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ABSTRACT: The removal of H atoms from polyhedral boranes results in the
formation of dangling radial orbitals with one electron each. If there is a
requirement of electrons for skeletal bonding to meet the Wade’s rule, these are
provided from the exohedral orbitals. Additional electrons occupy a linear
combination of the dangling orbitals. Stabilization of these molecular orbitals
depends on their overlap. The lateral (sideways) overlap of dangling orbitals
decreases with the decreasing cluster size from 12 to 5 boron atoms as the orbitals
become more and more splayed out. Thus, as the number of dangling orbitals
increases, the destabilization of their combinations increases at a higher rate for
smaller polyhedral boranes, leading to flat structures with the removal of a fewer
number of hydrogens. Though exohedral orbitals form better overlap in larger
polyhedral clusters, the increase of electrons with the removal of H atoms results in occupancy of antibonding skeletal orbitals
(beyond Wade’s rules) and leads to flat structures. The reverse happens when hydrogens are added to a flat cluster. Substitution
of BH by Si does not change structural patterns.

■ INTRODUCTION

The ubiquitous icosahedral B12 and other polyhedral structures
dominate elemental boron and its molecular structures.1−5

Though computational studies by Boustani and others
proposed planar structures for pure boron clusters over 20
years ago,6−10 only in recent years experimental methods
designed by Wang and co-workers brought them into
existence.11−16 Adaptive Natural Density Partitioning techni-
que (AdNDP) by Boldyrev and co-workers provided a way to
describe bonding in these novel clusters.17,18 Among several
experimental attempts, mass spectrometric analysis of B12Hx

+

clusters produced in an ion trap chamber gave a head start in
conjunction with theoretical structural search.19,20 It showed
that the transformation of the icosahedral borane to a flat
structure takes place when the number of hydrogens is
decreased; the tipping point is estimated at x = 4.19 A majority
of the clusters obtained have seven and eight H atoms. B12I12

2−

also shows structural transformations, when iodine atoms are
detached consecutively.21,22 On the other hand, planar boron-
only clusters transform to cage geometries on the addition of
H atoms.23−25 Wang and co-workers generated a series of
BnD2

− molecules in the gas phase with n varying from 7 to 12.
Elongated planar double chain (DC) structures are charac-
terized for these clusters, using experimental photoelectron
spectra and theoretical calculations.26−28 The doping of the
planar boron clusters with the heteroatoms is also found to
have severe structural deformations.29−35

The structural transformations brought by varying the
electron count are common in chemistry. Addition of electrons
often makes the structure flat, whereas depletion of electrons
forces the atoms to cluster into cages to share available

electrons, as seen in going from C6H6 (D6h) to C6H6
2+ (C5v) to

B6H6
2− (Oh, the equivalent of C6H6

4+).36−40 The variation in
the electrons has been shown to modulate the stability and
structure of boron clusters.41 However, the orientation and
overlap of adjacent radial π orbitals must also contribute to the
structural preferences of the boron clusters. When the radial
orbitals overlap strongly, the resulting delocalized stable
molecular orbitals will be able to accommodate electrons
easily; these will not be pushed to the antibonding skeletal
orbitals.
The overlap for the radial orbitals in small polyhedral

clusters is not substantial due to the splaying out of these
orbitals as shown in Figure 1. A comparison of the splaying
nature of radial orbitals for the four cage boron clusters, such
as B6, B12, B20, and B40, is depicted by subtending the angle
between two adjacent boron atoms on the surface of the cage
to the centroid (black sphere, Figure 1). The angle decreases
substantially from B6 to B40 and the radial overlap would
become better.10,12,16,42 Thus, the cage geometries for BnHx
with appropriate electron counts become more favorable as the
size of the cluster increases. The diffuseness of the radial p
orbitals also varies by doping with the heteroatoms. A similar
possibility exists for flat structures as well.43 The effect of
overlap of radial dangling orbitals formed after removal of H
atoms from polyhedral boranes in shaping the cluster
geometries is quantitatively studied in this article for
polyhedral BnHx clusters, by varying the sizes from 5 to 12
and x ≤ n. The topology of the polyhedron decides the angular
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direction of the dangling radial orbitals and therefore must
determine the structural transition points from 3D to 2D
geometries upon removal of H atoms. The corresponding Si-
doped boron clusters, being isolobal to the BH units, have also
been studied by varying the cluster sizes. The spatial topology
and the overlap of these radial dangling orbitals are found to be
essential in satisfying the skeletal electron counts of polyhedral
BnHx clusters and tipping the structural transition points.

