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ABSTRACT: Using density functional theory based calculations, we have
systematically studied the equilibrium geometries, relative stabilities, and
electronic and magnetic properties of Fe and Mn atoms interacting with a
varying number of BO2 moieties. These clusters are found to exhibit
hyperhalogen behavior with electron affinities as high as 6.9 eV once the
number of BO2 moieties exceed the nominal valences of these transition
metals toms, namely 2 for both Fe and Mn. In all cases the transition metal
atoms retain a sizable spin magnetic moment, even exceeding their free
atom values at certain compositions. We also note that when more than
two BO2 moieties are bound to neutral Fe and Mn atoms, they tend to
dimerize. In the case of negative ions, this process occurs at n ≥ 3, thus
leading to different neutral and anionic ground state geometries. The effect
of these structural changes in the interpretation of photoelectron
spectroscopy experiments is discussed.

I. INTRODUCTION

Negative ions play an important role in materials chemistry as
strong oxidizing agents1 and building blocks of energetic
materials.2 The halogen atoms, due to their ns2 np5 outer
electronic configuration, readily form negative ions and hence
are an integral part of salts. Chlorine has the highest electron
affinity,3,4 namely 3.62 eV, of any element in the periodic table.
Nearly half a century ago Bartlett and co-workers5,6 discovered
that a PtF6 molecule could oxidize Xe and estimated its electron
affinity to be 6.8 eV. Later, Boldyrev and Gutsev coined the
word superhalogen7 to describe molecules like PtF6 that have
electron affinities higher than that of Cl. They further showed
that molecules that consist of a metal atom at the center and
surrounded by halogen atoms all behave as superhalogens as
long as the number of halogen atoms exceed the maximal
valence of the metal atom by one.8,9 Over the last 30 years,
numerous works10−21 have been published in this field showing
the existence of superhalogens made of simple metal atoms
such as alkali metal, Mg, and Al atoms at the core and halogen
atoms such as F and Cl on the outside. The work on
superhalogen moieties has been further extended to include
coinage metal atoms22,23 and transition metal atoms at the
core.24−31 Transition metals have the added advantage that they
possess multiple valences and thus can exhibit superhalogen
behavior for a varied number of halogen atoms. In addition,
because transition metal atoms carry a magnetic moment,
superhalogens containing these atoms can be magnetic.
Recently, it has been shown that it is not necessary for a

superhalogen to consist of either a metal atom or halogen atom.
For example, BO2 is a superhalogen

32 with an electron affinity

of 4.46 eV. Similarly, borane derivatives, such as BnHn+1,
CBn‑1Hn, and MBnHn (M = alkali atom, n > 4) exhibit
superhalogen behavior.33 It is also possible to form super-
halogens by replacing halogens with pseudohalogen moieties
such as CN.34 These possibilities have extended the field of
superhalogens and literally hundreds of molecules can be
designed to have rather large electron affinities. In another
important development, it was discovered35 that a new class of
highly electronegative species can be formed if a metal atom is
surrounded by superhalogens instead of halogens. Such species,
when its electron affinity is larger than its superhalogen building
blocks, are termed as hyperhalogens.35 Hence, this provides a
recipe for designing and synthesizing new molecules with very
large electron affinities. The discovery of hyperhalogens first
made in Au(BO2)n systems35 has since been extended to
Cu(BO2)n clusters,36 simple metal atom (Na, Mg, and Al)
containing borates37,38 and Na(BF4)2 systems.

39

In this paper we focus on Fe(BO2)n and Mn(BO2)n (n = 1−
4) clusters. Although both Mn and Fe are transition metal
elements, their magnetic properties are very different. Mn, with
a 3d5 4s2 electronic configuration, exhibits a wide range of
oxidation states ranging from 0 to +7; +2 being its most
predominant oxidation state. Mn atoms possess a spin magnetic
moment of 5 μB/atom and couple antiferromagnetically in the
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bulk. Fe atoms, on the other hand, have predominant oxidation
states of +2 and +3. With an electronic configuration of 3d6 4s2,
they carry a spin magnetic moment of 4 μB/atom and couple
ferromagnetically in the bulk. It will be, thus, interesting to see
if the above TM(BO2)n clusters exhibit hyperhalogen behavior
and if so at what value of n does this property emerge? Equally
important is to see if the metal atoms continue to carry a
magnetic moment and if so do their values decrease with ligand
decoration or can they be enhanced?

