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ABSTRACT: We present a theoretical study of structural evolution, electronic properties,

and photoelectron spectra of two sulfur atom-doped boron clusters S,B,”~ (n = 2—13), A

which reveal that the global minima of the S,B,”~ (n = 2—13) clusters show an evolution ¢ » 9 s oems 03] omm o o]0
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from a linear-chain structure to a planar or quasi-planar structure. Some S-doped boron ¥ e 922
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clusters have the skeleton of corresponding pure boron clusters; however, the addition of Pa¥s ,J ¥a ,’ 2 ™ 0] = ds90
two sulfur atoms modified and improved some of the pure boron cluster structures. Boron 5.8, B Y
is electron-deficient and boron clusters do not form linear chains. Here, two sulfur atom o o2e AAA . ARA
doping can adjust the pure boron clusters to a linear-chain structure (S,B,”, S,B,”~, and FoPeT T : VAT 599
S,B,7), a quasi-linear-chain structure (S,B4~), single- and double-chain structures (S,B4 B B By S;B g
and S,B,”), and double-chain structures (S,Bs, and S,B,). In particular, the smallest linear- PavaVa IS FaraNiFarel —_ A
chain boron clusters S,B,%~ are shown with an S atom attached to each end of B,. The ¢ 120 et 3399
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S$,B, cluster possesses the largest highest occupied molecular orbital (HOMO)—lowest
unoccupied molecular orbital (LUMO) gap of 5.57 eV and the S,B,” cluster possesses the
largest average binding energy E, of 5.63 eV, which shows the superior chemical stability and relative stability, respectively.
Interestingly, two S-atom doping can adjust the quasi-planar pure boron clusters (B,~, B;,~, and B;,”7) to a perfect planar structure.
AdNDP bonding analyses reveal that linear S,B; and planar SeB,;™ have # aromaticity and ¢ antiaromaticity; however, S,B,, planar
S,Bg and planar S,B,~ clusters have 7 antiaromaticity and ¢ aromaticity. Furthermore, AINDP bonding analyses reveal that planar
S,B4 S,Big, and S,B,, clusters are doubly (7 and 6) aromatic, whereas S,B;~, S,By, S,By™, and S,B;;™ clusters are doubly (7 and ¢)
antiaromatic. The electron localization function (ELF) analysis shows that $,B,%~ (n = 2—13) clusters have different electron
delocalization characteristics, and the spin density analysis shows that the open-shell clusters have different characteristics of electron
spin distribution. The calculated photoelectron spectra indicate that S,B,” (n = 2—13) have different characteristic peaks that can be
compared with future experimental values and provide a theoretical basis for the identification and confirmation of these doped
boron clusters. Our work enriches the new database of geometrical structures of doped boron clusters, provides new examples of
aromaticity for doped boron clusters, and is promising to offer new ideas for nanomaterials and nanodevices.

Typical regulation of boron clusters by two sulfur atoms.

1. INTRODUCTION

Clusters are special aggregates of two or more atoms
connected by covalent, metallic, or ionic bonds, and the
structures and properties are different from those of bulk
materials. The cluster has a series of special properties such as
structural specificity, physical and chemical activities, quantum
effects, and hydrogen storage performance. In the field of
physical chemistry, cluster research has become a hot topic.
The pure boron clusters composed of boron atoms with three
valence electrons have the characteristic of multicenter bonds
and various unique structures and properties.' "° Research
shows that anionic B,~ (n < 38) presents quasi-planar or planar
structures”® and neutral boron clusters present abundant
geometric structures.”>*™"" In 2014, the breakthrough
discovery of borospherene'” B,,~ has given rise to a lot of
research on boron clusters.”>™*' In 2015, two-dimensional
borophene was synthesized experimentally,”” and the basic
unit forming borophene happened to be a B, cluster. In 2021, a
borophene crystal form comparable to graphene was
synthesized experimentally;*’ interestingly, the basic structural
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unit happened to be a hydrogenated B, cluster. The discovery
of borospherene and borophene provides important clues for
the development of new boron materials.