■ COMPUTATIONAL DETAILS
The computations are performed with the Density Functional method
using the Gaussian 09 package.44 Both restricted and unrestricted
calculations are performed for the clusters with the even number of
electrons, whereas only unrestricted calculations are performed for
those clusters having an odd number of electrons. The meta-hybrid
functional, TPSSh, is used to incorporate the Coulomb and exchange
correlations.45−47 The basis set functions for the atomic orbitals are
denoted by the triple-ζ (split-basis) basis set, 6-311+G(d,p).48−50 In a
recent benchmark study, it has been shown that relative energy of the
planar vs caged isomers is better represented at the TPSSh level.41,51

The frequencies are calculated to confirm the stability of the
structures on the potential energy surface. In case negative frequencies
are obtained, the structures are distorted to follow the frequencies
along the potential energy surface in order to obtain minima. The
energy corrections for most stable isomers of B12Hx clusters obtained
at TPSSh/6-311+G(d,p) are done by performing a single point
energy calculation at CCSD/6-311+G(d,p) and CCSD(T)/6-311+
G(d,p).52−54 The relative stability trend at both CCSD and CCSD(T)
shows slight variations (within the range of 5 kcal/mol) for B12Hx
clusters only at x = 3 and 5 (Table T1, Supporting Information);
hence, for other BnHx clusters, the energy correction is done only at
CCSD/6-311+G(d,p). In order to check the accuracy of the methods
used in this study, we have calculated the relative stability of B12Hx
clusters by optimizing at CCSD(T)/def2TZVP//B3LYP-D3/def-
2TZVP. The relative stability of these isomers is found to remain
unchanged as shown in Table T1 (Supporting Information). The
orbital interaction diagram is plotted using the Amsterdam Density
Functional (ADF) package55 at TPSSh functional and Triple Zeta
with polarization basis set.

■ RESULTS AND DISCUSSION
Let us begin with B12H12

2−, which obeys the Wade’s rules. If
we remove a H atom from B12H12

2− by breaking a B−H bond,
the unpaired electron in the resulting B12H11

2− radical is in a
dangling high energy orbital (Figure 2a). This is not a
favorable situation. However, if the same exercise is carried out
on B12H12

− radical (one unpaired electron), which requires an
additional electron to attain the Wade’s rule, a stabilizing
situation emerges. B12H11

−, obtained by removing a H atom,
has now an option to place the electron from the dangling high
energy orbital to the skeletal bonding MOs, thus satisfying the
Wade’s rule (Figure 2b). Let us do this exercise with neutral
B12H12, which requires two electrons more for satisfying the

Wade’s rule. The removal of first H atom gives B12H11, which
has one electron in the dangling exohedral orbital. This can be
used in the skeletal bonding. Removal of a second H atom
brings in an additional electron to the skeletal bonding, so that
B12H10 satisfies the Wade’s rules. This is possible only if the
bonding combination of the exohedral orbitals is not very low
in energy in comparison to the higher lying skeletal bonding
orbital. If the H atoms are removed from the adjacent
positions, a situation similar to benzyne results.56 The resulting
bonding combination is not as stable as the exohedral orbitals
are splayed out (Figure 2c,d). However, isomers, where H
atoms are removed from nonadjacent positions, might be lower
in energy due to better hyperconjugative stabilization of vacant
dangling orbitals. Thus, 1,12- and 1,7-didehydrogeno B12H10
derivatives must have similar energy (Wade’s rule satisfied),
but lower than that of the 1,2-didehydrogeno B12H10 (Figure
2e,f).
Thus, structural preferences for BnHn−2 and BnHn

2− clusters
should be similar since the removal of two H atoms adds the
required electrons to the skeleton bonding. However, the effect
of cluster size on diffuseness of exohedral orbitals and overlap
between them determine the relative stability of the isomers in
the polyhedral BnHn−2 clusters. This is estimated by comparing
the relative stability of neutral BnHn−2 clusters for n = 6, 7, 10,
and 12 to that of dianionic BnHn−2 in Table 1. In smaller
clusters, dangling orbitals on adjacent boron atoms are more
splayed out (Figure 1) and would not have good overlap. In

Figure 1. The angle (in degrees) subtended by two adjacent boron atoms on the surface denoted as 1 and 2 to the centroid shown in black sphere.

