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Anion photoelectron spectroscopy and theoretical calculations were used to investigate the structural,
electronic, and bonding properties of BS™ and BSs™. Vibrationally resolved photoelectron spectra of BS™
at 355 nm and 266 nm were obtained. The electron affinity of BS is determined to be 2.32 + 0.05 eV.
The stretching vibrational frequencies of BS™ and BS were measured to be 968 cm™ and 1210 cm™,
respectively. The results indicate that the B-S bond in BS/© can be characterized as a triple bond. The
B-S bond in neutral BS is stronger than that in anionic BS™. The most stable isomer of BSz™ has a C,,

symmetric planar structure with the B atom at the center interacting with the three S atoms, while that
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1. Introduction

Boron has unique bonding characters due to its electron
deficiency. It prefers to form multi-center ¢ bonds and © bonds.
Typical examples are all-boron a-sheet’ and all-boron fullerene,”
in which the bonds are multi-center two-electron bonds. In the
last few decades, species consisting of electron-deficient boron
and electron-rich atoms such as boron oxides have received
great attention. It is found that B and O atoms can form a very
stable BO moiety, which is isovalent to CN. Theoretical results
indicated that the BO group is a radical similar to an Au atom.>*
New types of multi-center bonds were identified including 3c-4e
hyperbonds®® and 4c-4e o-bonds.>*° In addition, some boron
oxides such as B;05(BO); were predicted to be inorganic analogues
of benzene or other carbon hydrides by quantum chemical
calculations.'® Moreover, the B, units in B,(BO), (n = 5-12)
clusters were assigned to be the building blocks of boron
nanoribbons and were also proposed as precursors of the low-
dimensional boron nanostructures.

Similar to boron oxides, boron sulfides were also investigated
extensively. Zeeman measured and analyzed the three extensive
band systems of BS generated by electric discharge on boron
trisulfide (B,S3)."> The bond dissociation energies of BS and BS,
were studied by mass spectrometry technique and it was found
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of neutral BSz has a S—-B—S-S bent structure.

that the gaseous BS has a rather high dissociation energy,
indicating that it has a high bond order.'® The ESR spectra of
the BS molecule were measured at 4 K."* The isotropic shifts
and spin-rotation interaction constant for BS were measured by
microwave spectroscopy.'>'® The spin-orbit coupling, spectro-
scopic constants, and transition properties of BS were analyzed
via ab initio calculations.’”'® The absorption spectrum of BS,
was measured in neon matrices'® and the laser-induced fluores-
cence spectrum of BS, was measured®’? in the gas phase. A
strong pseudo Jahn-Teller effect was identified in BS, according
to the infrared spectra and theoretical calculations.”® The
theoretical results suggested that BS, can be used as building
blocks for new materials such as hyperhalogens.*** B,S;",
B,S,", and BS," were investigated by mass spectrometry and
infrared emission spectroscopy.”® Mass spectroscopic studies
on high molecular weight boron sulfides suggested that BS, and
B,S; were monomers of polymerization and their vaporization
behavior was explored.””®° The crystal structures of (BS,),,
(B»S3), and BgS;¢ (“inorganic porphine’”) were characterized by
X-ray diffraction analysis.***® Furthermore, BS;*”, B,S,*",
B,Ss>~, and B;Ss°~ were found to exist as discrete anions in
their metal boron sulfides.>* Theoretical calculations suggested
that B,(BS), , B,(BS),> , and B(BS),  were analogous to their
corresponding boron hydrides B,H, , B,H,>", and BH,, and
revealed that BeSs” />~ were boron sulfide analogues of
naphthalene.**” The anion photoelectron spectroscopy study
of boron sulfides is very rare except that the electron affinity,
bonding, and superhalogen properties of BS,” were explored by
anion photoelectron spectroscopy.*® In this paper, we report
combined anion photoelectron spectroscopy and theoretical
studies on the structural, electronic, and bonding properties
of BS™ and BS; ™ clusters.
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2. Experimental and
theoretical methods
2.1 Experimental methods