Doped boron clusters are compounds that embed other
atoms into the structure of boron clusters. The addition of
these atoms can regulate the structure of boron clusters and
then affect the photoelectric properties, magnetic properties,
hydrogen storage properties, and other physical and chemical
properties of boron clusters. In recent years, researchers have
mainly focused on the structure and properties of boron
clusters doped with metal atoms.'”'”~'***7*" For example,
single alkali metal atom doping can adjust the quasi-planar
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Figure 1. Structures of double S-atom-doped boron clusters S,B, (1 = 2—13). (a) S$,B, Doy;; (b) S,B3 Doys () S,B, Cyy; (d) S,Bs Gy, (e) S,Bg C;
(f) $,B; Cyys (g) $:Bs Cyy5 (h) $;By Gy (i) S3Byo Gy (]) $:B1; Gy (k) $,By, Cyy5 and (1) $,By5 C,.

pure boron clusters (B~ and B,,”) to double-ring tubular
doped boron clusters (LiB,,", NaB,,~ and KB,,”).”*>*>*
Single transition metal atom doping can adjust quasi-planar
B,,"” to semisandwich structure CoB,,, RhB,, and
TaBy,~, 7 ***** adjust double-ring tubular B,, to cage-
doped boron clusters (TiB,,) and three-ring tubular doped
boron clusters (ScB,,),*”**** adjust quasi-planar B,,” to cage-
doped boron clusters (TiB,,~ and VB,,”).”* In addition,
doped borospherenes MB,, (M = Li, Na, or K) are expected to
be applied in nonlinear optical materials,"® doped borospher-
enes CoB,, and MB,, (M = Sc, Ti) are expected to be applied
in molecular devices and hydrogen storage materials,'>'”"**
and Co- and Rh-doped boron clusters MB;,” (M = Co, Rh)
can improve chemical activity.”” Single metal atom-doped
boron clusters BiB,” (n = 6—8), MnB,” (n = 6, 16), and ReB,~
(n=3—4,6,8-9), CoB,s™ and two or three metal atom-doped

boron clusters (M,Bs (M = Mg, Ca, Sr), La,B,,", La,B;; ",
La;B,¢, and Sc;B,) have various unique structures.”? 374047
Single Pr atom-doped PrB,” can adjust the Pr atom to a very
low oxidation state (OS)*® and single Pr atom-doped PrB, (n
= 7—16) have various unique structures;49 two metal atom-
doped boron clusters Be,B,," have a four-ring tubular
structure.”® However, nonmetallic atom-doped boron clusters
have been less studied,”' ~*° such as single O atom doping can
adjust the quasi-planar pure boron cluster (Bj,) to a low-
symmetry (C,) B,O cluster™ and different numbers of F atom
doping can adjust the quasi-planar pure boron cluster (By,) to
various unique structures.”’ In addition, there are some related
studies on boron oxide clusters and boron sulfide clusters, such
as the B¢(BO),™ cluster with a face-capping 4*-BO,” planar
B,S,H; and B;S,H; clusters with a five-membered B;S, ring,56
BsSs, BsSs~, and BgSs®~ clusters with a planar dicyclic
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Figure 2. Structures of double S-atom-doped boron clusters S,B,” (n = 2—13). (a) S$,B,™ Doojs (b) S3B3™ Degis (€) S3B4™ Doy (d) S,Bs™ Cys (e)
S$,Bs™ Dy (f) S;B;,™ Dy (g) $:Bg™ Cypi (h) SyBy™ Gy (i) SpByg~ Cai (J) $:B1i~ Gy (k) $,B,,~ Gy and (1) $,B,5™ G,

structure,”” and BS™/ clusters with a B—S triple bond.”® In
particular, the structure evolution of boron clusters after the
addition of two nonmetallic atoms was poorly reported. The
study of two S atoms of doped boron clusters will fill the
vacancy of doped boron clusters in this respect. Similar to B-,
small doped boron clusters are expected to be the structural
units of borophene and other boron nanomaterials. Herein, we
investigate the effects of two S-atom doping on the structural
and electronic properties of boron clusters (B atom n = 2—13)
using the density functional theory (DFT) method PBEO0.””
Our study aims to provide a detailed understanding of the
evolution of the structure and electronic properties of boron
clusters upon double S doping. Research of small doped boron

clusters and low-dimensional boron nanostructures is promis-
ing to offer new ideas for new nanomaterials and nanodevices.

2. COMPUTATIONAL DETAILS

Geometric structure searches of two S-atom-doped boron
clusters S,B,”~ (n = 2—13) were implemented using particle
swarm optimization (CALYPSO) software.”” CALYPSO is a
powerful cluster structure search method, which has been
successfully applied to boron and doped boron clusters.'"**
The PBE0/3-21G level was used for the preliminary structural
search. In each generation, 70% of the structures were
produced by particle swarm optimization (PSO) operations,
while the others were randomly generated. When cluster sizes
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Figure 3. Typical regulation of pure boron clusters by two sulfur atoms. The black arrow shows the adjustment effect of the straight chain structure,
the green arrow shows the adjustment effect of the quasi-linear-chain structure, the blue arrow shows the adjustment effect of the double linear-
chain structure, the yellow arrow shows the adjustment effect of the single- and double-chain structures, and the red arrow shows the adjustment

effect of quasi-planar to perfect planar structures.

vary from n = 2 to 9, there were nearly 40—1600 isomers
initially obtained for each boron cluster. When cluster sizes
vary from n = 10 to 13, there were nearly 2000 isomers initially
obtained for each boron cluster.