Figure 2. Schematic diagram showing the electron counting rules for
B12Hx clusters. SEPs denote the skeletal electron pairs. (a) B12H11

2−

with one unpaired electron in the dangling radial orbital. (b) B12H11
−

which satisfies the Wades rules (n+1 SEPs). (c) B12H10 with only n
SEPs and the filled splayed out π MO. (d−f) n+1 SEPs requirement
met, vacating the dangling orbitals. (e, f) More stable than (d) from
better hyperconjugative stabilization. (g) Most stable isomer of B12H8
where the two excess electrons, after satisfying the SEPs, occupy the
bonding combination of dangling orbitals.
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order to enhance the overlap, structure distorts from ideal
geometry. The excess two electrons, after satisfying n+1 SEPs
in dianionic clusters, fill the lowest bonding combination of
exohedral dangling orbitals and relative stability is reversed
with respect to corresponding neutral clusters. The most stable
isomer of B6H4

2− corresponds to dehydrogenation at 1,6- and
not 1,2-isomer. In contrast, 1,7- and 2,3-isomers are better for
B7H5

2−. The structural deformations also destabilize cage
isomers of B6H4 clusters (Table 1), and the semiplanar or the
planar DC clusters are more stable. However, in larger clusters,
dangling orbitals at adjacent boron atoms have slightly better
overlap, since, as cluster size increases, the exohedral sp
dangling orbitals would be less diffuse and less splayed out
(Figure 1). This is also seen from the preference for larger
polyhedra to fuse with smaller polyhedrons through a
triangular face.57 Thus, for B10H8

2−, dehydrogenation at 1,2-,
2,3-, and 2,6- are equally stabilizing, and for B12H10

2−, the most
stable isomer corresponds to dehydrogenation at 1,2-position.
The energy difference of the bonding and antibonding

combinations of the dangling orbitals of the dianionic BnHn−2
isomers, with H atoms detached from adjacent positions,
indicates the relative stability. The energy gap increases from
1.2 eV in 1,2-dehydro B6H4

2− to 2.1 eV in 1,2-dehydro
B12H10

2− as shown in Figure 3. The better overlap for the
exohedral dangling orbitals at the adjacent positions in the
icosahedral B12H10

2− cluster stabilizes the bonding combina-
tion to a slightly greater extent compared to the octahedral
B6H4

2− cluster. On the other hand, the antibonding

combination in 1,2-dehydro B12H10
2− is destabilized to a

greater extent and corresponds to LUMO+1, whereas, in 1,2-
dehydro B6H4

2−, the LUMO corresponds to this combination.
The energy difference between these two orbitals for the other
dianionic BnHn−2 clusters also increases as the size increases;
however, due to lower symmetry, the orbitals would be more
delocalized.
Further removal of H atoms from polyhedral clusters results

in more electrons than required for skeletal bonding. For
example, B12H8 attains the Wade’s rule by taking two electrons
from the four dangling bonds for skeletal bonding. This leaves
two electrons in the bonding combination of the exohedral
orbitals (Figure 2g). If the four H atoms are removed from
adjacent positions, the bonding combination of a group of
exohedral orbitals forms a delocalized stable MO, which is
occupied by the two electrons. As more H atoms are removed,
excess electrons from the dangling bonds occupy antibonding
combinations of the dangling orbitals or skeletal antibonding
orbitals. This would decrease the stability of the B-B skeleton
and break the B−B bonds, gradually leading to flat structures.
The reverse happens when H atoms are added to the planar
cluster. Each new B−H bond removes an electron from the B−
B bonding manifold of the cluster, ultimately leading to the n
+1 skeletal electron pairs and polyhedral structures. This must
be valid for smaller polyhedra as well. In the previous studies,
the structural preferences for several of these borane clusters
have been calculated by varying the H atoms using different
methods.19,20,23,58 We have recalculated the BnHx clusters with
n varying from 5 to 12 and x ≤ n using similar density
functional. The structural preferences are found to vary
dramatically compared to previous reports in some clusters
as pointed out in the following discussions. The BnHx isomers
are denoted as nc-xy and np-xy, where n is the number of
boron atoms, c and p represent the nature of the cluster as
cage or planar, and x the number of H atoms. In addition, y
takes alphabets a, b, c, etc., to represent structural isomers in
decreasing stability order. Thus, 12c-8a represents the B12H8
cage cluster, lowest in energy; 12c-8b is the second-best cage
cluster of B12H8. 12p-1a and 12p-1b denote the B12H planar
structures, the latter being higher in energy.