II. COMPUTATIONAL DETAILS

Density functional theory based electronic structure calcu-
lations were carried out to determine the ground state
geometries and the corresponding ground spin states of neutral
and charged TM(BO2)n (TM = Mn and Fe; n = 1−4) clusters.
The hybrid gradient corrected exchange−correlation func-
tional40,41 (B3LYP) in conjunction with 6-311+G(d) basis set
as implemented in Gaussian 03 code,42 was used for all the
calculations. The reliability of our computational parameters
was established in a previous study43 on Fen(BO2) clusters. In
the geometry optimization procedure, the structural parameters
of various isomers were fully optimized for several possible spin

states without any symmetry restrictions. Convergence criteria
for total energies and forces were set to 10−9 hartree, and 10−4

hartree/Å, respectively. Furthermore, vibrational frequency
calculations were also carried out to confirm the dynamic
stability of these isomers.
We have calculated adiabatic detachment energies (ADE)

and vertical detachment energies (VDE) values to determine
the hyperhalogen behavior of these clusters. The ADE value
was obtained by calculating the energy difference between the
ground state geometry of the anionic cluster and the
structurally similar isomer of its neutral counterpart. Similarly,
vertical detachment energies (VDE) are calculated as the
difference in energies between the anion and the neutral both at
the anion’s ground state geometry. In cases where the ground
state geometries of neutral and anionic clusters are similar, the
ADE of the anionic cluster is equal to the electron affinity (EA)
of the corresponding neutral cluster. The analysis that follows is
from the perspective of anionic lowest energy structure and its
structurally similar neutral cluster, because photoelectron
spectroscopy is a vertical process where the neutral cluster,
following the electron detachment, may not have enough time
to reach its ground state if it is protected by a large energy
barrier.

Figure 1. Lowest energy and higher energy isomers of neutral Mn(BO2)n (n = 1−4) clusters. The total spin magnetic moments (in μB) along with
the relative energies (ΔE in eV) are also shown. All the bond lengths are given in Å.
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III. RESULTS AND DISCUSSION

First, we will discuss our results on neutral and anionic
Mn(BO2)n followed by discussions of Fe(BO2)n clusters.
A. Mn(BO2)n (n = 1−4) Clusters. The ground state and

higher energy isomers of neutral and anionic Mn(BO2)n
clusters along with their spin magnetic moments are given in
Figures 1 and 2, respectively. Our calculated VDE, ADE, and
the NBO charges on the Mn atom in the ground state anion
and its corresponding neutral cluster are given in Table 1. The
ground state of both the neutral and anionic Mn(BO2) clusters
is found to be a linear structure, with the metal atom binding to
one of the oxygen atoms of the BO2 unit. The Mn−O bond

length in the neutral cluster (Figure 1, 1a) is 1.90 Å, whereas in
the case of the anion (Figure 2, 1a′), the bond length increased
to 2.01 Å. The most preferred spin multiplicity, (M = 2S + 1) of
the neutral Mn(BO2) cluster is a septet, leading to the spin
magnetic moment of 6 μB, whereas in the case of the anionic
cluster the preferred spin magnetic moment is 5 μB. The nature
of bonding between the Mn atom and the BO2 unit in the
Mn(BO2) cluster is ionic in nature, with a net NBO charge of
+0.90e on Mn atom (Table 1) and −0.90e on the BO2 moiety.
The calculated values of VDE and ADE for [Mn(BO2)]

− are
2.09 and 1.99 eV, respectively. Because the ground state
structures of neutral and anionic clusters are identical, the ADE
of the anion corresponds to the EA of the neutral Mn(BO2)
cluster. As expected, the EA value of Mn(BO2) is significantly
larger than the EA values of MnX (X = F, Cl, and Br) cluster.
For example, the EA of MnF, MnCl, and MnBr are reported31

to be 1.34, 1.52, and 1.59 eV, respectively, whereas the EA of
Mn(BO2) is 1.99 eV. Another isomer, in which the cluster
forms a bent structure is significantly higher in energy for both
neutral (Figure 1, 1b) and anionic (Figure 2, 1b′) cases.
In the case of the Mn(BO2)2 cluster, the two BO2 moieties

can bind to the Mn atom as separate units, as reported in the
Au(BO2)2 cluster,35 or they can dimerize to form the B2O4

moiety and then interact with the Mn atom as a single unit. We
have taken both these scenarios into account during the

Figure 2. Lowest energy and higher energy isomers of negatively charged Mn(BO2)n (n = 1−4) clusters. The total spin magnetic moments (in μB)
along with the relative energies (ΔE in eV) are also shown. All the bond lengths are given in Å.