Low-energy structures were then fully optimized at the
PBE0/6-311+G* levels.””®" After the geometry optimizations,
frequency analyses were conducted and electronic structures
were studied at the PBE0/6-311+G* level. PBE0/6-311+G(d)
are reliable levels for the boron cluster;'>*>%*™%° specifically,
theoretical calculation results with the PBE0/6-311+G(d) level
agrees with the experimental results.'” Therefore, the
discussion below is on the basis of the PBE0/6-311+G(d)
level. All computations were performed using Gaussian 16
software.”® All analyses and various types of isosurface map
drawiné%s were realized using the Multiwfn 3.7 code®” and
VMD.

3. RESULTS AND DISCUSSION

3.1. Structures and Electronic Properties. Five low-
energy structures of two sulfur atom-doped boron clusters
$,B,”~ (n = 2—13) are shown in Figures S1—S24, and the
lowest energy structures of S$,B,”~ (n = 2—13) are shown in
Figures 1 and 2. The calculation results show that the lowest
energy structures of S,B,~ (n = 2—13) show an evolution
from a linear-chain structure to a planar or quasi-planar
structure. Early experimental and theoretical works found that
most small neutral pure boron clusters are planar or quasi-
planar structures, and all small monoanionic boron clusters are
planar or quasi-planar structures. After adding two sulfur
atoms, the lowest energy structures of S,B, (n =7, 10—11, 13)
and S,B,” (n = 13) have quasi-planar structures; however, the
lowest energy structures of $,B, (n = 4—6, 8—9, 12) and S,B,~
(n = 5—12) have perfect planar structures. It can be seen from
Figures 1 and 2 and the calculation results that after adding

30760

two S atoms, some lowest energy structures of S,B,Y~ (n=2-
13) have a skeleton of pure boron clusters, such as S,B, (n =
4-5,7,8,10—13) and S,B,” (n =7, 8, 10—13); two S atoms
are connected to boron atoms of the pure boron clusters B, (n
= 4-5,7—-8,10—13) and B,” (n = 7—8, 10—13).%” However,
the addition of two S atoms can modify and improve some of
the pure boron cluster structures, and Figure 3 shows the
typical regulation of pure boron clusters by two sulfur atoms.
Boron is electron-deficient and boron clusters do not form
linear chains. As can be seen in Figure 3, two S-atom doping
can adjust the pure boron clusters B,”~ (n=2,3) and B, to a
linear-chain structure and adjust the pure boron clusters B~ to
a quasi-linear-chain structure. Interestingly, the addition of two
sulfur atoms can promote the planarization of quasi-planar
pure boron clusters B,~, B;,7, and B;,”~ and produce perfect
planar clusters S,B,”, S,B,,”, and S,B,”~. For S,B.,”,
$,B,”", and S,B,”", the lowest energy structures of the
neutral cluster and corresponding anionic cluster have similar
structures, and two S atoms of S,B, and S,B,, are connected to
the pure quasi-planar B, and B, clusters, respectively;
however, two S atom of S,B,7, S,B,,~, and S,B,,~ are
connected to the pure quasi-planar B,”, Bj,”, and B~
clusters, which leads to perfect planar S,B,”, S,B;,”, and
S,B,,%", res.pectively.69 The lowest energy structures of
S,Bs”~ have similar planar structures, and two S atoms of
S,Bg%~ are connected to the planar Bg”~ clusters. Pure B,"/~
has the same planar wheel-shaped structure;*” however, doping
of two S atoms causes neutral S,By to become a double-chain
planar structure. Doping of two S atoms causes anionic S,Bg”~
to become single- and double-chain planar structures, the
upper part of the molecule consists of seven boron atoms
forming a double chain, and the lower part of the molecule
consists of two B—S binary structures connected to each end of
the double chain. The lowest energy structures of S,B;, have
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quasi-planar structures and exhibit two axially chiral isomers,
and two S atoms of S,B |, are connected to the pure planar By,
cluster. The lowest energy structures of S$,B,,”~ have a similar
structure and two S atoms of S,B;,” are connected to the pure
planar B;;” cluster, which maintains the planar structure;
however, two S atoms of S,B;, are connected to the pure
planar B, cluster, which leads to the slightly structural
change.69 The lowest energy structures of S,B,"~ have the
same planar structure, and two S atoms are connected to the
pure quasi-planar B,,%~ cluster, which leads to perfect planar
S,B,,”7, respectively. The lowest energy structures of S,B,,~
have similar quasi-planar structures, and two S atoms of S,B;3~
are connected to the pure quasi-planar B3~ cluster, which
leads to a slight structural change.