Table 1. Relative Energy (RE) in kcal/mol at CCSD(T)/6-
311+G(d,p)//TPSSh/6-311+G(d,p) for Neutral and
Dianionic BnHn−2 Clusters with n = 6, 7, 10, and 12 (All
Singlet State)d

BnHn−2 RE for charge = 0 RE for charge = −2
1,2-B6H4 0.0b 22.0
1,6-B6H4 11.2 0.0
1,2-B7H5 4.5 32.8
2,3-B7H5 11.7a 4.1
2,4-B7H5 0.0 13.0a

1,7-B7H5 33.7 0.0
1,2-B10H8 26.7 0.8
2,3-B10H8 14.8 4.4
2,4-B10H8 2.5 7.4
2,6-B10H8 8.2 0.0
2,7-B10H8 0.0 13.6(10.8)c

1,6-B10H8 14.8 17.0(14.2)c

1,10-B10H8 31.0 6.5
1,2-B12H10 12.1 0.0
1,7-B12H10 0.0 14.7(13.4)c

1,12-B12H10 2.3 4.9
aOptimize to capped octahedron. bMost stable isomer for B6H4 is
distorted pentagonal pyramid (see Figure S3, Supporting Informa-
tion). cTriplet energies within parentheses. dThe numbering scheme
for isomers is given below. Optimized geometries of dianionic clusters
are given in Figure S3 (Supporting Information).

Figure 3. The separation between the bonding and antibonding
combination of the exohedral dangling orbitals at adjacent positions
for (a) 1,2-dehydro B6H4

2− and (b) 1,2-dehydro B12H10
2− clusters.

The energy gap increases in (b) compared to (a), due to the better
overlap of the dangling orbital combinations at adjacent boron atoms
of the 1,2-dehydro B12H10

2− clusters.
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Structural Preferences of BnHxClusters with n Varying
from 12 to 5 and x ≤ n. The most stable isomers for the cage
and planar B12Hx clusters are shown in Figures 4 and 5. The

icosahedral type clusters for B12Hx are preferable up to the
removal of six H atoms. The positions for the H atoms in the
most stable icosahedral isomers from B12H10 to B12H6 clusters
are denoted in Figure 4. B12H10 prefers both the H detached
from boron atoms at meta (1,7-didehydro, 12c-10a) and para
(1,12-didehydro 12c-10b) positions. The ortho isomer (1,2-
didehydro, 12c-10c) is less stable as anticipated. The B12H9
cluster has extra one electron to fill the bonding combination
of dangling orbitals after required skeletal orbitals are occupied.
The isomer with H atoms detached from the farthest boron
atoms is equally stable as the one where H atoms are removed
from adjacent two boron atoms. The lowest energy isomer of
B12H8 (12c-8a) has H atoms removed from adjacent positions,
such that excess electrons fill the in-phase combinations of the
dangling orbitals. Removal of another H (addition of one
electron to the system) did not change the icosahedral
arrangement. All low energy structures remain icosahedral-like
up to B12H6. But, as more number of H atoms are removed,
such as with x = 5 and 4, alternate cage structures become
equally stable or slightly more favorable compared to
icosahedral isomers (Figure 5). While planar clusters of
B12H3, 12p-3a, and 12p-3b, are almost degenerate in energy
to a cage cluster 12c-3a, planar isomers are global minimum
(GM) geometries for B12H and B12H2 (12p-1a and 12p-2a,
respectively). This is in contrast to previous reports, where
planar isomers are found to be GM up to B12H3.

