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ABSTRACT
The connection of 12 s = ½ closo-azadodecaborane radical units (NB11H11

•), where a hydrogen atom
is removed from the nitrogen atom, produces a supericosahedron [(NB11H6

•)12]
(S), S being the total

spin of the system. This work describes the study of the low-lying energy spin-projected states of
this supericosahedronwith two different geometrical arrangements, each nitrogen atompointing (1)
inwards or (2) outwards with respect to radial axes. These spin-projected states are mapped into a
Heisenberg spin Hamiltonian, thus allowing the determination of coupling constants betweenmag-
netic sites. The eigenvalues of this model Hamiltonian then predict the ground spin state and the
corresponding combinations of spin orientations of the magnetic centres. We show that the energy
minimum in the [(Nin/outB11H6

•)12]
(S) systems corresponds to a high-spin S = 6 state.

Geometrical arrangement of the supericosahedrons.

1. Introduction

In 1991, Paetzold and co-workers accomplished the
synthesis and characterisation of closo-azadodecaborane
NB11H12 [1,2] Figure 1(a), an unprecedented icosahe-
dral heteroborane compound with a six-coordinated
nitrogen atom whose structural evidence was confirmed
by ab initio calculations [3]. Removal of the hydro-
gen atom bonded to nitrogen leads to the aza-closo-
dodecaboran-1-yl radical NB11H11

• [Figure 1(b)] pos-
sessing an unpaired electron (with s = ½ spin) around
nitrogen. This radical can be considered as a suitable basic
icosahedral block to build larger nano-structures, as was

CONTACT Josep M. Oliva j.m.oliva@iqfr.csic.es

proposed for the icosahedral borane and carborane units
[4,5]. In fact, covalent bonding of 12 NB11H6

• units, link-
ing 5 neigbouring radicals, leads to the construction of a
supermolecule which could be a giant supericosahedron
(NB11H6

•)12 (Figure 2) composed of a simpler icosahe-
dron on each vertex. Five B-H bonds in each unit would
be replaced by five B-B bonds between neighbouring
units, keeping the icosahedral symmetry (Figure 2). The
large amount of magnetic sites displayed in this struc-
ture offers many possibilities of coupling for the mag-
netic moments, arousing interesting properties for this
type of compounds. Likewise, the nitrogen atoms along

©  Taylor & Francis
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2 D.R. ALCOBA ET AL.

Figure . (a) Molecular structure of closo-azadodecaborane NBH. (b) Removal of the hydrogen atom bound to nitrogen in closo-
azadodecaborane (zig-zag line) leads to the aza-closo-dodecaboran--yl radical NBH

•. The lobe with the dot inside above the nitrogen
atom represents an unpaired electron.

with the unpaired electrons can be placed in the icosahe-
dron toward inside/outsidewith respect to the radial axes,
providing multiple geometrical arrangements and conse-
quently new and different coupling possibilities must be
taken into account. The main aim of this work is to prove
the construction of these supericosahedrons, studying the
spinmanifold of their lowest energy states in order to pre-
dict their magnetic features. For the sake of simplicity, we
have limited this study to two cases in which the nitrogen
atoms face all of them either the inside [Figure 2(a)] or
the outside [Figure 2(b)] of the radial axes.

On the other hand, in previous works [6–8], we have
proposed the mapping of results arising from spin pop-
ulation analyses onto a phenomenological Heisenberg
spin Hamiltonian, describing low-lying excited states in
polyhedrical clusters as well as in simpler aggregates.
The partitioning of the N-electron spin-squared expecta-
tion quantities < Ŝ2> according to one- and two-centre

local spins (LSs) provides the determination of coupling
constants between two magnetic sites. This quantita-
tive evaluation has allowed the analysis of the nature
of different magnetic interactions exhibited by polyhe-
dral boranes and carboranes which have been studied
as prototype of complex systems. Moreover, the intro-
duction of these constants into the Heisenberg Hamilto-
nian model provides the construction of a Hamiltonian
matrix whose diagonalisation shows the energy spectrum
associated with that Hamiltonian model, identifying the
ground sate and the spin orientations of the magnetic
units. Another purpose of this work is to test the suitabil-
ity of this methodology to describe systems possessing
multiple magnetic centres, such as those present in the
supericosahedrons (NB11H6

•)12, in which 12 unpaired
electrons [9–11] are simultaneously interacting and, con-
sequently, a high-spin multiplicity should be expected for
their ground states.

