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Superhalogen properties of BS2
� and BSO�:

photoelectron spectroscopy and
theoretical calculations
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Wei-Jun Zheng*

We investigate BS2
� and BSO� clusters using photoelectron spectroscopy and theoretical calculations.

The electron affinities of BS2 and BSO are measured to be 3.80 � 0.03 and 3.88 � 0.03 eV, respectively,

higher than those of halogen atoms. Thus, BS2 and BSO can be considered as superhalogens. The com-

parison of experimental and theoretical results confirmed that the ground state structures of BS2
�, BSO�,

and their neutrals are all linear. Analyses of natural bond orbitals suggest that both BS2
� and BSO� have

dual 3c-4e p hyperbonds.

1. Introduction

The term of superhalogen was first proposed by Gutsev and
Boldyrev to classify a series of species with electron affinities
(EAs) higher than those of halogen atoms.1–3 Owing to their
high electron affinities,4–9 superhalogens are strong oxidizers that
can interact with a wide variety of species to form new materials.10–17

The varied structures and electronegativities of different super-
halogens give us more ability to tune the properties of func-
tional materials.18–20 BO2 has been studied extensively in the last
decades.21–37 It can be considered as a superhalogen because it
is only one electron away from having a closed electronic shell
and has a high electron affinity of 4.46 eV.38 Recent studies show
that BO2 can be used as a building block for new superhalogens
and hyperhalogens.39–44 BS2 and BSO are isoelectronic to BO2.
It has been suggested by theoretical calculations that BS2 is a
superhalogen similar to BO2 and may act as a building block for
hyperhalogens.45,46 Utilization of BS2 or its analogues can
provide new opportunities for the design and synthesis of novel
hyperhalogen species. The absorption spectra of BS2 were
measured in neon matrices47 and in the gas phase.48 The Renner–
Teller effect, spin–orbit splitting, and K-resonance effects of BS2

were investigated with laser-induced fluorescence techniques.49–51

Until now, there has been no experimental measurements on the
electron affinities of BS2 and BSO in the literature. Studies on
BSO are scarce. In this work, we conducted a combined photo-
electron spectroscopy and theoretical study on BS2

� and BSO�.

Our experimental measurements show that the electron affinities
of both BS2 and BSO surpass those of the halogens, thus, con-
firm that both BS2 and BSO are superhalogens. The chemical
bonding and electronic properties of BS2

� and BSO� are also
analyzed.

2. Experimental and theoretical
methods
2.1 Experimental method

The experiments were conducted on a home-built apparatus
consisting of a laser vaporization cluster source, a time-of-flight
(TOF) mass spectrometer, and a magnetic-bottle photoelectron
spectrometer, which has been described elsewhere.52 Briefly, the
BS2
� and BSO� anions were produced by laser ablation of a

rotating and translating boron–sulfur mixture disk target (13 mm
diameter, B/S mole ratio 40 : 1) with the second harmonic of a
nanosecond Nd:YAG laser (Continuum Surelite II-10). The typical
laser power used in this work was about 10 mJ per pulse. Helium
carrier gas with B4 atm back pressure was used to cool the
formed clusters by expanding through a pulsed valve (General
Valve Series 9) into the source. 11BS2

� and 11BSO� clusters were
each selected using a mass gate, decelerated by a momentum
decelerator, and photodetached with the beam of another
Nd:YAG laser (Continuum Surelite II-10; 266 nm) or an ArF
excimer laser (PSX-100, 193 nm). The photoelectrons produced
were energy-analyzed using the magnetic-bottle photoelectron
spectrometer. The photoelectron spectra were calibrated using
the spectra of Cu� and Au� obtained under similar conditions.
The resolution of the photoelectron spectrometer was about
40 meV at the electron kinetic energy of 1 eV.
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2.2 Theoretical method

The structures of BS2
� and BSO� as well as those of their corre-

sponding neutral species were optimized using the Becke three-
parameter hybrid exchange functional combined with the
Lee–Yang–Parr correlation functional (B3LYP) method53,54 with
augmented correlation-consistent polarized valence triple-zeta
basis sets (aug-cc-pVTZ)55 which are obtained from the EMSL
basis set exchange.56 Optimizations of each species started
from all possible structural candidates with full relaxation of
each atom’s position without any symmetry restrictions. The
singlet and triplet multiplicities of BS2