The experiments were carried out on a home-built apparatus
consisting of a linear time-of-flight (TOF) mass spectrometer
and a magnetic-bottle photoelectron spectrometer.>® Briefly,
the BS™ and BS;  anions were produced by laser ablation of a
rotating and translating boron-sulfur mixture disk target
(13 mm diameter, a "'B/S molar ratio of 1:1) 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 about 4 atm backing
pressure was allowed to expand through a pulsed valve (General
Valve Series 9) over the target to cool the formed clusters. The
generated clusters anions were analyzed using the time-of-flight
mass spectrometer. The BS™ and BS;~ anions were selected using
a mass gate, decelerated using a momentum decelerator, and
photodetached with the light beam of another Nd:YAG laser
(Continuum Surelite II-10; 532 nm, 355 nm, or 266 nm). The
photoelectrons produced were energy-analyzed using the magnetic-
bottle photoelectron spectrometer. The photoelectron spectra were
calibrated by using the spectra of Bi, Cs™, Cu, and Au~
obtained under similar conditions. The resolution of the
photoelectron spectrometer was about 40 meV at an electron
kinetic energy of 1 eV.

2.2 Theoretical methods

The structures of the BS™ and BS;™ anions as well as those of
their corresponding neutral species were optimized using density
functional theory (DFT) with the Becke three-parameter hybrid
exchange functional combined with the Lee-Yang-Parr correlation
functional (B3LYP)*>*' and the augmented correlation-consistent
polarized valence triple-zeta basis sets (aug-cc-pVTZ),** which are
obtained from the EMSL basis set exchange®® using the Gaussian
09 program package.** All the possible structural candidates were
considered. Anions at singlet and triplet multiplicities as well as
neutrals at the doublet and quadruplet multiplicities were
optimized. Harmonic vibrational frequency analyses were carried
out to make sure that the obtained structures were true local
minima. Further, the ab initio single-reference coupled cluster
theory with single, double, and non-iterative triple excitations
(CCSD(T))* ™ combined with the aug-cc-pVTZ basis set were then
implemented using the Molpro 2012 software.*® The T1 diagnostics
of BS™ and BS;™ are 0.021 and 0.015 at the CCSD(T) level, which
indicates that the multiconfigurational character is not significant
for BS™ and BS; . The relative energies were used to estimate the
vertical detachment energies (VDESs) and the adiabatic detachment
energies (ADEs) of BS™ and BS;, where 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 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
explore their bonding characters. The Wiberg bond indices (WBI)
were determined by natural bond orbital (NBO) analyses.*’
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3. Results

The photoelectron spectra of BS™ measured with 532 nm, 355 nm,
and 266 nm photons are presented in Fig. 1. The simulated
spectrum of BS™ is also displayed in Fig. 1. The simulated spectrum
is generated based on the generalized Koopmans’ theorem®**" and
Franck-Condon (FC) simulation using the ezSpectrum program.™
Fig. 2 shows the photoelectron spectrum of BS; ™ taken with 266 nm
photons and its simulated density of states (DOS) spectrum. The
calculated structures of the BS™ and BS;  anions as well as those of
their corresponding neutrals are presented in Fig. 3 and Fig. S1
(ESIt). The theoretical ADEs and VDEs of the low-lying isomers of
BS™ and BS;  obtained at the B3LYP and CCSD(T) levels are
listed in Table 1 and Table S1 (ESIt) in comparison with the
experimental ones.