Figure . Geometrical arrangement (Ih) of the supericosahedron constituted by  radical NBH
• units. The nitrogen atoms are placed in

the arrangement toward (a) inside or (b) outside with respect to the radial axes.
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MOLECULAR PHYSICS 3

This work is organised as follows. In the next section,
we summarise the notation and the theoretical frame-
work used in this work. The computational details, the
results found in the studied (NB11H6

•)12 structures and
the corresponding discussion are reported in Section 3.
Finally, in the last section, we highlight the main conclu-
sions of this work.

2. The theoretical models

In order to predict the energy of the different spin states
in many-electron systems, we will use the phenomeno-
logical Heisenberg spin Hamiltonian which, assuming
that the electron spin degrees of freedom are indepen-
dent from the electron orbital degrees of freedom, can be
expressed as

Ĥ = E0 +
∑

i�= j

Ji jŜiŜ j. (1)

In this equation, E0 means the origin of the energy
scale chosen, Ŝi and Ŝ j represent the dimensionless spin
operators corresponding to two sites i and j, and Ji j
describes the strength of the interaction between these
two sites.

The standard approach follows the Noodleman’s
scheme [12,13], where the evaluation of the Ji j param-
eters is based on the calculation of energy differences
between a Slater determinant which describes the ferro-
magnetically coupled state, usually the highest pure spin
multiplet (HS), and mixed spin-symmetry Slater deter-
minants describing antiferromagnetically coupled states,
broken-symmetry (BS) states. Hence, these energy differ-
ences are

EHS − EBS =
∑

i�= j

Ji j
[〈
ŜiŜ j

〉HS − 〈
ŜiŜ j

〉BS]
. (2)

The expectation values 〈ŜiŜ j〉HS and 〈ŜiŜ j〉BS in Equa-
tion (2) can be evaluated from the expectation value of
the spin-squared operator [14,15],

〈Ŝ2〉 =
∑

i

∑

j

〈
ŜiŜ j

〉
. (3)

In this equation, the one-centre LSs 〈Ŝ2i 〉 account for
the spin state of an atom or group of atoms in a molecule
or cluster. The two-centre LS terms 〈ŜiŜ j〉 describe the
spin correlation between the fragments i and j and hence
provide the connection between experimental and theo-
retical results in terms of the Heisenberg spin Hamilto-
nian. We will consider the widely used approach [7,16–
19] which identifies the terms 〈Ŝ2i 〉 and 〈ŜiŜ j〉 (arising

from the spin atomic operator formulation) with those
〈Ŝ2〉i and 〈Ŝ2〉i j (arising from the direct partitioning of
〈Ŝ2〉) [20]; the corresponding expressions reported in Ref.
[19] will be used to this end. On the other hand, there
are several possibilities to formulate the BS determinants,
which represent all possible spin orientations of the indi-
vidual centres. Hence, Equation (2) is a collection of lin-
ear equations in the variables Ji j [21], if the two-centre
expectation values 〈ŜiŜ j〉HS and 〈ŜiŜ j〉BS have been evalu-
ated.

In this framework, we will consider two models to
describe spin interactions in the proposed clusters.

Model A: The Jij parameter takes one single J value for
any pair of magnetic sites,

Ji j = J ∀i, j.

Model B: The Ji j parameter takes identical value J for
first neighbours i,j sites and zero otherwise,

Ji j = J ∀ j ∈ first neighbour on site i
Ji j = 0 otherwise.

Hence, the LS quantities 〈ŜiŜ j〉 and the linear equation
system (2) provide the evaluation of the Ji j parameters
through LS-like treatments for both A and Bmodels, LS-
A and LS-B, respectively.

Alternatively, in themodelA, the J constant can also be
calculated using the Yamaguchi (YA) procedure [22,23],

Ji j (YA) = EHS − EBS

〈Ŝ2〉HS − 〈Ŝ2〉BS
. (4)

In the next section, we report results arising from the
application of this methodology to the above proposed
(NB11H6

•)12 structure models.