� and BSO� as well as the
doublet and quadruplet of their neutrals were all considered in
the current work. Harmonic vibrational frequency analyses
were implemented in order to make sure that the obtained
structures were real local minima. The relative energies of all
the optimized structures were then single-point calculated with
the coupled cluster theory with single, double and non-iterative
triple excitations (CCSD(T))57–59 and the same basis sets as those
used in the optimization step. The harmonic vibrational frequen-
cies of BSO� and its neutral counterpart were also calculated at
the CCSD(T)/aug-cc-pVTZ level of theory. The relative energies
were used to estimate the vertical detachment energies (VDEs)
and the adiabatic detachment energies (ADEs) of BS2

� and BSO�,
in which the VDE is defined as the energy difference between the

neutral and anion both at the equilibrium structure of the anion,
whereas the ADE is the energy difference between the neutral and
the anion with the neutral relaxed to the nearest local minimum
using the anionic structure as the initial structure. Molecular
orbital (MO) analyses were conducted to investigate the bonding
character. Wiberg bond indexes (WBI) and reference Lewis
resonance structures of BS2

� and BSO� were obtained from
the natural bond orbital (NBO) analyses.60 All calculations were
performed using the Gaussian 09 program package.61

3. Experimental results

The photoelectron spectra of 11BS2
� and 11BSO� obtained at

266 nm and 193 nm photon energies are shown in Fig. 1. The
ADEs and VDEs of BS2

� and BSO� evaluated from the photo-
electron spectra are summarized in Table 1 and are compared
with the calculated ADEs and VDEs of different isomers at the
CCSD(T)//B3LYP/aug-cc-pVTZ level of theory.

The 266 nm spectrum of the BS2
� cluster has only a sharp

peak centered at 3.80 eV, labeled X. In addition to the peak X,
another band (A) centered at B5.56 eV is also observed in the
193 nm spectrum. The top of band A extends from 5.52 eV to
5.61 eV probably due to the unresolved vibrational peaks. No
vibrational progression of peak X is seen in the 266 and 193 nm

Fig. 1 Photoelectron spectra of BS2
� and BSO� recorded with 266 nm and 193 nm photons.

Table 1 Relative energies, ADEs and VDEs of the low-lying structures of BS2
� and BSO� calculated at the CCSD(T)//B3LYP/aug-cc-pVTZ level of theory

along with the experimental ADEs and VDEs determined from the photoelectron spectra of BS2
� and BSO�

Isomer

ADE (eV) VDE (eV)

DE (eV)
Theo.

Expt.

Theo.

Expt.CCSD(T) B3LYP CCSD(T) B3LYP CCSD(T)

BS2
� 1A DNh

1Sg
+ 0.00 3.69 3.78 3.80(3)a 3.69 3.78 3.80(3)a

1B C2v
3B2 3.33 0.52 0.45 1.79 1.64

BSO� 2A CNv
1S+ 0.00 3.82 3.81 3.88(3)a 3.85 3.85 3.88(3)a

2B Cs
3A0 3.81 0.15 �0.01 1.42 1.22

a The numbers in parentheses indicate the uncertainties of the experimental values in the last digits.
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spectra of BS2
�, which means little geometry change between

the ground states of BS2
� and its neutral. Therefore, peak X

defines both the ADE and VDE of BS2
� as 3.80 eV. The ADE of

BS2
� equals the EA of its corresponding neutral, BS2. As band A

in the spectrum represents the transition from the ground state
of BS2

� anion to the first excited state of neutral BS2, the term
energy of the first electron excited state of neutral BS2 is
estimated to be 1.72 � 0.03 eV based on the space between
peak X and the front part of band A, which is in agreement with
the value (1.716 eV) determined from the laser-induced fluores-
cence experiment.51

For BSO�, only one relatively broad peak was observed at
193 nm. In the 266 nm spectrum, that broad peak is resolved
into a major peak centered at 3.88 eV, a small peak at 4.13 eV,
and a shoulder centered at 3.64 eV. The shoulder at 3.64 eV is a
‘‘hot band’’ resulting from the vibrational excited BSO� anion.
The spacing between the ‘‘hot band’’ and the major peak is
about 0.24 eV (1936 cm�1), consistent with the 11B–O stretching
frequency of BSO� anion. The spacing between the small peak
and the major peak is about 0.25 eV (2016 cm�1), which is close
to the 11B–O stretching frequency of neutral BSO. More details
will be shown in Section 4.

