Q IP The Journal of
| Chemical Physics |
Planar dicyclic B6S6, B6S6 —, and B6S6 2- clusters: Boron sulfide analogues of

naphthalene
Da-Zhi Li, Hui Bai, Ting Ou, Qiang Chen, Hua-Jin Zhai, and Si-Dian Li

Citation: The Journal of Chemical Physics 142, 014302 (2015); doi: 10.1063/1.4904289
View online: http://dx.doi.org/10.1063/1.4904289

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/142/1?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

A first-principles study on the BSOS +/0 and B505 - clusters: The boron oxide analogs of C6H5 +/0 and
CH3Cl

J. Chem. Phys. 143, 064303 (2015); 10.1063/1.4928282

Photoelectron spectroscopy of B404 —: Dual 3c-4e 11 hyperbonds and rhombic 4c-4e o-bond in boron oxide
clusters
J. Chem. Phys. 142, 134305 (2015); 10.1063/1.4916386

Benzene analogues of (quasi-)planar M@B n H n compounds (M = V-, Cr, Mn+): A theoretical investigation
J. Chem. Phys. 139, 174310 (2013); 10.1063/1.4827517

Perfectly planar boronyl boroxine D 3h B606: A boron oxide analog of boroxine and benzene
J. Chem. Phys. 138, 244304 (2013); 10.1063/1.4811330

First principle structural determination of (B203) n (n = 1-6) clusters: From planar to cage
J. Chem. Phys. 138, 094312 (2013); 10.1063/1.4793707

NEW Special Topic Sections

NOW ONLINE e e
Lithium Niobate Properties and Applications:
Reviews of Emerging Trends AlP Reviews



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1624400372/x01/AIP-PT/JCP_ArticleDL_091416/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Da-Zhi+Li&option1=author
http://scitation.aip.org/search?value1=Hui+Bai&option1=author
http://scitation.aip.org/search?value1=Ting+Ou&option1=author
http://scitation.aip.org/search?value1=Qiang+Chen&option1=author
http://scitation.aip.org/search?value1=Hua-Jin+Zhai&option1=author
http://scitation.aip.org/search?value1=Si-Dian+Li&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4904289
http://scitation.aip.org/content/aip/journal/jcp/142/1?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/143/6/10.1063/1.4928282?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/143/6/10.1063/1.4928282?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/142/13/10.1063/1.4916386?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/142/13/10.1063/1.4916386?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/139/17/10.1063/1.4827517?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/138/24/10.1063/1.4811330?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/138/9/10.1063/1.4793707?ver=pdfcov

THE JOURNAL OF CHEMICAL PHYSICS 142, 014302 (2015)

® CrossMark
¢

Planar dicyclic BgSg, BcSs, and BsSs>~ clusters: Boron sulfide

analogues of naphthalene

Da-Zhi Li," Hui Bai,? Ting Ou,? Qiang Chen,? Hua-Jin Zhai,>*? and Si-Dian Li%?
'Department of Chemistry and Chemical Engineering, Binzhou University, Binzhou 256603, Shandong,
People’s Republic of China

2Nanocluster Laboratory, Institute of Molecular Science, Shanxi University, Taiyuan 030006, Shanxi,
People’s Republic of China

3State Key Laboratory of Quantum Optics and Quantum Optics Devices, Shanxi University, Taiyuan 030006,
Shanxi, People’s Republic of China

(Received 10 October 2014; accepted 1 December 2014; published online 5 January 2015)