23

The reaction enthalpy for the consecutive removal of H
atoms from B12Hx clusters as denoted by the reaction B12Hx →
B12Hx−1 + H is shown in Table T2 (Supporting Information).
The heat of the reaction is endothermic in nature for all the
clusters. Removal of H atom from B12H11, resulting in B12H10,
has the lowest reaction enthalpy due to the satisfaction of the
skeletal electron requirements. The removal of H atoms from
the BnHx clusters become more endothermic as the number of
H atoms decrease and is maximum for the formation of B12H
from B12H2.
The smaller boron clusters (B5 to B11) show similar

structural transformation upon variations in the attached H
atoms. Table 2 summarizes the structural preferences of all the
BnHx clusters. The detailed structural preferences of BnHx
isomers for n varying from 11 to 5 are shown in the
supplementary Figures S4−S10. The relative stability of the
polyhedral BnHx clusters depends on the position of H atoms
and the overlap of the exohedral dangling orbitals. The planar
isomers are favorable up to BnH2 clusters. However, the

Figure 4. The most stable planar and the cage isomers of B12Hx
clusters, with x from 10 to 6. The relative energy differences are given
in kcal/mol at CCSD(T)/6-311+G(d,p)//TPSSh/6-311+G(d,p).
The boron atom positions are indicated within parentheses, from
where H atoms are detached.

Figure 5. The most stable isomers of B12Hx clusters, with x from 5 to
1. The relative energy differences are given in kcal/mol, calculated at
CCSD(T)/6-311+G(d,p)//TPSSh/6-311+G(d,p).

Table 2. Structural Preferences for BnHx Clusters Obtained
after Energy Correction at CCSD/6-311+G(d,p)c

structural preferences at x values

BnHx planar degenerate cage

B5Hx up to B5H3 B5H4

B6Hx up to B6H3 B6H4 B6H5 onward
B7Hx up to B7H2 B7H3 onward
B8Hx up to B8H2 B8H3

a B8H4 onward
B9Hx up to B9H2 B9H3 B9H4 onward
B10Hx up to B10H2 B10H3 B10H4 onward
B11Hx up to B11H2 B11H3 and B11H4 B11H5 onward
B12Hx up to B12H2 B12H3

b B12H4 onward

aΔE = 3.4 kcal/mol. bΔE = 3.9 kcal/mol. c“degenerate” corresponds
to energy differences between the most stable cage and planar isomers
less than 2 kcal/mol, except for B8H3 and B12H3.
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hexagonal bipyramid is almost equally stable as planar isomers
for B8H (Figure S7). The relative stability of most favored cage
and planar clusters is degenerate at BnH3. With four and more
H atoms, polyhedral or alternate cage clusters are the most
stable isomers. The polyhedral BnHx clusters become favorable
with x > n − 5 for B7Hx and B8Hx; x > n − 6 for B9Hx and
B10Hx; and x > n − 7 for B11Hx and B12Hx clusters. The B5Hx
and B6Hx clusters show slight deviation. The clusters with an
even number of electrons, as expected, are found to be stable
with closed shell configurations, i.e., singlet spin state, whereas
the clusters with an odd number of electrons have doublet as
the ground state. The spin contamination for the unrestricted
CCSD(T) energy corrections in open shell configurations is
found to be very negligible, less than around 2%.
Orbital Interaction Diagram for Planar BnH2 Clusters.

The planar DC geometries are more stable in the case of BnH2
clusters except for B12H2 and B10H2.

26−28 We have studied the
orbital interactions involved, to understand their stability
relative to disklike isomers as shown in Figures 6 and 7. The
relevant orbitals involved in forming the BH bonds are only
shown in these figures. The radial π orbitals of planar clusters
participate to form BH bonds. These orbitals have greater
coefficients at end boron atoms for the DC clusters,28 whereas,
in disklike clusters, in-plane “π” orbitals are delocalized
throughout the peripheral ring.59 The symmetric C6v structure
of disklike B7

− is distorted to C2v geometry after H addition as
shown in Figure 6. Distortion in geometry reduces the
symmetry of the frontier orbitals and increases the energy.
The DC clusters do not undergo any distortion in geometry

to bind with H atoms. The in-plane π orbitals (HOMO and
LUMO) and σ orbitals (HOMO-6 and HOMO-7) with
greater coefficients at the peripheral boron atoms interact with
the H atoms to form BH bond orbitals (Figure 7). The
dangling orbitals on the other boron atoms have more overlap
than would have been otherwise. The orbital interactions for
DC Bn clusters with two H atoms enhance the stability for

most of the BnH2 clusters. With more H addition to DC
clusters, some of the σ-skeletal orbitals participate in BH bond
formation, and thus stability of DC isomers decreases and cage
structures become more favorable, as seen earlier with B6 and
B20 clusters.