3. Results and discussion

The determinations of the spin density matrices, their
corresponding spin densities, and the energies EHS and
EBS required in the LS-A, LS-B, and YA treatments have
been carried out at the unrestricted Hartree Fock (UHF)
level of theory, with the STO-3 G basis sets. All the cal-
culations were performed using the Gaussian 09 package
[24]. The initial guess for the BS self-consistent field solu-
tion was generated by combining calculations on frag-
ments, specifying the charge and spin for each fragment.
In both systems, the supericosahedrons with the orien-
tation of nitrogen atoms inside/outside, the geometries
were optimised for the closed-shell (S = 0) states of the
anion [(NB11H6)−]12 atUHF level with the STO-3Gbasis
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4 D.R. ALCOBA ET AL.

Figure . Geometrical arrangement and calculated spin densities of the supericosahedron constituted by  NBH
• units. The orientation

of nitrogen atoms is inside of the supericosahedron. Hydrogens are not shown. Colours in spin density represent the two (alpha/beta)
spin-components. Spin density isovalue is±. in the plots.

sets. Geometry optimisations were also performed at the
UHF/STO-3 G level of theory and confirmed as minima
by vibrational analysis. The evaluation of the one- and
two-centre LSs, 〈Ŝ2i 〉 and 〈ŜiŜ j〉, respectively, were per-
formed in subsequent steps using our own codes. In our
scheme, each NB11H6

• cage, which possesses an unpaired
electron, has been regarded as a magnetic site. Likewise,
the solutions of the above mentioned linear equations
providing the Ji j values have been obtained from Math-
ematica 9.0 [25]. For the studied systems, a Sz = 6 Slater
determinant represents theHS state while we have chosen
a Sz = 5 Slater determinant for the BS state. The results
corresponding to the supericosahedrons with the orien-
tation of nitrogen atoms pointing inside and nitrogens

pointing outside the supercage are shown in Figure 3 with
Table 1, and Figure 4 with Table 2, respectively, where the
numbers 1 to 8 stand for non-equivalent moieties. Two
possible orientations of the cage spins are also depicted
in Figures 3 and 4.

As can be observed from Table 1 and 2, the energy
results show a ground state of HS type and a very close,
almost degenerate, the BS state for both inside/outside
facing nitrogen atom clusters (energy gap 0.380 and
0.068 mEh, respectively). On the other hand, in order to
describe the LSs in the supericosahedron, it is enough
to show the values corresponding to four representative
magnetic centres, whose plane contains the magnetic site
having an opposite spin in the BS state (see schemes in

Table . Local spinpopulations, energies (Eh),<S>expectationvalues andcoupling constants
(in cm−) for the supericosahedron constituted by  units NBH

•with the orientation of nitro-
gen atoms inside studied in this work in the HS and BS states. In the BS state, the spin orienta-
tion on site  is opposite to rest of the magnetic sites.

Local spins

HS state

       

 . . . . . . . .
 . . . . . . . .
 . . . . . . . .
 . . . . . . . .

BS state

       

 . − . − . − . − . − . − . − .
 − . . . . . . . .
 − . . . . . . . .
 − . . . . . . . .

Energy <S> Jij(YA) Jij(LS-A) Jij(LS-B)

HS state − . . −.  −. −.
BS state − . .
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MOLECULAR PHYSICS 5

Figure . Geometrical arrangement and calculated spin densities of the supericosahedron constituted by  NBH
• units. The orientation

of nitrogen atoms is outside of the supericosahedron. Hydrogens are not shown. Colours in spin density represent the two (alpha/beta)
spin-components. Spin density isovalue is±. in the plots.