Table 1. Vertical Detachment Energies (VDE) and Adiabatic
Detachment Energies (ADE) of Negatively Charged
Mn(BO2)n (n = 1−4) Clustersa

charge on Mn (e)

cluster isomer VDE (eV) ADE (eV) neutral anion

[Mn(BO2)]
― 1a′ 2.09 1.99 0.89 −0.02

[Mn(BO2)2]
― 2a′ 2.70 2.59 1.61 0.70

[Mn(BO2)3]
― 3a′ 6.33 5.71 1.80 1.66

[Mn(BO2)4]
― 4a′ 6.83 6.28 1.67 1.66

aThe NBO charges on the metal atom are also listed.
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geometry optimization. The ground state geometries of both
neutral and anionic Mn(BO2)2 clusters correspond to a
configuration, where each unit of BO2 is bonded to the Mn
atom separately, thereby forming a linear structure (Figure 1,
2a, and Figure 2, 2a′). The spin multiplicity of neutral
Mn(BO2)2 is a sextet, resulting in a spin magnetic moment of 5
μB, with the majority of this moment localized on the Mn atom.
The spin magnetic moment of the [Mn(BO2)2]

− cluster is 4 μB.
The structural configuration containing a B2O4 unit was found
to be 1.10 eV higher in energy for the neutral cluster (Figure 1,
2b), whereas a bent configuration with two individual BO2
units was found to be 0.55 eV higher in energy for anionic
cluster (Figure 2, 2b′).
The NBO charge analysis of the neutral Mn(BO2)2 cluster

(Figure 1, 2a), revealed a charge transfer of almost two
electrons from the Mn atom to the two BO2 moieties, with a
charge of +1.6e on the Mn atom (Table 1) and a charge of
−0.80e on each of the BO2 units, resulting in a strong ionic
bond between the doubly charge central metal ion and two
BO2

− moieties. Therefore, the oxidation state of Mn in the
Mn(BO2)2 cluster is +2, which is consistent with the spin
magnetic moment of 5 μB for this cluster. The Mn(BO2)2
cluster is, thus, expected to be highly stable against dissociation
into smaller clusters. This is indeed the case, which will be
evident from our discussion of the thermodynamic stabilities of
these clusters in the following section. Interestingly, in the case
of the [Mn(BO2)2]

− cluster (Figure 2, 2a′), the charge on Mn
is only +0.7e, indicating that when the extra electron is added to
the Mn(BO2)2 cluster, the majority of the extra electron’s
charge (90%) is localized over the positively charged Mn atom
(Table 1). In the anion photoelectron spectroscopy (PES)
experiments, it is the anionic cluster from which the electron is
photodetached. Thus, if one tries to understand the above
charge distribution from the experimental viewpoint, i.e., PES
experiments of the [Mn(BO2)2]

− cluster, then it can be said
that the photodetached electron comes from the positively
charged Mn, which results in the neutral Mn(BO2)2 cluster
containing Mn2+ and two BO2

− units. The calculated VDE and
ADE values of [Mn(BO2)2]

− cluster are 2.70 and 2.59 eV,
respectively. Because there is no significant change in the
ground state geometries of neutral and anionic clusters, the EA
of Mn(BO2)2 is also 2.59 eV. Even though the addition of the
second BO2 unit to the Mn(BO2) cluster has resulted in an
increase in the EA value by 0.6 eV (from 1.99 to 2.59 eV), it is
not larger than that of the BO2 superhalogen moiety (4.32 eV).
Hence, Mn(BO2)2 is not a hyperhalogen. This is consistent
with the fact that in Mn(BO2)2, the Mn atom is in its most
preferred oxidation state of +2 and each of the BO2 units have
their required one-electron, thus a relatively low EA. On the
other hand, when the EA of Mn(BO2)2 is compared with the
corresponding EA values of MnX2 (X = F, Cl, and Br) clusters,
an interesting picture emerges. The previously reported31 EA
values of MnF2, MnCl2, and MnBr2 clusters are 1.25, 1.10, and
1.76 eV, respectively, which are substantially smaller than that
of the EA of Mn(BO2)2 cluster. Thus, it is evident that as one
replaces the halogen atoms around a central metal atom with
the superhalogen moieties, one can significantly increase the EA
of the resulting cluster. A similar scenario was also observed in
AuX2 and Au(BO2)2 clusters.

35

On further increasing the number of BO2 units to three, we
obtain different ground state geometries for neutral and anionic
Mn(BO2)3 cluster. The ground state geometry of [Mn(BO2)3]

−

cluster corresponds to a planar, symmetric structure in which

each of the three BO2 moieties is bonded to the Mn atom
separately (Figure 2, 3a′). The spin magnetic moment of
[Mn(BO2)3]

− cluster is 5 μB, with the spin localized on the Mn
atom. In this structure, thus, the Mn atom has a 3d5

configuration and is in +2 oxidation state. The isomer in
which two of the BO2 units dimerize, while the third BO2
moiety binds separately to the Mn atom (Figure 2, 3b′), was
found to be 0.57 eV higher in energy than the ground state
structure. This higher energy isomer, thus, can be viewed as
BO2−Mn-B2O4. Interestingly, in the case of neutral Mn(BO2)3
cluster, this higher energy BO2−Mn−B2O4 structure is found to
be the ground state structure (Figure 1, 3a), whereas the
structure similar to the ground state anion was found to be 0.93
eV higher in energy (Figure 1, 3c). The Mn(BO2)3 cluster has a
spin magnetic moment of 4 μB. The ground state geometry of
the anionic Mn(BO2)3 cluster is similar to the previously
reported37 [Mg(BO2)3]