4. Theoretical results

As shown in Fig. 2, the most stable isomer of BS2
� (1A) is a DNh

linear structure in the 1Sg
+ electronic state. Its ADE/VDE values

are calculated to be 3.78/3.78 eV at the CCSD(T) level of theory,

in good agreement with experimental ADE/VDE values (3.80/3.80 eV).
The second isomer of BS2

� (1B) is a C2v bent structure with a
+SBS bond angle of 1171. It is in the 3B2 electronic state and is
higher in energy than 1A by 3.33 eV. Its ADE/VDE values are
calculated to be 0.45/1.64 eV at the CCSD(T) level of theory,
much lower than the experimental ones. That confirms that
isomer 1A is the ground state structure of BS2

� and is the one
contributing to the photoelectron spectra of BS2

�. The most
stable isomer of neutral BS2 (1a) is also a linear structure similar
to the anionic structure (1A). It has DNh symmetry and is in the
2Pg electronic state. The second isomer of neutral BS2 (1b) is
higher in energy than isomer 1a by 2.01 eV. Our calculations
indicate that the geometric change between the ground states of
the BS2

� anion (1A) and BS2 neutral (1a) is very small. That can
explain why no vibrational progression of peak X is observed in
the 266 nm spectrum.

The most stable isomer of BSO� (isomer 2A) is a CNv linear
structure in the 1S+ electronic state (Fig. 2). The ADE/VDE values
of isomer 2A are calculated to be 3.81/3.85 eV at the CCSD(T)
level of theory, in agreement with the experimental ADE/VDE
values of BSO� (3.88/3.88 eV). The 11B–O stretching frequency
of S–11B–O for the BSO� anion is calculated to be 1804 cm�1

(0.22 eV) at the B3LYP level of theory and 1834 cm�1 (0.23 eV)
at the CCSD(T) level of theory, consistent with the energy gap
(0.24 eV) between the ‘‘hot band’’ and the major band X in the
266 nm spectrum of BSO�. Isomer 2B is a Cs bent structure in
the 3A0 electronic state with a +SBO bond angle of 1211 and its
calculated ADE/VDE values are �0.01/1.22 eV at the CCSD(T)
level of theory, much lower than the experimental ones. Further-
more, isomer 2B is higher in energy than 2A by 3.81 eV. Thus,
it is unlikely for isomer 2B to be present in the experiment.
Isomer 2A is the most probable structure of BSO� observed in
the experiment. Similar to the BSO� anion, the most stable
structure of neutral BSO (2a) is a CNv linear structure in the
2P electronic state. The 11B–O stretching frequency of neutral BSO
is calculated to be 1825 cm�1 (0.23 eV) at the B3LYP level of theory
and 1904 cm�1 (0.24 eV) at the CCSD(T) level of theory, in good
agreement with the vibrational progression (0.25 eV) observed in
the 266 nm spectrum of BSO�. Note here the calculated frequen-
cies of BSO� and BSO are lower than the experimental values
instead of being higher than the experimental values, indicating
that the general frequency scale factor for the B3LYP method62

cannot be applied here.

5. Discussion
5.1 Molecular orbital analyses

According to the theoretical results in Table 1, the ground state
structures of both the BS2

� and BSO� anions are linear structures
with closed-shell electronic states. Their corresponding valence
molecular orbitals are shown in Fig. 3. The valence electronic
configuration of BS2

� is (1sg)2(1su)2(2sg)2(2su)2(1pu)4(1pg)4.
The two HOMOs of BS2

� are degenerate pg orbitals, nearly all
from 3px (or 3py) lone pairs of the S atom and the percentage of
each S atom is 50%. The geometric parameters between BS2

�

Fig. 2 Low-lying isomers of BS2
�, BSO�, and their neutrals. The bond

lengths (in Å) and bond angles are also labeled. The relative energies to the
most stable isomers are obtained using single-point calculations at the
CCSD(T)/aug-cc-pVTZ level of theory.
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and their corresponding neutrals are nearly the same, consistent
with the non-bonding electronic character of the HOMO orbitals.
The HOMO�1s are also degenerate orbitals, which correspond
to strong S–B–S p bonds. They consist mostly of the outmost
shell px or py of the S atoms and B atom. The HOMO�1 in the
px (or py) manifold has 34% S1, 34% S2, and 31% B3. One
electron detaching from these p bonds will produce the first
electronic excited state (2Pu) of BS2, and weaken the bond
significantly. The HOMO�2 (2su) orbital is primarily composed
of the 3pz of the S atoms (38% for each) and the 2pz of the
B atom (11%). The HOMO�3 (2sg) mainly comprises the 3pz of
S and 2s of B. For HOMO�4, the 3s of S and 2pz of B constitute
1su. The HOMO�5 (1sg) is a strong s bond, mainly from the
outmost s components of the B and S atoms.