As can be seen from Figures 1 and 2, two S atoms are
located at opposite ends of the molecule, and the distance
between the two S atoms is just a measure of the length of the
molecule. The distances between two S atoms in the S,B,%~ (n
=2—13) clusters are given in Figure 4. Figure 4 shows that the

1
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2 3 4 5 6 7 8 9 10 1
n

1 12 13

Figure 4. Length of S—S for doped boron clusters S,B.Y" (n=2—
13). Blue represents the neutral cluster, red represents the anion
cluster, and n represents the number of boron atoms in the cluster.

S—S distances between the neutral and anionic clusters are
essentially equal if they have similar structures and that if the
neutral and anionic clusters have different structures, the S—S
distances of anions are greater than the S—S distances of the
corresponding neutral clusters. As can be seen from Figure 4,
the S—S distances are mainly in the range of 0.6—1 nm and the
two S-atoms are exactly at the two ends of the molecule, which
can be used as a bridge connecting gold electrodes in
molecular devices, and these clusters are promising for further
applications in single-molecule devices. Similar to pure B,
clusters, planar and quasi-planar S-doped boron clusters are
expected to become the basic unit of boron nanomaterials,
which will be further synthesized into borophene.

The lowest harmonic frequency analysis confirmed that
these lowest energy structures are indeed stable (no imaginary
frequency). To further illustrate the relative stability of the
clusters S,B,”~ (n = 2—13), the average binding energies E,,
and second-order energy differences A’E of the clusters are
calculated as follows:

E.(S,B,) = [nE(B) + 2E(S) — E(S,B)1/(2 + n) (1)
E.(S,B,7) = [(n — 1)E(B) + E(B") + 2E(S)
— E(S,B,)1/(2 + n) )
NE(S,B,"7) = E(S,B,_,"7) + E(S,B,,,”")
— 2E(S,B,"") (3)

where E is the total energy of the atom or cluster and n is the
number of boron atoms. The calculation results are presented
in Figure 5. It can be noted from Figure S, except for S,B,7/°,

5.8 T T T

Figure S. Average binding energy E, and second-order energy
differences A2E of doped boron clusters S,B,”~ (n = 2—13). Blue
represents the neutral cluster, red represents the anion cluster, and n
represents the number of boron atoms in the cluster.

the E, of S,B,”° (n = 2—13) clusters gradually increase with
the increase of n, suggesting that the S,B, % (n = 3-13)
clusters become possibly more and more stable. Furthermore,
the E, for anions is larger than those of the corresponding
neutrals, indicating that the anions are more stable and the
extra electrons enhance the stabilities of the S-doped boron
cluster. S,B,™ has the largest average binding energy Ey, of 5.63
eV, revealing its superior stability. The second-order difference
of A’E is also an important indicator to present the relative
stability. The A2E values of the S,B,%~ clusters are displayed in
Figure 5. It can be seen from Figure S that the S,B,”, S,B,,,
and S,B;, clusters have significantly higher second-order
differences than their neighbors, revealing that they are
relatively stable compared to the adjacent cluster. The closed
shells S,B,7, S,B,,, and S,B;, have significantly higher E, and
A’E, indicating their relative stability.

For the closed-shell cluster, the highest occupied molecular
orbital (HOMO)—lowest unoccupied molecular orbital
(LUMO) energy gaps of S,B,, S,B;7, S,B, S,Bs™, S,Bq,
S$,B.7, S$,Bg By, S>B1o, SuByy, S,By,, and S,B;” are 5.57,
1.37, 3.66, 3.82, 4.26, 3.81, 2.90, 3.47, 2.88, 3.27, 3.2, and 2.63
eV, respectively. For open-shell clusters, a-HOMO—-LUMO
and f-HOMO-LUMO energy gaps vary within the range of
1.81-5.02 eV. For the closed-shell cluster, the calculated
HOMO-LUMO energy gaps reveal that the linear-chain-

https://doi.org/10.1021/acsomega.3c04967
ACS Omega 2023, 8, 30757—-30767


https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04967?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

-0 900 GOS8

2x1c-2e
ON=1.9799 |e|

3x2c-2e G bonds
ON=1.9950-1.9984|e|

2x2¢-2e T bonds
ON=1.9727|¢|

2x2¢-2e T bonds
ON=1.9727 |e|

Figure 6. Bonding patterns of S,B,. The occupation numbers (ONs) are indicated, and the yellow ball represents the S atom.
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Figure 7. Bonding patterns of S,B,”. The occupation numbers (ONs) are indicated, and the yellow ball represents the S atom.
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Figure 8. Bonding patterns of S,B,,. The occupation numbers (ONs) are indicated, and the yellow ball represents the S atom.

structure S,B, cluster possesses the largest HOMO—LUMO
gap of 5.57 eV and the linear-chain-structure S,B; cluster
possesses the smallest HOMO—LUMO gap of 1.37 eV, which
show the superior chemical stability of S,B, and the superior
chemical activity of S,B;~, respectively.