− cluster. These similarities in the
[Mg(BO2)3]

− and [Mn(BO2)3]
− clusters can be understood

from the fact that both Mg and Mn prefer to be in the +2
oxidation state, which is the case when all the BO2 molecules
are bonded as separate units with the metal atom. The
calculated values of VDE and ADE of the [Mn(BO2)3]

− cluster
are 6.33 and 5.71 eV, respectively, which are significantly larger
than the corresponding electron detachment energies of the
[Mn(BO2)2]

− cluster. Because the ground state geometries of
the neutral and anionic Mn(BO2)3 cluster are different, the
ADE does not correspond to the EA of the neutral cluster. The
calculated EA of the Mn(BO2)3 cluster is 4.78 eV. Because the
EA of the Mn(BO2)3 cluster is larger than that of BO2 and
because the cluster is also magnetic, we classify Mn(BO2)3 as a
magnetic hyperhalogen. However, it is to be noted here that, in
the anion PES experiments, the electron detachment from the
ground state [Mn(BO2)3]

− cluster results in a neutral cluster
(Figure 1, 3c) that is 0.93 eV higher in energy than the ground
state neutral cluster. Therefore, in the PES spectra of the
[Mn(BO2)3]

−, the threshold energy, which is the electron
binding energy (EBE), would be equal to our calculated ADE
value, but not to EA. On the basis of our calculations, we expect
an unusually large EBE of 5.71 eV in the PES spectra of the
[Mn(BO2)3]

− cluster, thereby classifying the resultant neutral
cluster as a magnetic hyperhalogen. This large EBE is due to the
fact that in the case of the anion, the detached electron is
delocalized over the three BO2 moieties. The NBO charges
(Table 1) also show that the charge on the metal atom does not
change (ΔQ = −0.14e) significantly as we go from anion
Mn(BO2)3 to its corresponding neutral cluster, indicating that
the extra electron is delocalized over the three BO2 moieties.
This is in contrast to the charge distribution scenario observed
in the Mn(BO2)2 cluster, where the extra electron’s charge was
localized mostly on the Mn atom. The delocalization of the
extra electron over the BO2 units combined with the 3d5

configuration of Mn, result in the enhanced stability of
[Mn(BO2)3]

− cluster and can appear as a high intense peak
(magic cluster) in the mass spectrum of [Mn(BO2)n]

− clusters.
A similar scenario was observed in MnxCly

− clusters.30 We look
forward to experimental verification of these predictions.
Following the trend observed in smaller clusters, the ADE
values of (MnX3)

− (X = F, Cl, and Br) cluster, reported in an
earlier study31 (MnF3, 3.42 eV; MnCl3, 4.50 eV; MnBr3, 4.58
eV), are significantly lower than the ADE (5.71 eV) of
[Mn(BO2)3]

− cluster.
The ground state geometry of [Mn(BO2)4]

− cluster is
composed of two y-shaped B2O4 units bonded to the central
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Mn atom (Figure 2, 4a′), whereas the structure in which a B2O4

unit and two BO2 moieties bind to the Mn atom (Figure 2,
4b′) was found to be 0.21 eV higher in energy. Another
structural configuration (Figure 2, 4c′) in which all the four
BO2 units bind to the Mn atom separately, thereby having a
shape similar to an equilateral cross, was found to be 0.72 eV
higher in energy. Note that, in all these structures the Mn atom
is 4-fold coordinated and is in the +3 oxidation state. The
[Mn(BO2)4]

− cluster prefers a quintet spin multiplicity and
thus has a spin magnetic moment of 4 μB. As expected, the spin
moment is completely localized over the manganese atom. The
ground state geometry of the neutral Mn(BO2)4 cluster (Figure
1, 4a) is not similar to its corresponding anion ground state
geometry. The ground state structure of the neutral Mn(BO2)4
cluster has a form where a O−Mn unit is bonded to a B4O7

unit. However, a structural configuration that is similar to the
ground state anion (Figure 1, 4b) is found to be just 0.27 eV
higher in energy than the ground state neutral cluster, whereas
the “equilateral-cross” structure (Figure 1, 4c) is 2.72 eV higher
in energy. Note that in both the ground state (Figure 1, 4a) and
the higher energy isomer (Figure 1, 4b), the Mn atom is in +4
oxidation state. The Mn(BO2)4 cluster has a spin magnetic
moment of 3 μB, which is consistent with the +4 state of Mn.
The VDE and ADE for the ground state anion are 6.83 and