The valence electronic configuration of BSO� is (1s)2(2s)2-
(3s)2(4s)2(1p)4(2p)4. For BSO�, the 2px of O (15%), 3px of
S (82%), and 2px of B (3%) compose one 2p HOMO orbital,
and their outmost py orbitals compose another degenerate
HOMO orbital. Similar to the HOMOs of BS2

�, the HOMOs of
BSO� are also non-bonding orbitals. Its degenerate HOMO�1s
correspond to the strong S–B–O p bonds, which consist mostly
of the outmost shell px or py of the S atom, O atom, and B atom.
The HOMO�1 in the px or py manifold consists of the px or py

atomic orbitals of B (23%), S (7%), and O (70%) atoms. When
detaching one electron from these p bonds, the first electronic
excited state (2P) of BSO forms. 2pz of O (14%), 3pz of S (59%),
3s of S (11%), 2s of B (7%) and 2pz of B (8%) participate in

composing the HOMO�2 (4s). The HOMO�3 (3s) mainly
comprises the 3pz of S, 2s of B and 2pz of O. Only the S (3s)
and B (2s, 2pz) atoms form the 2s. Similarly, almost all the
electron clouds of HOMO�5 (1s) locate on O (80%) and B (18%),
consisting of their s and pz atomic orbitals.

5.2 Reference resonance Lewis structures of BS2
� and BSO�

Based on the NBO analyses, the schematic resonance Lewis
structures of the ground state of BS2

� and BSO� are shown in
Fig. 4. For BS2

�, three resonance structures are found. Among
them, the former two NRTs (NRT1 and NRT2) have one S–B
single bond and one SRB triple bond. The weightings of them
are nearly the same (B34%), more than that of NRT3 with two
SQB double bonds (B30%). Moreover, four pairs of lone elec-
trons are found in each of NRT1, NRT2 and NRT3. The Wiberg
bond index (WBI) of B–S in BS2

� is calculated to be 1.784. Unlike
BS2
�, BSO� has only two resonance structures. NRT1 has one S–B

single bond and one BRO triple bond, the weighting of which
is B10% more than that of NRT2 with two double bonds.
In addition, each of NRT1 and NRT2 has four pairs of lone
electrons. For BSO�, the WBI of B–S is 1.541 and that of B–O is
1.491. Thus, it can be seen that the double-bond character of
the B–S bond is stronger in BS2

� than in BSO�.

5.3 Charge analyses

Natural population analyses at the CCSD(T) level were used to
investigate the charge distributions of the ground state struc-
tures of BS2

� and BSO� and the natural charge of each atom is
presented in Table 2. In BS2

�, the charges on the S1 and S2
atoms are both �0.645 e, and that on the B3 atom is +0.290 e.
This indicates negative charge mainly locates on the S atoms,
which is consistent with the electronegative sequence of the
free B and S atoms. For BSO�, the natural charges on the B1, S2,
and O3 atoms are +0.893 e,�0.827 e, and�1.066 e, respectively.
In comparison with BS2

�, the charges distributing in BSO� tell
us that the negative charge is mainly located on the O3 atom,
and the S2 atom gets more negative charge compared to that in
BS2

� and the B1 atom loses an extra B0.6 electrons under the
existence of a more electronegative O atom.

Moreover, the low occupancy (1.73 e) of the S1 lone pairs
and high occupancy (0.26 e) of p*B3S2 and the large estimated
nS1–p*B3S2 second-order perturbation energy (99.73 kcal mol�1)
for BS2

� are consistent with the strong resonance delocaliza-
tion and charge transfer in BS2

�. Likewise, strong resonance
delocalization and charge transfer also exist in BSO�, which are
confirmed by the low occupancy (1.82 e) of the S2 lone pairs and

Fig. 3 The diagrams of the valence molecular orbitals of the ground state
structures of the BS2

� and BSO� anions.

Fig. 4 Schematic reference resonance Lewis presentations for the ground state structures of BS2
� and BSO�. Single bonds, triple bonds and lone-pairs

are labeled. The numbers in the parentheses are the weightings of each NRT structure at the CCSD(T) level of theory.
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high occupancy (0.17 e) of p*B1O3 and the large estimated
nS2–p*B1O3 second-order perturbation energy (64.63 kcal mol�1)
for BSO�.