Figures 3 and 4, positions 1, 2, 5, and 8), and their non-
redundant neighbour sites, which can be chosen on the
right of that plane (positions 3, 4, 6, and 7). Consequently,
in Table 1 and 2, only the values corresponding to these
magnetic centres are shown. From a qualitative point of
view, the LS results show that the electronic spin distribu-
tion is well-localised in each NB11H6

• cage, for the nitro-
gen atom facing either outside or inside the superclus-
ter, showing 〈Ŝ2i 〉 quantities close to 0.75, mainly in their
corresponding HS state, meaning that unpaired electrons
are well localised in each cage [the canonical value is 1/2
(1 + 1/2)]. The sign of the two-centre LS components

〈ŜiŜ j〉 is, in both clusters, positive for the HS state and
positive/negative for the BS state, according to identi-
cal or opposite spin orientation of the i,j interacting sites
(in BS states, we are considering the spin orientation on
site 1 opposite to the rest of magnetic sites). Quantita-
tively, the orientation with nitrogen inside provides HS
and BS states with lower energy and with higher energy
gap than those corresponding to the nitrogen atom ori-
ented outside. Consequently, the absolute values of the
coupling constants Jij(LS-A), Jij(LS-B), and Jij(YA) are
higher in the inside orientation, reflecting stronger inter-
action between the magnetic centres in that situation.

Table . Local spin populations, energies (Eh), <S> expectation values and coupling con-
stants (in cm−) for the supericosahedron constituted by  units NBH

• with the orientation
of nitrogen atoms outside studied in thiswork in theHS andBS states. In the BS state, the spin
orientation on site  is opposite to rest of the magnetic sites.

Local spins

HS state

       

 . . . . . . . .
 . . . . . . . .
 . . . . . . . .
 . . . . . . . .

BS state

       

 . − . − . − . − . − . − . -.
 − . . . . . . . .
 − . . . . . . . .
 − . . . . . . . .

Energy <S> Jij(YA) Jij(LS-A) Jij(LS-B)

HS state − . . −. −. −.
BS state − . .
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6 D.R. ALCOBA ET AL.

Figure . Heisenberg Hamiltonian spectrum of the supericosahe-
dron constituted by  units NBH

•, (a) with the orientation of
nitrogen atoms inside of the supericosahedron, (b) with the ori-
entation of nitrogen atoms outside of the supericosahedron.

In both systems, |Jij(LS-A)|< |Jij(LS-B)|, as is obviously
expected. Also in both systems, Jij(LS-A) and Jij(YA) val-
ues are close, which is in agreement with the high degree
of unpaired electron localisation in these compounds.

In order to complement this study, we have computed
the spectrum of the Heisenberg Hamiltonian [26] for
both supericosahedrons using Jij values obtained from
the LS-Bmodel, which could be considered more reliable
than the LS-A one. We have used the FIT-MART soft-
ware [27], which generates the matrix representation of
Equation (1) using the basis wherein the individual spin
operators Ŝiz are diagonal, and provides the energy eigen-
values and eigenvectors by means of an exact diagonali-
sation. Figure 5 shows the resulting spin state distribu-
tions. As can be observed, an S = 6 ground state is pre-
dicted for each cluster. Moreover, for both clusters, the
lowest energy value for each spin symmetry decreases
with increasing spin, while the energy gap between the

lowest energy states for two consecutive spin values has
the opposite behaviour.

4. Concluding remarks

In this work, we have analysed the electronic structure
of two [(NB11H6

•)12] supericosahedrons, which could be
obtained from covalent bonding of 12 (NB11H6

•) icosa-
hedral units. These studied clusters correspond to two
different geometrical arrangements, according to their
N atoms pointing inwards/outwards with respect to the
radial axes.We have been able to describe the interactions
between the magnetic centres in these clusters using two
different models, within an LS evaluation scheme. More-
over, the calculated spin coupling constants that account
for the magnetic interactions provide the corresponding
spin state spectra, so that a ferromagnetic S = 6 ground
state has been found for both compounds.

We are thus facing a challenging, original, and inno-
vative research line towards the construction of molec-
ular magnets based on non-metal elements, and con-
taining heteroborane cages as the building unit, with the
goal of obtaining an as large as possible maximum spin
Smax. Of course, we are still far away from the achieve-
ments of molecular magnets based on molecules/ligands
combined with metallic clusters, but we believe that the
construction of molecular architectures based on heter-
oborane cages can lead to new and interesting results for
nano-sciences and materials sciences.

We are planning to extend the applications of our LS-
basedmethodology to the study of a high number of com-
pounds with potentially interesting magnetic properties,
such as in the next iteration of the supericosahedron con-
struction presented in this work.
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