6.28 eV, respectively, whereas the EA of the neutral cluster is
calculated to be 6.01 eV. Thus, Mn(BO2)4 is also classified as a
magnetic hyperhalogen. The NBO charge analysis of the anionic
Mn(BO2)4 cluster and its corresponding neutral cluster shows
that the extra electron is completely delocalized over the two
B2O4 units, thus leading to a large electron binding energy.
Overall, we have shown that replacing the halogen atom X in

the MnXn cluster with a superhalogen moiety, BO2,
substantially enhances the electron affinity of the resulting
cluster, with Mn(BO2)n (n = 3, 4) clusters exhibiting
hyperhalogen behavior. In negatively charged Mn(BO2)n
clusters, as the number of BO2 moieties is increased, structures
that maximize the delocalization of the extra electron and
optimize the oxidation state of Mn atom are stabilized more
than the structures containing B2O4 units. On the other hand,
in the case of neutral clusters with n > 2, structures containing
B2O4 and B4O7 units dominate. Furthermore, the addition of
BO2 moieties to the Mn atom decreases its spin magnetic
moment from 6 μB in Mn(BO2) to 3 μB in Mn(BO2)4.

B. Fe(BO2)n (n = 1−4) Clusters. We now discuss the
interaction of Fe atom with BO2 moieties. The ground state
and higher energy structures of neutral and negatively charged
Fe(BO2)n (n = 1−4) clusters are shown in Figures 3 and 4,
respectively. The calculated VDE, ADE, and the NBO charges

Figure 3. Lowest energy and higher energy isomers of neutral Fe(BO2)n (n = 1−4) clusters. The total spin magnetic moments (in μB) along with the
relative energies (ΔE in eV) are also shown. All the bond lengths are given in Å.
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on the Fe atom are given in Table 2. The neutral and anionic
Fe(BO2)n (n = 1, 2) clusters bear no major structural

differences apart from minor distortions due to the extra
electron in the case of anions. The ground state geometries of
both neutral and anionic Fe(BO2) clusters is a bent structure.
The neutral Fe(BO2) cluster has a quartet spin multiplicity (2S
+ 1 = 4), resulting in a spin magnetic moment of 3 μB. As
expected, the spin moment is localized on the Fe atom. The
nature of the bonding between the Fe atom and the BO2 unit is
found to be ionic in nature, with a charge transfer of −0.79e
from the Fe atom to the BO2 moiety. The most preferred spin

multiplicity of [Fe(BO2)]
− cluster is a quintet, thus resulting in

a spin magnetic moment of 4 μB. In the case of the anion, the
majority of the extra electron’s charge (77%) was found to be
localized over the BO2 unit, and 23% of the charge goes to the
positively charged Fe. Note that in the case of the [Mn(BO2)]

−

cluster, a larger portion (87%) of the extra electron’s charge was
localized on the BO2 moiety. This difference in the amount of
localization is due to the fact that the iron atom has a larger
electron affinity than the manganese atom. A linear isomer,
similar to the ground state structure of the Mn(BO2) cluster,
was found to be 0.60 eV higher in energy (Figure 3, 1b) than
the ground state structure of the Fe(BO2) cluster, whereas in
the case of the anion, this linear isomer is found to be
energetically degenerate (Figure 4, 1b′). Our calculated VDE
and ADE values of the [Fe(BO2)]

− cluster are 2.41 and 1.91
eV, respectively (Table 2). These values are in good agreement
with previously reported43 experimental VDE and ADE values
of 2.28 and 2.04 eV, respectively.
The lowest energy isomers of neutral and anionic Fe(BO2)2

cluster adopt a linear structure with the two BO2 units binding
to the metal atoms separately (Figure 3, 2a, and Figure 4, 2a′).
The structure containing the B2O4 unit binding to the Fe atom
was found to be 1.32 eV higher in energy in the neutral (Figure
3, 2b), whereas in the case of the anion, it is 1.57 eV higher in
energy (Figure 4, 2c′). Thus, the neutral and charged Fe(BO2)2
clusters adopt similar structural features as the corresponding
Mn(BO2)2 cluster. The neutral Fe(BO2)2 cluster prefers a spin

Figure 4. Lowest energy and higher energy isomers of negatively charged Fe(BO2)n (n = 1−4) clusters. The total spin magnetic moments (in μB)
along with the relative energies (ΔE in eV) are also shown. All the bond lengths are given in Å.