Inorganic analogues of hydrocarbons or polycyclic aromatic hydrocarbons (PAHs) are of current
interest in chemistry. Based upon global structural searches and B3LYP and CCSD(T) calculations,
we present herein the perfectly planar dicyclic boron sulfide clusters: D, B¢Sg (1, 1Ag), Dy, BeSe™
(2, ?Bsy), and Dy, BsS>~ (3, 'A,). These are the global minima of the systems, being at least 0.73,
0.81, and 0.53 eV lower in energy, respectively, than their alternative isomers at the CCSD(T) level.
The D;y, structures feature twin B3S, five-membered rings, which are fused together via a B, unit
and terminated by two BS groups. Bonding analyses show that the closed-shell B¢Ss>~ (3) cluster
possesses 10 delocalized m electrons, closely analogous to the bonding pattern of the aromatic
naphthalene C;oHg. The BSe~ (2) and BgSg (1) species are readily obtained upon removal of one
or two 7 electrons from BgSg>~ (3). The results build a new analogous relationship between boron
sulfide clusters and their PAH counterparts. The BS¢~ (2) monoanion and B¢S¢>~ (3) dianion can
be effectively stabilized in neutral LiB¢S¢ and LiyBgSe salts, respectively. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4904289]

. INTRODUCTION

As a prototypical electron-deficient element in the peri-
odic table, boron has interesting chemical bonding properties.
Boron clusters and boron-containing clusters'™'? are unique
systems to address the structural diversity and bonding nature
of boron at the molecular level. A number of recent studies
show that there exist analogous relationships between boron-
based clusters and the planar hydrocarbons, including poly-
cyclic aromatic hydrocarbons (PAHs). For example, the D5,
B4H,, Cy, BsH,, and Gy, BjyH, clusters? are boron hydride
analogues of the conjugated ethylene D,;, C,Hy4, 1,3-butadiene
Gy, C4Hg, and 1,3,5-hexatriene C,;, CgHg, respectively. In
terms of the nature of bonding, boron and boron-containing
clusters are found to possess aromaticity and antiaromatic-
ity according to the Hiickel rules, akin to the hydrocarbon
molecules. Notably, Bgz’ and Bg~,? Byg, By;-, and Byy,* and
Bist as well® all possess 67 electrons and can be viewed as
inorganic analogues of benzene. The dianion B>~ cluster with
107t electrons is an all-boron analogue of naphthalene,! and
B»,” and B,3™ with seven delocalized m canonical molecular
orbitals (CMOs) are all-boron analogues of anthracene and
phenanthrene, respectively.®

Boronyl (BO) has emerged as a robust inorganic ligand
during the past decade, from gas-phase clusters to synthetic
compounds, where the BO triple bond dominates the struc-
ture and bonding of the systems, like the CN and CO ligands.
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In a recent paper,!' we presented a theoretical study on a
unique boron oxide B¢Og cluster, which was predicted to
be boronyl boroxine, D3, B303(BO)s;, a new member of
the “inorganic benzene” family. Similar to benzene, Djj
B303X3 (X = BO, H) can be used as a ligand to form
transition metal complexes, such as the sandwich-type D3y
(B303X;3),Cr,'! D3y (B303X3)2V,'? and the perfectly planar
(B303H3),M* (n=1,2; M = Cu, Ag, Au) complexes.'? Given
the close similarity between S and O in valence electron
configurations, boron sulfide clusters may possess similar
geometries and electronic structure with their corresponding
boron oxides. However, in comparison with boron oxides,
boron sulfide clusters have received rather limited attention in
the literature, and the current understanding of the structural
principles and bonding nature of the electron-deficient boron
sulfide clusters remains inadequate.

Gas-phase mass spectroscopic studies about 30 years ago
confirmed the existence of a wide range of boron sulfide
cations, suggesting that BS,*, B,S,", and B,S;* are the most
important precursor ions to form the high molecular weight
boron sulfide clusters.'*'® Two ab initio calculations on the
BS diatomic species'*?’ presented very different excitation
energies (3.83 versus 2.47 eV) for transition from the ground
state BS2Z™ to the first excited state BS 21, with both values
being significantly larger than the experimental term value
(1.99 eV).?! Linear BS, neutral cluster was observed using
the laser-induced florescence technique.?>?* Our group inves-
tigated very recently a series of simple boron sulfide clus-
ters: BS, BS,”, B(BS),", B(BS);~,>* and B(BS), .>> These
boron sulfides were shown to possess similar geometric

©2015 AIP Publishing LLC
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structures with their oxide counterparts: BO, BO,~, B(BO),",
B(BO);~,%° and B(BO), % It was revealed that boron-rich
boron sulfide clusters favor the formation of the B =S
groups, which basically serve as o radicals and govern the
global-minimum structures of the clusters.