3.1 BS and BS

As shown in Fig. 1, the 266 nm spectrum of BS™ has a few peaks
between 2.30 and 3.00 eV. The onset of another feature above
4.20 eV is also observed in the 266 nm spectrum. The peaks
between 2.30 and 3.00 eV are better resolved in the 355 nm
spectrum into five peaks centered at 2.32, 2.47, 2.62, 2.77, and
2.92 eV with an energy gap of about 0.15 eV (1210 cm ™ '). These
peaks can be assigned to the vibrational progression related to
the transition from the electronic ground state of BS™ to the
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Fig. 1 Photoelectron spectra of BS™ measured with (a) 532 nm, (b) 355 nm,
and (c) 266 nm photons and (d) the Franck—Condon (FC) simulation spectrum
(blue line) at 1000 K. Each vibrational transition peak is fitted with a unit-area
Gaussian function of 0.02 eV full width at half maximum (FWHM). The red
vertical lines represent the vibrational resolved features. And the asterisks (*)
stand for hot bands.
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Fig. 2 Comparison of (a) photoelectron spectrum of BSz™ measured with
266 nm photons and its (b) density of states (DOS) spectrum. The blue
vertical lines are the theoretically simulated spectral lines. In the DOS
simulation, the positions of the spectral lines are aligned with the HOMO
and its two lower molecular orbitals. Each spectral line was fitted with a
unit-area Gaussian function of 0.02 eV FWHM.
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Fig. 3 Typical low-lying isomers of BS™ and BSs~ as well as their corres-
ponding neutrals. The electronic state, bond lengths (in A) and bond angles
are labeled. The relative energies to their most stable isomers obtained at
the CCSD(T) level.
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electronic ground state of neutral BS. In addition, there are two
“hot bands” centered at 2.20 and 2.07 eV, which may result
from the vibrational excited state of the BS™ anion. The spacing
between the “hot band” at 2.20 eV and the first major peak is
about 0.12 eV (968 cm ™). The experimental ADE value of BS™ is
estimated from the first major peak to be 2.32 eV, and its
experimental VDE value is determined from the second major
peak to be 2.47 eV.

BS™ is a closed shell species in a 'Z" electronic state, while
the electronic state of BS is *X*. The B-S bond distance of BS~
is calculated to be 1.70 A. Its theoretical ADE/VDE values are
2.33/2.43 eV at the B3LYP level, and 2.28/2.38 eV at the CCSD(T)
level, which are in good agreement with the experimental ones
(2.32/2.47 eV). The calculated B—S bond distance of neutral BS
is 1.63 A, which is consistent with the previous theoretical value
(1.62 A)."” The B-S bond distance of neutral BS is shorter than
that of the BS™ anion by 0.07 A, indicating that the electron
removed is detached from an orbital with a somewhat anti-
bonding character. The B-S stretching vibrational frequency of
BS™ is calculated to be 989 cm ™' (~0.12 €V) at the B3LYP level
and 987 cm™' (~0.12 eV) at the CCSD(T) level, which are
consistent with the energy spacing (0.12 eV) between the
“hot band” at 2.20 eV and the first major peak at 2.32 eV. The
B—S stretching vibrational frequency of BS is calculated to be
1180 cm ' (0.146 eV) at the B3LYP level and 1172 cm '
(0.145 eV) at the CCSD(T) level, which are in good agreement with
the interval of the vibrational progression (1210 cm™ ') observed in
the 355 nm spectrum in this work and the harmonic vibrational
constant (., 1200 cm ") reported by Boggs."” The term energy of
the first electronic excited state of BS (*Il) is calculated to be
2.07 eV at the TD-B3LYP level, which is in agreement with the
spectroscopic term reported previously.'”**** The B-S bond length
of the BS (*II) state is calculated to be 1.80 A. The vibrational
frequency of the BS (°II) state is about 747 cm™ . Based on the
term energy, the calculated VDE value of the first electronic excited
state of BS (*I1) at the TD-B3LYP level is 4.50 eV, which can explain
why only the rising edge of this spectral feature is observed in the
266 nm spectrum.

To verify the assignment of the vibrational progression, the
spectrum of BS™ was simulated and the VDEs of the ground
and excited electronic states were determined by B3LYP and
TD-B3LYP calculations. Then the vibrational progression of each
electronic state was simulated with FC simulations at 1000 K,
as shown in Fig. 1(d). It can be seen that the FC simulation

Table1 The relative energies, ADEs and VDEs of the low-lying isomers of BS™ and BSz~ obtained by theoretical calculations and a comparison with the

experimental ADEs and VDEs

ADE (eV) VDE (eV)
AE (eV) Theo. Theo.
Isomer B3LYP CCSD(T) B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.
BS™ Copyy 127 2.33 2.28 2.32(5)° 2.43 2.38 2.47(5)°
BS;~ 1A Covy Ay 0.00 0.00 3.31 3.37 3.34(5) 3.36 3.44 3.42(5)°
1B Cs, A’ 0.32 0.47 2.88 2.86 3.01 3.00

“ The numbers in the parentheses indicate the uncertainties of the experimental values in the last digits.
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spectrum is in line with the 355 nm and 266 nm spectra. This
indicates that the BS™ anions generated in our cluster source are
relatively hot. The vibrational progression and hot bands of the
BS(X, >X*) « BS™(X, ') and BS(4, *I1) « BS™ (X, ‘") transitions
are assigned. For the first vibrational resolved feature, the 0 « 0
transition, which stands for the transition from the vibrational
ground state of the BS™ anion to that of BS neutral, defines the
ADE value of BS™ (the EA of BS). And the 0 « 1 transition
determines the energy gap between the first major peak and its
neighboring “hot band”. And for the second feature, the transitions
from the former two vibrational excited states of the BS™ anion to
the vibrational ground state of BS(A, *T1) are also determined, which
correspond to the weak peaks at above 4.00 eV due to the low
detection efficiency.