Table 2. Vertical Detachment Energies (VDE) and Adiabatic
Detachment Energies (ADE) of Negatively Charged
Fe(BO2)n (n = 1−4) Clustersa

charge on Fe (e)

cluster isomer VDE (eV) ADE (eV) neutral anion

[Fe(BO2)]
― 1a′ 2.41 1.91 0.79 −0.02

[Fe(BO2)2]
― 2a′ 3.96 3.80 1.48 0.76

[Fe(BO2)3]
― 3a′ 5.75 5.73 1.93 1.55

3b′ 5.12 4.75 1.38 1.26
[Fe(BO2)4]

― 4a′ 6.73 6.37 1.58 1.58
4b′ 7.21 6.89 1.89 1.88
4c′ 5.81 5.39 1.39 1.20

aThe NBO charges on the metal atom are also listed.
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state (2S) of 4 μB, whereas its anionic counterpart has a spin
magnetic moment of 3 μB. The calculated VDE and ADE values
of the [Fe(BO2)2]

− cluster are 3.96 and 3.80 eV, respectively
(Table 2). These electron detachment energies are not only
larger than the [Fe(BO2)]

− cluster (Table 2) but also about 1.2
eV larger than the corresponding energies of [Mn(BO2)2]

−

cluster (Table 1). The larger electron detachment energies in
the case of the [Fe(BO2)2]

− cluster is due to the fact that the
extra electron is delocalized over the Fe (72%) and the two
BO2 units (28%), whereas in the case of the [Mn(BO2)2]

−

cluster, 90% of the extra electron’s charge was localized over the
Mn atom. This delocalization of the extra electron has caused a
larger electron binding energy in the [Fe(BO2)2]

− as compared
to the [Mn(BO2)2]

− cluster. The ADE of the anion, in this
case, can be considered as the EA of the neutral Fe(BO2)2
cluster. Because this EA is greater than 3.62 eV, the Fe(BO2)2
cluster can be classified as a superhalogen. However, it still does
not show hyperhalogen behavior because its EA is not larger
than that of the BO2 (4.32 eV).
The lowest energy isomer of the neutral Fe(BO2)3 cluster

corresponds to a structure containing a y-shaped B2O4 unit and
a BO2 moiety binding to the Fe atom from either side (Figure
3, 3a). Note that the Mn(BO2)3 cluster also has a similar
structure. On the other hand, the structure in which all the
three BO2 moieties are bonded to the Fe atom separately is
0.25 eV higher in energy (Figure 3, 3b). Note that in the case of
the the Mn(BO2)3 cluster, the isomer containing three BO2
units (Figure 1, 3c) was found to be significantly higher in
energy (ΔE = 0.93 eV) than its corresponding lowest energy
structure. The stabilization of the isomer containing three
separate BO2 units in the case of the Fe(BO2)3 cluster can be
due to the fact that in this isomer, the Fe atom is in the +3
oxidation state, its most preferred state. Both these isomers
prefer a sextet spin multiplicity, leading to a spin magnetic
moment of 5 μB. In the case of the negatively charged Fe(BO2)3
cluster, however, the BO2 units prefer to bind separately to the
Fe atom, leading to a planar structure (Figure 4, 3a′), whereas
the geometry corresponding to the ground state neutral cluster
is 0.47 eV higher in energy (Figure 4, 3b′). This reversal in the
most preferred structures as one goes from neutral to anion was
also observed in the Mn(BO2)3 cluster. The [Fe(BO2)3]

−

cluster has a spin magnetic moment of 4 μB. The NBO charge
analysis of the anionic cluster and its corresponding neutral
isomer showed that the majority of the extra electron’s charge
(62%) in the anion was delocalized over the three BO2 moieties
and the charge on the Fe atom did not change (ΔQ = −0.38e)
appreciably due to the electron detachment. Thus, the charge
distribution in [Fe(BO2)3]

− is more delocalized than in the case
of the [Fe(BO2)2]

− cluster. Therefore, we expect the ADE and
VDE values of [Fe(BO2)3]

− to be substantially larger than the
corresponding values of the [Fe(BO2)2]

− cluster. The VDE of
[Fe(BO2)3]

− was calculated to be 5.75 eV, whereas the ADE is
5.73 eV (Table 2). The EA of the Fe(BO2)3 cluster was found
to be 5.48 eV. Because these electron-detachment energies are
greater than the EA of BO2, following the definition of
hyperhalogens, we can also classify Fe(BO2)3 cluster as a
magnetic hyperhalogen.
On further increasing the number of BO2 units to four,

several low lying isomers were found in both neutral and
anionic Fe(BO2)4 clusters. The lowest energy structure of the
[Fe(BO2)4]

− cluster consists of a B2O4 unit and two separate
BO2 moieties bonded to the Fe atom (Figure 4, 4a′), with the
plane of the B2O4 unit perpendicular to rest of the cluster.