To further understand the stability of S,B,%~ (n = 2—13),
we analyzed the chemical bonding of closed-shell clusters using
the adaptive natural density partitioning (AdNDP) approach,
which was performed with Multiwfn software. Figures 6—9 and
§25-832 display bonding patterns. For S,B,, AUNDP analyses
reveal that two lone pairs (see Figure 6) are found on the S
atoms and three 2c—2e ¢ bonds on the adjacent two atoms.
The remaining four bonds contain four 7 bonds, which are
distributed symmetrically on B—S atoms at either end of the
linear molecule. Overall, the three 2c—2e ¢ bonds cover the
linear molecule, which renders stability to the S,B, cluster, and
the 2c—2e 7 bonds further stabilize the S,B, cluster. For S,B,,
AdNDP analyses reveal that two lone pairs (see Figure 7) are

found on the S atoms and eight 2c—2e ¢ bonds along the
peripheral B—B and B—S bonds. The remaining seven bonds
contain three ¢ bonds and four # bonds, which are readily
classified into four sets (as shown in Figure 7): two 3c—2e &
bonds distributed around the B—S—B triangle at each end of
the molecule, two 3c—2e ¢ bonds distributed around the two
B; triangles adjacent to the S atoms, two 4c—2e & bonds
distributed symmetrically around the two B, rings, and one
7c¢—2e o bond on the B, atoms. Overall, the eight 2c—2e &
bonds, two delocalized 3c—2e ¢ bonds, and one delocalized
7c—2e ¢ bond cover the planar molecule, which renders
stability to the S,B,” cluster, and the delocalized 3c—2e 7
bonds and 4c—2e 7 bonds further stabilizes the S,B,~ cluster.
As shown in Figure 8, the bonding pattern of S,B, can be
classified into four categories. First, there are two lone pairs on
the S atoms. Then, there are ten 2c—2e ¢ bonds along the
peripheral B—B and B—S bonds. Third, one delocalized 3c—2e
o bond, two delocalized 4c—2e ¢ bonds, and one delocalized
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Figure 9. Bonding patterns of S,B,,. The occupation numbers (ONs) are indicated, and the yellow ball represents the S atom.

Sc—2e o bond cover the inner region of the B, construction,
which renders stability to the S,B,, cluster. Finally, two
delocalized 3c—2e 7 bonds, two delocalized 4c—2e 7 bonds,
and one delocalized 5c—2e 7 bond cover the entire molecular
surface, which enhances the stability of S,B,,. Figure 9 displays
the bonding patterns of planar S,Bj,. The bonding pattern of
S,B,, can be classified into three categories. First, there are two
lone pairs on the S atoms. Then, there are 11 2c—2e ¢ bonds
that fill with the peripheral ring and six delocalized 3c—2e ¢
bonds that cover the inner region of the B, construction,
which renders stability to the S,B,, cluster. Finally, two
delocalized 2c—2e 7 bonds, two delocalized Sc—2e 7 bonds,
and one delocalized 6c—2e 7 bond cover the entire molecular
surface, which enhances the stability of S,B;,. As shown in
Figures S25—S32, all clusters have two lone pairs, different
numbers of 2c—2e ¢ bonds and 2c—2e 7 bonds, and different
numbers of delocalized 7 bonds and ¢ bonds, which play
important roles in their stability. These delocalized 7 and ¢
bonds indicate that the delocalized electron clouds are
distributed almost evenly on each part of the molecule and
effectively reduce the intramolecular electrostatic repulsion to
some extent in the system, which plays a prominent role in
their stability.