In order to better understand the bonding characters of BS™,
molecular orbitals are analyzed. Some key valence molecular
orbitals are shown in Fig. 4. According to the bonding analyses,
BS™ has a 16°26%11*36” valence electronic configuration. The
HOMO mainly from the B atom (2s, 51%; 2p,, 34%) has a slight
anti-bonding character, which is consistent with the shorter
bond distance of B-S in BS than that in BS™ by 0.07 A and the
larger stretching vibrational frequency in BS (1172 cm™') than
that in BS™ (987 cm™ ") at the CCSD(T) level. The approximate
Lewis presentation of BS™ is proposed and shown in Fig. 5. It
can be seen from Fig. 5 that BS™ has a B=S triple bond
character and the B1 and S2 atoms each have a lone electron
pair. The HOMO-3 (B: 13% 2s, 8% 2p,; S: 72% 3s, 2% 3p,) and
degenerate HOMO—1s (B: 16% 2p, or 2p,; S: 84% 3p, or 3p,)
constitute the ¢ and = orbitals of the B=S triple bond. One
electron detachment from the HOMO—1s indicates the bond
weakening in the first electronic exited state (1.80 A) of neutral
BS, which is consistent with the bond length elongation by 0.10 A
as well as the vibrational frequency weakening (747 cm™ ")
compared to that of the BS™ anion (987 cm™"). For BS neutral,
it is a radical and has a relatively stronger BS bond than that in
the BS™ anion, which can also be characterized as a B=S triple
bond. The triple bond character of BS is in agreement with the
bond dissociation energy of BS (4.29 eV) measured by Gingerich
et al."> The Wiberg bond order of BS™ is calculated to be 1.97
and that of BS is calculated to be 2.30 at the B3LYP level, which
are in agreement with their relative bond strengths although
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BS;™

Fig. 5 Schematic Lewis presentations for BS™ and BSz™
as well as their negatively charged centers are labeled.

. Lone pair electrons

the bond orders are underestimated by the theory. The natural
population atomic (NPA) charge analyses of BS™° indicate that
the electron is mainly detached from the B atom (0.61 e), as
listed in Table 2, which is also consistent with the B atom
dominated electron cloud distributed HOMO of BS™.

Here we compare BS™° with BO™'°, which were investigated
previously.>® BS™ and BO™ are both closed shell species with a
similar valence electronic configuration. Both BS™ and BO™
have one approximate triple bond. The vibrational frequency
of BS (1210 cm™ ") is lower than that of BO (1935 cm™ '), and that
of BS™ (968 cm™ ') is also lower than that of BO™ (1725 cm™ ).
The bond distance of BS (1.63 A) is longer than that of BO
(1.20 A), and that of BS™ (1.70 A) is also longer than that of BO™
(1.23 A). These indicate that the B-S bond in BS is weaker than
the B-O bond in BO, which is also true for BS™ and BO . The
first electronic excited state energy of BS (~2.07 eV) is lower
than that of BO (2.96 eV), as determined by comparing their
photoelectron spectra. The electron affinity of BS is measured to
be 2.32 eV, which is lower than that of BO (2.51 eV). This is in
line with the electronegativity order of the S and O atoms
(xs (2.58) < 70 (3.44)).

3.2 BS; and BS;

In Fig. 2, the spectrum of BS;™ recorded with 266 nm photons
has a relatively sharp peak at 3.42 eV and a shoulder at 3.56 eV,
a broad band centered at about 3.80 eV, and three high electron

3 I

HOMO (30)  HOMO-1 (1)

BS;

HOMO (by)

Fig. 4 Selected key valence molecular orbitals of BS™ and BSs™.

