins which can be 

associated with core and valence shells, bonds, lone pairs, etc and ii) a mathematical transformation maximizing 

a global localisation index formulated in terms of the overlap integrals over the ELF basins, which provides an 

orbital localisation according to this partitioning. The resulting localised orbitals can be regarded as the 

theoretical counterpart of the classical chemical pictures such as bonds, nonbonding electron pairs, core orbitals, 

valences and so forth. Hence, the procedure allows shedding some light on complex bonding patterns of 

molecular systems in terms of useful concepts with clear chemical meaning. Although in previous works this 

technique was only applied to describe singlet systems, in this work the procedure has been extended to the 

treatment of radicals. The localised orbitals of this kind of systems can be computed by considering the limit of 

dissociation of one or more hydrogen atoms from a molecular fragment in a singlet state under a suitable 

description of the dissociation process. The calculation of the localised orbitals of the dissociated molecule 

yields the localised orbitals of the radical plus those of the separated hydrogen atoms. Consequently, this 

approach provides the calculation of localised orbitals of the radical through those of singlet systems. Moreover, 

this ELF-based procedure has been performed at electronic correlation level23, in order to provide more accurate 

results for the electronic structures of the studied systems. A detailed description of this technique is reported 

in the supplementary information section, which also contains the corresponding mathematical formulation and 

some additional results of the compounds described in this work. 

 

Valence-Bond (VB) computations 

In the classical Valence-Bond (VB) computations,34-35 we explore the strictly localised orbitals distributed 

on a certain fragment of a given molecule. Here for the [B6H5]2
4- dimer, each [B6H5

]2 (radical dianion) 

monomer forms a molecular fragment. The VB structural functions are then constructed by distributing 

electrons onto the orbitals localised on the two monomers. The core orbitals and the skeleton bonding orbitals 

of each monomer are kept doubly occupied. Meanwhile, the two bonding orbitals between the two monomers 

may have variation in the occupation numbers, i.e. they are singly occupied in the covalent structure; and one 

is doubly occupied and the other is non-occupied and vice versa in the two ionic structures. The structural 
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coefficients (CK) and orbitals are optimized simultaneously to minimize the energy. The Coulson-Chirgwin36 

weights (ωK) of the covalent and ionic structures are calculated from the coefficients and the overlap integrals 

(MKL) of VB structures as, 

 

𝝎𝑲 = ∑ 𝑪𝑲

𝑳

𝑴𝑲𝑳 . 
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