24,25

Comparison of the Structural Preferences of Silico-
Boron Clusters and BnHx Clusters. The structural
information in BnHx clusters could be used to understand
the preferences of silico-boron clusters. Si with a lone pair has
an isolobal relationship with the BH unit.60,61 Thus, BnH and
Bn−1Si can be treated as isoelectronic. The most stable isomers
for BnSi clusters

31,32 with n varying from 4 to 11 are calculated
at TPSSh/6-311+G(d,p). Structural preferences of BnH and
Bn−1Si clusters are compared in Figure 8. The global minimum
geometries for most Bn−1Si clusters resemble the BnH clusters.
Slight variations are observed only for B9Si and B10Si isomers.
The Bn−2Si2 should be isoelectronic to the BnH2 clusters. In

Figure 6. Orbital interaction diagram for disklike B7H2
− cluster. The MOs involved in the bonding scheme are shown here.

Figure 7. Orbital interaction diagram for double chain B7H2
− cluster.

The MOs involved in the bonding scheme are shown here.
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one of the recent reports, B8Si2 and B10Si2 clusters are found to
be stable with DC structures and di-negative charges.35 The
silicon atoms occupy similar peripheral positions as BH units
in the DC B10H2

2− and B12H2
2− clusters. The BnSim clusters

approach cage structures as the number of Si in-
creases.29,33,34,62 With m > n, the clusters would be equivalent
of Bn(BH)m clusters, i.e., with a greater number of boron atoms
attached with H atoms. Here, with an increase in number of Si
atoms, more electrons are removed from skeletal orbitals to Si
lone pair orbitals. Thus, similar to aromatic hydrocarbons,
planar isomers become less stable and cage structures become
favorable with an increase in the number of Si atoms. However,
as the number of Si atoms increases, the cage structure of BnSim
clusters deviate from Bn(BH)m cage clusters due to variations
in overlap interactions of bonding orbitals between silicon
atoms in comparison to boron.63,64

■ CONCLUSIONS
The variation in geometry and electronic structures for BnHx
clusters (n = 5−12, x < n) as a function of x is explained.
Addition of H atoms removes electrons from skeletal orbitals.
The reverse happens when H atoms are removed from B12H12,
so that the icosahedral structure becomes flat. These structural
transformations are similar to those observed for aromatic
hydrocarbons where removal of electrons from benzene leads
to pentagonal pyramidal and octahedral structures. The planar
boron clusters remain stable up to the addition of 2−3 H
atoms; beyond this, cage structures are favorable. However,
structural distortions reduce the stability of B6H4 and B5H3
cage clusters. The structural preferences for silicon doped
boron (SimBn) clusters obey similar principles. As the number
of Si atoms increases, cage structure is preferred. In this case,
electrons are removed from skeletal orbitals to lone pair
orbitals of Si, rendering the structural transformation. Thus,
electronic structures and geometries of boron clusters could be
tuned by doping suitably with Si atoms or attaching H atoms.
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Table T1 compares the relative stability of B12Hx
clusters calculated at CCSD/6-311+G(d,p)//TPSSh/6-
311+G(d,p), CCSD(T)/6-311+G(d,p)//TPSSh/6-

311+G(d,p)b, and CCSD(T)/def2TZVP//B3LYP-D3/
def2TZVP. Figures S1 and S2 give the corresponding
structures of B12Hx isomers. Figure S3 shows the relative
stability and structures of dianionic BnHn−2 clusters for n
corresponding to 6, 7, 10, and 12. Table T2 gives the
reaction enthalpy for the consecutive removal of H
atoms from B12Hx clusters. Figures S4−S10 show the
most stable isomers of B11Hx to B5Hx clusters,
respectively. Table T3 gives the coordinates for the
most stable isomers of Bn−1Si and BnHx clusters (PDF)
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