AdNDP bonding analyses revealed that the linear-chain-
structure S,B; and planar S,B,;” clusters possess five 7 bonds,
which quite surprisingly follow the 4m + 2 Hiickel rule for #
aromaticity; however, linear-chain-structure S,B; and planar
SeB,;,” clusters possess 4 ¢ bonds and 16 ¢ bonds, respectively,
which quite surprisingly follow the 4m Hiickel rule for o
antiaromaticity. Furthermore, the linear-chain-structure S,B,,
planar S,Bg, and planar S,B,” clusters possess four 7 bonds,
which quite surprisingly follow the 4m Hiickel rule for =
antiaromaticity; however, the linear-chain-structure S,B, and
planar S,B4 and S,B,~ clusters possess 3 ¢ bonds, 9 ¢ bonds,
and 11 ¢ bonds, respectively, which quite surprisingly follow
the 4m + 2 Hiickel rule for ¢ aromaticity. Third, the planar
S,Bs7, S,Bg, S,By7, and S,B 3™ clusters possess 4 & bonds, 4 7
bonds, 6 7 bonds, and 6 7 bonds, respectively, the planar
S,Bs7, S,Bg, S,By7, and S,B,3” clusters possess 8 o bonds, 12 ¢
bonds, 12 ¢ bonds, and 18 ¢ bonds, respectively, which quite
surprisingly follow the 4m Hiickel rule for 7 and o
antiaromaticity. Finally, the planar S,B,, S,B,y, and S,B},
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clusters possess 3 z bonds, 4 7 bonds, and 5 7 bonds,
respectively, and the planar S,B,, S,Bj, and S,B;, clusters
possess 7 ¢ bonds, 13 ¢ bonds, and 17 ¢ bonds, respectively,
which quite surprisingly follow the 4m + 2 Hiickel rule for &
and ¢ aromaticity. S,B,, S,B;y, and S,B;, have a skeleton of
pure boron clusters and pure boron clusters By, B;o, and B,, are
doubly (7 and ¢) aromatic systems.”” The addition of two S
atoms maintains the doubly (z and ) aromatic system. In
particular, the addition of two S atoms leads to the evolution of
quasi-planar B, into a perfect planar structure, which also
maintains the characteristics of doubly (7 and &) aromaticity.

To further characterize the electron localization and
chemical bonds. The electron localization function (ELF)”
of the valence electrons was analyzed, as shown in Figures
S33—S35. ELF can well describe the delocalization of
electrons. When the isosurface value is 0.60, the isosurface
maps of S$,B,7, S,B,, S,Bs, SzB70/_; SzBso/_; S,Bo, SzBloo/_;
$,B,”~, and S,B,;”~ are connected on the surface of the
whole molecule. Among these clusters, the isosurface maps of
S$,B."~, $,Bs”~, and S,B,;”~ are not connected in some
places, indicating that the delocalization of the whole molecule
is a little weaker than that of other clusters (S,B,7, S,B,, S,Bs,
S,By, $,B,0” 7, and $,B,,” 7). On the other hand, the isosurface
diagrams of S,B,, $,B,"7, $,B,, S,Bs7, S,Bs”", S,By7, and
$,B,,%~ are disconnected on the surface of the whole
molecule, indicating that the delocalization of the whole
molecule is weaker than that of the other clusters. Figure S34
shows the ELF when the isosurface value is 0.70. With this
isosurface value, the isosurface diagram of all clusters is
disconnected on the surface of the whole molecule, while the
isosurface diagrams of some clusters are still connected on the
partial region of the molecule, indicating that different
delocalization characteristics of these clusters. Figure S35
shows the ELF when the isosurface value is 0.80. Under this
isosurface value, the isosurface maps of some clusters are
disconnected and there are no connected regions. However,
the isosurface maps of some clusters show that there is still
some connected area on the surface of the molecule, indicating
that the local delocalization of these clusters is stronger than
that of other clusters. ELF analyses further confirm these
comments based on the AANDP analyses, such as the
contributions from valence electrons of S,B, partitioned in
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Figure 10. Calculated photoelectron spectra with the PBE0/6-311+G* method. (a) S,B,7, (b) S,B;7, (c) S,B,, (d) S,Bs7, (e) S,B¢7, (f) S,B,,
(g) S,Bs™, (h) $,By7, (i) S:B1o7, (§) S:By1 7, (k) S,By, 7, and (1) S,B,;™. The simulations were done by fitting the distributions of calculated vertical
detachment energies at the PBEO level with unit-area Gaussian functions of 0.05 eV half-width.

Figure 6. Isosurface maps of S,B, (Figure S33) cover the B—S
bonds at both ends of the linear-chain molecule that
correspond to two 2c—2e ¢ bonds and four orthogonal 2c—
2e 7 bonds. The smaller isosurface maps of the B—B bond in
the middle of the linear-chain molecule corresponds to the 2c—
2e B—B o bond. Isosurface maps on the B—S bonds at both
ends of the linear-chain molecule are fatter due to another four
2c—2e 7 bonds. Similarly, isosurface maps of S,B;~ (Figure
S33) cover the B—S bonds at both ends of the linear-chain
molecule that correspond to two 2c—2e ¢ bonds and four
orthogonal 2c—2e 7 bonds (Figure S25). The isosurface maps
of the B—B—B bond in the middle of the linear-chain molecule
correspond to two 2c—2e B—B o bonds and one 3c—2e B—B—
B 7 bond (Figure S25). The isosurface maps of the B—B—B
bond in the paper direction is fatter than the isosurface maps
perpendicular to the paper direction due to the 3c—2e B—B—B
7w bond in the paper direction. Considering the electron
delocalization characteristics of these clusters, they are
expected to be applied to molecular devices.