Here, we report a systematic computational study on
the structures and chemical bonding of the BgS¢” /2~
(1-3) clusters. The work involves global-minimum searches,
density-functional theory (DFT) and coupled-cluster theory
(CCSD(T)) calculations, and chemical bonding analyses.
The global-minimum D, B¢Se” /%~ (1-3) structures exhibit
twin, fused B3S, five-membered rings with an elongated
shape. A proposal is put forward that BgSe” /> are
inorganic analogues of naphthalene (C;oHg). In particular,
the five delocalized 1 CMOs in B¢Se¢>~ (3) show one-to-
one correspondence to those in naphthalene, as revealed
from the CMO analysis and the adaptive natural density
partitioning (AdNDP).?” The current work extends the boron
sulfide chemistry, suggesting that a variety of new boron
sulfide clusters may be designed on the basis of their
analogy to PAHs. To assess the viability of B¢Ss™ (2) and
BsSe>~ (3) as potential building blocks for cluster assembled
nanomaterials, we explored their salt complexes: LiB¢S¢ (4)
and Li;BeSe (5-7). In such complexes, the BgSg™ or BeSe>~
clusters are stabilized by one or two Li* counter cations, and
their structural and chemical integrity are well maintained.

Il. COMPUTATIONAL PROCEDURES

Global-minimum searches for BgS¢ were conducted us-
ing the Gradient Embedded Genetic Algorithm (GEGA),?%%
Coalescence Kick (CK),**?! and Basin Hopping (BH)?? algo-
rithms, aided with extensive manual structural constructions.
Further structural optimizations and frequency analysis were
carried out for the low-lying isomers using the hybrid B3LYP
method?33* with the basis set of 6-311+G(d,p), as imple-
mented in the Gaussian 03 program.®> The top structures
identified for BgS¢ were used as the initial structures for
BsSe~ and B¢Se>~ during their structural searches. To check
for consistency, the relative energies were also calculated
using the PBEO functional with symmetry constraints.’®
Furthermore, the relative energies were refined for the low-
lying isomers using the CCSD(T) method’—3? at the B3LYP
geometries. AdNDP?" in combination with CMO analysis,
was used to analyze the chemical bonding. The natural
bond orbital (NBO) 5.0 program*’ was used to calculate the
natural atomic charges. The adiabatic and vertical detachment
energies (ADE and VDE) of B¢S¢~ were calculated using the
time-dependent DFT (TD-DFT) method.*'#?

lll. RESULTS

The global-minimum structure of B¢S¢ neutral, (1, Dy,
1Ag), is shown in Fig. 1, along with those of Dy; BeS¢™ (2,
?Bs,) and Dy, B6S6>~ (3, 'Ay). Alternative optimized low-lying
structures of BeS¢ /%~ at the B3LYP/6-311+G(d,p) level
are depicted in the supplementary material (Figs. S1-S3),%
where their relative energies at the B3LYP/6-311+G(d,p),
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FIG. 1. Global-minimum Dy, structures of B¢Se (1, lAg), BsSe~ (2, 2B3y),
and BeSe2~ (3, lAg) at the B3LYP/6-311+G(d,p) level. Selected bond dis-
tances are labeled in angstroms. Yellow color represents S atoms.

PBEO0/6-311+G(d,p), and single-point CCSD(T)//B3LYP/6-
311+G(d,p) levels are documented as well.