HOMO-1 (az)

HOMO-1 (1) HOMO-2 (26) HOMO-3 (1)

Lal80

HOMO-2 (b-)

HOMO-3 (b;) HOMO-9 (a)
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Table 2 The natural population atomic (NPA) charges of BS™° and BSs™°
at the B3LYP level

Species Atom NPA charge Species Atom NPA charge Electron loss

BS™ B1 —-0.27 BS B1 0.34 0.61
S2 —0.73 S2 —0.34 0.39
BS;” 1A S1 —0.54 BS; 1b S1 0.12 0.66
S2 —0.22 S2 0.02 0.24
B3 —0.02 B3 —0.16 —0.14
S4 —0.22 S4 0.02 0.24
BS; 1B S1 —0.40 BS; 1a S1 —0.12 0.28
S2 —0.11 S2 0.06 0.17
B3 0.17 B3 0.12 —0.05
S4 —0.66 S4 —0.06 0.60

binding energy peaks centered at 4.03, 4.17, and 4.32 eV.
The experimental VDE of BS; is determined to be 3.42 eV
from the maximum of the first peak. Its experimental ADE is
estimated to be 3.34 eV.

As shown in Fig. 3, two types of structures, planar and bent,
for BS; "° were determined from our calculations. The ground
state structure of the BS;™ anion (14) is a planar structure with
a BS, three-membered ring, while that of BS; neutral is a
sulfur-boron-sulfur-sulfur (S-B-S-S) bent structure (1a). The
planar structure (1A) of the BS; ™ anion has a C,, symmetry with
the B atom at the center interacting with the three S atoms. The
theoretical ADE and VDE values of the planar structure (1A)
calculated at the B3LYP level (3.31 and 3.36 eV) and CCSD(T)
level (3.37 and 3.44 eV) agree well with the experimental values
(3.34 and 3.42 eV). The theoretical VDE values of the bent
structure (1B) calculated at the B3LYP and CCSD(T) levels are
3.01 and 3.00 eV, which are much smaller than the experimental
VDE value. From Fig. 2, we can see that the DOS spectrum of the
planar structure is in line with the major peaks at 3.42, 3.80, and
4.05 eV in the experimental spectrum of BS; ™. The shoulder and
the other peaks in the experimental spectrum are due to the
vibrational progressions of the corresponding neutral electronic
excited states. Therefore, the planar structure (14) is the most
probable isomer detected in our experiments and the existence
of the bent structure (1B) in the experiments can be ruled out.

BS;” has a closed-shell electronic structure with a ‘A,
electronic state. According to the bonding analyses, its approx-
imate Lewis presentation is shown in Fig. 5. We can see that the
central B3 atom forms one double bond with the S1 atom and
two single bonds with the S2 and S4 atoms, forming one
B352S4 three-membered ring. The HOMO—2 (S1: 75% 3py;
B3: 11% 2p,; S2: 7% 3Py; S4: 7% 3p,) and HOMO—9 (S1: 65%
3s; B3: 16% 2p,, 10% 2s) shown in Fig. 4 constitute the o and ©
orbitals of the S1=—B3 double bond. The NPA charge analyses
indicate that the electrons are mainly removed from the S1
atom by 0.66 e for the planar structures of BS;° (14, 1b), which
is consistent with the HOMO of BS;~, whose electron cloud is
mainly located on the S1 atom (78% 3p,). And the S1-B3 bond
distance increases very slightly, which further confirms the
mainly non-bonding character of the HOMO of BS; . The
NPA charge analyses also suggest that for the S-B-S-S bent
structures of BS;° (1B, 1a) electrons are mainly detached from
the S4 atom by 0.60 e.
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4. Conclusions

The structural, electronic, and bonding properties of BS™ and
BS;~ were investigated by anion photoelectron spectroscopy
and theoretical calculations. Their neutral counterparts were
also studied by theoretical calculations. The electron affinity of
BS is measured to be 2.32 £ 0.05 eV. It is found the BS~'* has a
triple bond character. BS™ has a longer bond length than neutral
BS. The ground state structure of BS;™ is a C,, symmetric planar
structure, while that of BS; is a S-B-S-S bent structure. These
results indicate that the extra electron can affect the geometric
structures of these clusters.
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