Figure S36 shows the isosurface diagram of the spin density
of open-shell clusters. Spin density reveals the distribution of
unpaired electrons (single electrons) in three-dimensional
space. A positive spin density means that there are more
electrons than f electrons, while a negative spin density means
that there are more f electrons than a electrons. Figure S36
shows a spin density diagram for an isosurface value of 0.002.
Green represents a positive value (a electrons), while blue
represents a negative value (/3 electrons). It can be seen from
Figure S36 that the unpaired single electrons are mostly o
electrons, and there are a small number of S electrons
distributed on B atoms. For open-shell clusters (S,B,”, S,Bs,
S,B,7, $:Bg”, S;Byy, and S,By,7), the unpaired electrons are
almost all a electrons. For open-shell clusters (S,Bs~, S,B-,
S,Bi,~, and S,By3), most of the unpaired electrons are
distributed on the B atom; there are no unpaired electrons

on the S atom. For open-shell clusters (S,Bs, S,Bg~, S,Bq,
S,Bio~ and S,B;;), most of the unpaired electrons are
distributed on the B atom, and only a small part of the
unpaired electrons is on S atoms. As shown in Figure S36, the
unpaired single electrons of S,B,”, S,B;, S,B,~, S,B;, S,Bg7,
S$;B,7, and S,B;; have 7 electron characteristics, and the
unpaired single electrons of S,Bs, S,B¢~, S,Bo, S,By~, and
S,B,1 have o characteristics. These spin features are expected
to produce interesting magnetic properties, which will further
lead to potential applications in molecular devices. In addition,
the spin density reflects chemical reactions or adsorption to a
certain extent. The single electrons of these clusters are mostly
a electrons. The B or S atoms containing « single electrons can
pair with free radicals or small molecules containing f single
electrons to form new covalent bonds, while B atoms with
single /3 electrons can adsorb or react with atoms, free radicals,
or small molecules with « single electrons.

3.2. Photoelectron Spectra. Photoelectron spectroscopy,
in combination with theoretical calculations, has been used to
understand and identify the structures of size-selected boron
clusters.”'*”" To facilitate future identifications of S,B,” (n =
2—13), we calculated the vertical detachment energies (VDEs)
and simulated the photoelectron spectra for S,B,” (n = 2—13)
with the time-dependent DFT (TD-DFT) method."*”""*

Figure 10 presents the photoelectron spectra of S,B,” (n =
2—13). The predicted photoelectron spectra show that S,B,”
has the lowest first VDE and the largest energy gap (about 3
eV) between the first and second bands. The first several bands
of photoelectron spectra were used to identify boron
clusters,”'? so we will focus on the bands at the low binding
energy side. The first peaks of these photoelectron spectra
(except for S,B;~, S,Bs™, S,B;;”) come from the calculated
ground-state VDEs of S,B,7, S,B,”, S,B4™, S,B,7, $,Bg7, S,By7,
S,B1y7, S,By, ", and S,B5” at 1.64, 3.06, 3.61, 3.06, 2.17, 4.49,
3.03, 2.52, and 3.35 eV, respectively. The calculated ground-
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state VDEs of these closed-shell clusters (S,B,”, S,By~, and
S$,B37) originate from the detachment of the electron from the
molecular orbital (HOMO). For open-shell clusters (S,B,7,
S,Bs7, $,Bs™, S;Byo, and S,B;,7), the calculated ground-state
VDE of each cluster originates from the detachment of the
electron from the molecular orbital ®-HOMO; however, for
open-shell clusters S,B,”, the calculated ground-state VDE
originates from the detachment of the electron from the
molecular orbital f-HOMO. The first peak of S,B;~ comes
from the ground state and the second VDE at 2.46 and 2.47
eV, respectively. The first peaks of S,B,” (n = 5, 11) come
from the ground-state and second VDEs at 3.94 and 3.87 eV
for S,Bs™ 3.72 and 3.71 eV for S,B;,7, respectively, in which
the second VDE is smaller than the ground-state VDE. The
second peak of S,B,” comes from the second calculated VDEs
at 3.85 eV, which originate from detaching the electrons from
HOMO—1. The second peaks of S,B;~, S,Bs™, and S,B;;”
come from the third calculated VDEs at 5.03, 4.76, and 4.43
eV, respectively, which originate from detaching the electrons
from HOMO—2. The second peaks of SeB;~ and SeBg™ come
from the second VDEs at 4.40 and 3.20 eV, respectively, which
originate from detaching the electrons from the molecular
orbital /-HOMO. The second peak of S,B;,~ comes from the
third simulated VDEs at 3.64 V. The second peaks of S,B,” (n
=2,4,9, 12, 13) come from the second and third simulated
VDEs at 4.66 and 4.67 eV for S,B,”, 3.88 and 3.89 eV for
S,B,7, 5.28 and 5.30 eV for S,By7, 4.08 and 4.11 €V for S,B,,7,
and 4.20 and 4.23 eV for S,B,;", respectively. In addition, the
peaks with higher binding energy originate from detaching the
electrons from lower molecular orbitals.