As shown in Figs. 1 and S1,*3 the B¢Se neutral cluster
adopts a perfectly planar dicyclic 1 (D, 'A,) global-
minimum structure. It possesses twin B3S, five-membered
rings as the core, with two BS units attached terminally. The
overall shape is elongated. The highly symmetric circular
BeS (D3, 'A}) structure is a low-lying isomer for the sys-
tem (Fig. S1),* which lies 0.56 and 0.73 eV above the global
minimum at the B3LYP and CCSD(T) levels, respectively.
Note that the Dsy, (lAl/) structure is the global minimum
for the isovalent B¢Og cluster, for which the dicyclic D,y
(‘Ag) isomer is 1.32 eV higher at the CCSD(T)//B3LYP/6-
311+G(d,p) level.'! Thus, the energetics for isomers alter
markedly for the B—S versus B—O clusters.

Alternative B¢S¢ isomers are at least 0.4 eV above 1 (D,,,
'A,), making the latter the well-defined global minimum on
the potential energy surface. Interestingly, all isomeric B¢Se
structures (Fig. S1)* contain four-, five-, or six-membered
B—S rings, with additional BS or BS; units attached termi-
nally. A similar set of structures are located for BgS¢~ and
BeSs>~ (Figs. S2 and $3).* The planar dicyclic 2 (D, *Bs,)
and 3 (D,y,, lAg) structures are the global minima for B¢Sg™ and
BeSe>", respectively (Fig. 1).

Selected bond distances are labeled for the global-
minimum structures 1-3 (Fig. 1). The B—S bond distances
of the terminal BS group in Dy, BeSe (1, 'Ay), D2y, BeSs™ (2,
?Bsy), and Doy, BeSe™ (3, 'Ap) vary slightly, which are 1.61,
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1.63, and 1.67 A, respectively. These are typical B=$ triple
bonds, being remarkably similar to those in B(BS),” and
B(BS);~,2* B(BS)4~,% and By(BS)¢” ~.** The calculated B—S
bond distances within the dicyclic B3S; rings (1.81-1.85 A)
should be roughly viewed as, or slightly stronger than, single
bonds. For example, the corresponding B—S distances in 3
are 1.84 A with an effective bond order of 1.19 (Table SI),*?
which is due to the existence of delocalized electrons in the
B3S; rings. All B—B bond distances in 1-3 (1.61-1.68 A) are
classified approximately as single bonds.

IV. DISCUSSION

A. Planar dicyclic Dy, BGSGZ‘ cluster: A boron sulfide
analogue of naphthalene

The BSe, B6Ss~, and B¢S¢>~ clusters adopt similar Dy,
global-minimum structures: 1 ('Ap), 2 (*B3,), and 3 ('Ay).
The structures exhibit twin B3S, five-membered rings as the
core with two terminal BS groups. Their elongated overall
shape is reminiscent of the naphthalene molecule (C;oHg),
one of the simplest PAHs. The CMO analyses immediately
reveal that the delocalized it bonding pattern in 1-3 is similar
to that in naphthalene (Fig. S4).** To be specific, the five
delocalized 1 CMOs in BeS¢>~ (3, 1Ag) are basically eight-
center two-electron (8c-2e) in nature and fully occupied
with 107 electrons, showing one-to-one correspondence to
those in naphthalene, except that the energy order of the top
two CMOs reverses. The B¢S¢~ (2, “B3,) and BgSe (1, 'Ap)
species may be reached from BgSe>~ (3, 1Ag) by removing
one and two valence electrons from its highest occupied
molecular orbital (HOMO). Based on the above analysis, the
planar dicyclic BeSe>~ (3, 'A,) cluster is a close inorganic
analogue of naphthalene, as the circular D3, B¢Og cluster is
an inorganic benzene or boroxine.!' Inorganic analogues of
naphthalene are rare in the literature. In a prior study, we
reported a Dy, B162’ (lAg) cluster,! which also possesses an
elongated shape with 10 electrons, akin to naphthalene.