Interestingly, the structure in which all four BO2 units are
separately bonded to the central Fe atom was found to be just
0.03 eV higher in energy (Figure 4, 4b′). Here again, a
competition between the formation of B2O4 units and achieving
a larger delocalization to stabilize the metal−borate cluster is
observed. In isomer 4b′, the extra electron is delocalized over
four BO2 units, whereas in the case of isomer 4a′, the extra
electron is delocalized over two BO2 units and a B2O4 unit. The
small difference in the NBO charges on the Fe atom of these
two isomers (Table 2) clearly shows a slightly larger
delocalization of electron in isomer 4b′. Both these isomers
prefer a sextet spin multiplicity, leading to a spin magnetic
moment of 5 μB for the [Fe(BO2)4]

− cluster. Note that neither
of these two isomers was lower in energy in the case of the
[Mn(BO2)4]

− cluster. The structural configuration containing
two B2O4 units binding to the Fe atom is 0.16 eV higher in
energy (Figure 4, 4c′), whereas another conformation of the
same structure (Figure 4, 4d′) is 0.19 eV higher in energy than
the lowest energy isomer. Unlike the two lowest energy
structures, the isomers containing the B2O4 units prefer a
quartet spin multiplicity. The two lowest energy isomers of the
neutral Fe(BO2)4 cluster (Figure 3, 4a and 4b), on the other
hand, are identical to the lowest energy structure of the
Mn(BO2)4 cluster (Figure 1, 4a and 4b). The lowest energy
isomer (Figure 3, 4a), of Fe(BO2)4 has a B4O7 unit binding to a
Fe−O unit. Another isomer, containing two B2O4 units bound
to the Fe atom (Figure 3, 4b) is only 0.09 eV higher in energy
than the lowest energy isomer. The isomer corresponding to
the anionic ground state was found to be 0.91 eV higher in
energy, whereas the isomer containing four BO2 units is 1.45
eV higher in energy. The VDE and ADE values of the lowest
energy isomer (Figure 4, 4a′) are 6.73 and 6.37 eV, respectively
(Table 2). The corresponding electron detachment energies of
the next lower energy isomer (Figure 4, 4b′) are substantially
higher, with a VDE value of 7.21 eV and ADE of 6.89 eV
(Table 2), which is a result of a larger delocalization of the extra
electron over four BO2 units. Because the ADE value of the
[Fe(BO2)4]

− cluster is greater than the EA/ADE of its
superhalogen building unit, BO2, and the cluster carries a
large spin magnetic moment, it can be characterized as a
magnetic hyperhalogen.

C. Thermodynamic Stabilities. The thermodynamic
stabilities of the TM(BO2)n (TM = Mn, Fe; n = 1−4) against
fragmentation into smaller clusters were studied by considering
various fragmentation paths and products. The fragmentation
pathways and the corresponding dissociation energies for
neutral and anionic clusters are given in Tables 3 and 4,
respectively. The dissociation energies are all positive and
hence these clusters are stable against fragmentation. The
dissociation of TM(BO2)2 into TM(BO2) + BO2 fragments
requires large energies of 4.58 and 4.00 eV for Mn(BO2)2 and

Table 3. Fragmentation Pathways and Dissociation Energies
for Neutral Mn(BO2)n and Fe(BO2)n (n = 1−4) Clusters

dissociation energy (eV)

cluster pathways M = Mn M = Fe

M(BO2) M + BO2 3.68 3.72
M(BO2)2 M(BO2) + BO2 4.58 4.00
M(BO2)3 M(BO2)2 + BO2 2.76 3.10

M(BO2) + (BO2)2 5.64 5.41
M(BO2)4 M(BO2)3 + BO2 2.79 2.72
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Fe(BO2)2, respectively. For the TM(BO2)3 cluster, we have
considered two fragmentation paths: (i) one where the cluster
fragments into TM(BO2)2 and BO2 and (ii) the other where
the cluster fragments into TM(BO2) and (BO2)2, as illustrated
in Table 3. The dissociation of TM(BO2)3 into TM(BO2)2 +
BO2 is preferred over dissociation into TM(BO2) + (BO2)2 in
both Mn(BO2)3 (by 2.88 eV) and Fe(BO2)3 clusters (by 2.31
eV). The most preferred fragmentation pathway of TM(BO2)3,
along with the large dissociation energy of the TM(BO2)2
cluster, further establishes the stability of TM(BO2)2 cluster, as
discussed in the earlier section. Finally, in the case of the
TM(BO2)4 cluster, due to the complexity of the structure we
considered only the fragmentation corresponding to the loss of
one BO2 unit. The dissociation energy clearly shows that the
cluster is stable against losing a BO2 unit.
In the case of negatively charged TM(BO2)n clusters, we

have relatively more fragmentation pathways available due to
the presence of the extra electron (Table 4). The competition
between the fragmentation products in retaining the extra
electron dictates the preferred fragmentation path. In the case
of the [TM(BO2)]

− (TM = Mn and Fe) cluster, the
dissociation leading to TM + BO2

− is favored over dissociation
into TM− + BO2 by a significant amount of energy. This
scenario is consistent with the electronic charge deficiency and
the superhalogen characteristic of the BO2 moiety. In the case
of the [TM(BO2)2]

− cluster, the most preferred fragmentation
path corresponds to dissociation into TM(BO2) + BO2