It is noted that some of the doped anionic boron clusters
have similar skeletons to the corresponding anionic pure boron
clusters. Comparing their photoelectron spectra, the addition
of two S atoms results in a change in the photoelectron spectra
of some doped boron clusters. However, the photoelectron
spectra of some doped boron clusters are similar to that of the
corresponding anionic pure boron clusters. For example,
compared with the photoelectron spectra of pure boron
cluster B,~, the addition of two S atoms causes the first peak of
S,B,” to move 0.20 eV toward the high binding energy side
and causes the second peak of S,B,” to move 0.40 eV toward
the high binding energy side. Similarly, compared with the
photoelectron spectra of pure boron clusters B;;” and B3~ the
addition of two S atoms causes the first and second peaks of
S,B),” and S,Bj;” to move 0.22—0.34 eV toward the high
binding energy side.”” For S,Bg”, compared with the
photoelectron spectra of the pure boron cluster Bg~, the
addition of two S atoms causes different spectral features.
Comparing with the photoelectron spectra of the pure boron
cluster B,,”, planar S,B;,~ and quasi-planar B;,” have almost
the same first two VDEs (3.03 and 3.64 eV for S,B,~, 3.06 +
0.03 and 3.61 + 0.04 eV for B,,”).”” For $,B,,, compared
with the photoelectron spectra of pure boron clusters B,”, the
addition of two S atoms causes the first peak to move 0.25 eV
toward the high binding energy side and causes the second
peak to move 0.23 eV toward the low binding energy side.
Figure 10 indicates that S,B,” (n = 2—13) has different spectral
features, especially because they have different spectral bands
at the low binding energy side. These features can be used to
identify the S,B,” (n 2—13) and provide important
information for the identification of S,B,” (n = 2—13).
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4. CONCLUSIONS

In this work, density functional theory combined with particle
swarm optimization algorithm (CALYPSO) software is used to
research the structural evolution of S,B,~ (n = 2—13)
clusters. Research results include the following points: (1) The
global minima obtained for the S,B,”~ (n = 2—13) clusters
show an evolution from the linear-chain structure to planar or
quasi-planar structures. (2) S,B,, $,B,7, S,B5, $,B;7, and S,B,~
are linear-chain structures, S,Bs” is quasi-linear-chain struc-
tures, S,B4 and S,By~ are single- and double-chain structures,
S,B; and S,B, are double-chain structures. (3) Two S-atom
doping can adjust the quasi-planar pure boron clusters (B,
By, and B},”7) to the perfect planar structure. (4) AANDP
bonding analyses revealed that linear S,B; and planar S,B;;~
are 7 aromaticity and ¢ antiaromaticity, S,B,, planar S,B¢, and
planar S,B;” clusters are # antiaromaticity and ¢ aromaticity.
Furthermore, ADNDP bonding analyses revealed that S,B,,
S,B1o and S,B, clusters are doubly aromatic, whereas S,B;~,
S,Bg, S,By7, and S,By;” clusters are doubly antiaromatic. (5)
The ELF analysis shows that S,B,”~ (n = 2—13) clusters have
different electron delocalization characteristics, and the spin
density analysis shows that the open-shell clusters have
different characteristics of electron spin distribution; the S—S
distances of these clusters are mainly in the range of 0.6—1 nm
and the two S-atoms are exactly at the two ends of the
molecule, which can be used as a bridge connecting gold
electrodes in molecular devices. These electronic and geo-
metric properties are promising to provide valuable informa-
tion for applications in single-molecule devices. (6) Photo-
electron spectra of S,B,” (n = 2—13) have different spectral
bands at the low binding energy side that can be compared
with future experimental values. This research has enriched the
structure of nonmetallic atoms in doped boron clusters.
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