5.4 Dual 3c-4e p hyperbonds

According to the NBO analyses, dual 3-center 4-electron hyper-
bonds (3c-4e p-bonds) are found in both BS2

� and BSO�, which
has already been explored in binary, ternary and quaternary
boron oxide systems, such as B4O4

�, LiB2O3
�/0, AuB2O3

�/0, and
LiAuB2O3

�/0 clusters.63,64 Such 3c-4e hyperbonds from the localized
NBO perspective are more aptly described in Coulson’s picture65

as a strong resonance hybrid of two localized Lewis structure
representations, S1:B3–S2 2 S1–B3:S2 for BS2

� and S2:B1–O3 2

S2–B1:O3 for BSO�, which can be denoted with the special
symbols S1:–B3–:S2 and S2:–B1–:O3 for each. For BS2

�, the
two degenerate HOMOs are virtually non-bonding and the two
degenerate HOMO�1s are p bonds. Thus, the HOMOs and
HOMO�1s form dual 3c-4e p hyperbonds in the px and py

manifolds. Likewise, the degenerate HOMOs and HOMO�1s of
BSO� also constitute its dual 3c-4e p hyperbonds. Such 3c-4e p
hyperbonds of BS2

� or BSO� are similar to the 3c-4e s hyperbond
(o-bond) in FHF�,66 except that the former are p bonds, whereas
the latter in fact are s bonds.

The large estimated nS1–p*B3S2 and nS2–p*B1O3 second-order
perturbation energies and charge transfers are all consistent
with strong S1:–B3:–S2 and S2:–B1:–O3 hyperbond character,
respectively. To some extent, the 3c-4e hyperbonds account for
the delocalized bonding in BS2

� and BSO�, which also explain
their HOMO�1 p orbitals in some perspective.

5.5 Comparison to BO2

The photoelectron spectra of BS2
� and BSO� are similar to

those of BO2
�.38 The adiabatic electron affinities of BS2, BSO,

and BO2 are 3.80, 3.88, and 4.46 eV, respectively, all larger than
those of the halogens, indicating that they are all superhalogens.
Obviously, the electron affinity of BO2 is the largest while that of
BS2 is the smallest. That is to say, for these three neutrals, the
number of oxygen atoms has a great influence on their electron
affinities. Their electron affinities decrease with a decreasing
number of O atoms. It is interesting that the first substitution of
an O atom by an S atom reduces the electron affinity significantly
by 0.58 eV while the second substitution of an O atom by an
S atom lowers the electron affinity by only 0.08 eV. As it has been
mentioned in the molecular orbital analyses section, the HOMOs
of BS2

� and BSO� (SOMOs of BSO and BS2) are mainly con-
tributed by the p orbitals of the S atoms, while that of BO2

�

(SOMO of BO2) is mainly contributed by the p orbitals of the
O atoms. The SOMOs of both BSO and BS2 are mainly affected

by the p orbitals of the S atom and the energies of the p orbitals
of the S atom are much higher than the energies of the p orbitals
of the O atom. That may explain why the electron affinities of
BS2 and BSO are close to each other and much lower than that
of BO2. It has been reported that BO2 can be used as a building
block for hyperhalogens such as Au(BO2)2, Cu(BO2)2, Na(BO2)2

and Al(BO2)2.67 Whether BS2 and BSO can be used as building
blocks for new hyperhalogens remains to be investigated by
theoretical and experimental studies. In fact, BS2 has been sug-
gested as a building block for hyperhalogens such as Au(BS2)2

by theoretical calculations.46 However, there is no report of
related aspects of BSO. More efforts are needed to further explore
the applications of BS2 and BSO.

6. Conclusions

In summary, we have studied the structural, electronic and bonding
character of BS2

� and BSO� anions using photoelectron spectro-
scopy and theoretical calculations. The electron affinities of BS2 and
BSO are estimated to be 3.80� 0.03 and 3.88� 0.03 eV, respectively.
The fact that the electron affinities of BS2 and BSO are larger
than those of halogens confirms their superhalogen identities.
The ground state structures of BS2

� and BSO� and their neutrals
are all linear. Chemical bonding analyses show that both BS2

�

and BSO� have dual 3c-4e p hyperbonds.
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