−. The
preference for the negative charge to reside on the BO2 unit
during the fragmentation is again due to the fact that although
TM(BO2) is not a superhalogen in either Mn or Fe case, the
BO2 is a superhalogen. This trend continues to the [TM-
(BO2)3] cluster as well, with the TM(BO2)2 + BO2

−

fragmentation path costing less energy than the [TM(BO2)2]
−

+ BO2 fragments. Interestingly, in the [Fe(BO2)3]
− cluster, the

difference between the dissociation energies of the two
fragmentation pathways is 0.56 eV, whereas in the case of the
[Mn(BO2)3]

− cluster, this difference is significantly larger (1.76
eV). This is due to the fact that the neutral Mn(BO2)2 is a
highly stable species with a low electron affinity (2.59 eV),
whereas in the case of iron, Fe(BO2)2 is a superhalogen (EA:
3.80 eV), albeit not as strong as the BO2 unit (EA: 4.32 eV).
Therefore, in the dissociation of the [Fe(BO2)3]

− cluster, there
is a competition between the Fe(BO2)2 and BO2 units in
acquiring the negative charge, whereas in the case of
[Mn(BO2)3]

−, there is no such competition. Only in the case
of the [TM(BO2)4]

− cluster does the most favored
fragmentation pathway result in a neutral BO2 unit and

negatively charged TM(BO2)3 cluster. This change in the
preferred fragmentation products is consistent with the fact that
the EA value of BO2 is larger than that of TM(BO2) and
TM(BO2)2 but less than that of the TM(BO2)3 cluster.

IV. SUMMARY

In summary, we have carried out density functional theory
based calculations to identify the equilibrium geometries and
magnetic properties of TM(BO2)n (TM = Mn, Fe; n = 1−4)
clusters. We note that in neutral Mn(BO2)n clusters, the BO2
moieties bind individually for n = 1 and 2 but begin to dimerize
and polymerize for n = 3, 4. This is consistent with the fact that
the predominant oxidation state of Mn is +2. In [Mn(BO2)n]

−

clusters, the BO2 moieties continue to bind individually until n
= 3 and dimerize at n = 4. The spin magnetic moment of Mn
atom in neutral Mn(BO2)n varies from 6 μB at n = 1−3 μB at n
= 4, decreasing by 1 μB with the addition of every BO2 moiety.
In the anionic Mn(BO2)n cluster, on the other hand, the spin
magnetic moment at the Mn atom is 5 μB for n = 1, 3, and 4 μB
for n = 2, 4. Mn(BO2)3 and Mn(BO2)4 clusters, with adiabatic
detachment energies of 5.71 and 6.28 eV, respectively are
hyperhalogens, because these exceed the electron affinity of
BO2 which is 4.46 eV.
In neutral Fe(BO2)n clusters, the BO2 moieties bind

individually to the Fe atom until n = 2. They dimerize and
polymerize respectively at n = 3 and 4. This shows that the
preferred oxidation number of Fe in these clusters is +2. The
spin magnetic moments at the Fe atom site in Fe(BO2)n (n =
1−4) clusters are respectively 3, 4, 5, and 4 μB. Note that the
spin magnetic moment of a free Fe atom is 4 μB. Thus, it is
possible for a transition metal atom ligated to BO2 to carry a
spin moment that is larger than that of its neutral free atom. In
the anionic Fe(BO2)n clusters, BO2 moieties bind individually
until n = 3. With the adiabatic detachment energies of 5.73 eV
for [Fe(BO2)3]

− and 6.37 eV for [Fe(BO2)4]
−, these clusters

are hyperhalogens. Our results establish that Mn and Fe
decorated with BO2 not only have hyperhalogen behavior but
also carry a magnetic moment, irrespective of the number of
BO2 moieties. Hence, these clusters can be termed as magnetic
super- and hyperhalogens. We await experimental confirmation
of our predictions.
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Table 4. Fragmentation Pathways and Dissociation Energies
for Anionic Mn(BO2)n and Fe(BO2)n (n = 1−4) Clusters

dissociation energy (eV)

cluster pathways M = Mn M = Fe

[M(BO2)]
― M + (BO2)

− 1.32 1.27
M− + (BO2) 6.20 5.22

[M(BO2)2]
― [M(BO2)]

− + BO2 5.18 5.89
M(BO2) + (BO2)

− 2.82 3.44
[M(BO2)3]

― [M(BO2)2]
− + BO2 4.94 4.53

M(BO2)2 + (BO2)
− 3.18 3.97

[M(BO2)4]
― M(BO2)3 + (BO2)

− 3.60 3.83
[M(BO2)3]

− + BO2 3.18 2.95
M(BO2)2 + (BO2)2

− 4.35 4.92
[M(BO2)2]

− + (BO2)2 6.42 5.79
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