To understand the nature of bonding in 1-3 in further
detail, we performed the AANDP?’ analysis for D, B¢Se>~
(3). As an extension of the NBO analysis, AANDP represents

X P
Q100 S,
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the electronic structure of a molecular system in terms of
n-center two-electron (nc-2e) bonds, where the values of n
range from one to the total number of atoms in the system.
AdNDP thus recovers not only the Lewis bonding elements
(lone pairs and 2c-2e bonds), but also the delocalized nc-2e
bonds. According to the AANDP results (Fig. 2), of the 56
valence electrons in BgSe>~ (3), the o framework involves
13 2c-2e bonds (plus the six S 3s lone-pairs; not shown):
two terminal B—S o bonds, three B—B o bonds, and eight
B—S o bonds within the twin five-membered rings. This
leaves nine bonds for the s framework, including four
terminal 2c-2e ; bonds for the two BS groups (first row;
Fig. 2).

The remaining five t bonds are all 8c-2e in nature, being
delocalized over the twin five-membered rings (third row;
Fig. 2). It is these five 8c-2e m bonds that are responsible
for the global delocalized bonding in B¢S¢>~ (3), which
also define their close analogy to naphthalene. Among the
corresponding delocalized m CMOs in B6$62_ 3) (Fig.
S4), HOMO-1, HOMO-3, HOMO-11, and HOMO-12 are
mainly derived from the bridging S atoms. The HOMO is
largely based on the three B, units, but also has discernible
contribution from the terminal S atoms; the latter is more
clearly seen from the NBO charge distributions (3 versus 1;
Table SI).*3

Note that all occupation numbers (ONs) in the AANDP
results are very close to the ideal value of 2.00 e, suggesting
that the B—B and B—S bonding, both localized and
delocalized, are well-defined. Indeed, the 17 2c-2e bonds
(rows 1 and 2; Fig. 2) perfectly recover the B=S, B—B, and
B—S assignments, which are in line with their bond distances
(Sec. II0).

B. Comparison of the structures of sulfide and oxide
clusters: Dy, BgSe versus D3, BgOg

BgSg is isovalent to B4Og.!! Both clusters are perfectly
planar. However, their global-minimum structures differ
markedly. B¢S¢ possesses the dicyclic D5y, structure with twin
B3S, five-membered rings (Fig. 1), which is 0.73 eV more
stable than the monocyclic Dsj, isomer at the CCSD(T) level.

8 88

2x2c-2e B-S o 2x2c-2e B-S 1 2x2c-2e B-S 1
ON=1.99 |e| ON=1.99 |e| ON=1.98 |e|
P R
- TQ- -
o Od e
2x2c-2e B-Bo 1x2c-2e B-Bo 8x2c-2e B-So
ON=1.99 |e| ON=1.99 |e| ON=1.98 |e|

8@8 . o@@m . e@o-o §gg§ 8@’98

5x8c-2e T
ON=2.00 |e|

FIG. 2. AdNDP bonding pattern of Dy, BsSe2~ (3, ]Ag). The occupation numbers (ONs) are shown.
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In contrast, B¢Og is an analogue of benzene or boroxine,'
which adapts the highly symmetric, monocyclic Dj3; global
minimum with a B3O3 six-membered ring, with the dicyclic
Dy, structure being 1.32 eV higher in energy at the same
level. It is thus of critical importance to understand the sharp
difference between BgSg and B¢Og in terms of structures
and energetics. We believe two factors may hold the key to
address this question.

First, the polar nature of B—O versus B—S interactions
determines the intramolecular Coulomb repulsion in the sys-
tems. The difference of electronegativity between B and S
is ~0.5 (Pauling scale) and that between B and O is ~1.4.
Thus, the B—S bond should be more covalent, whereas the
B—O bond is rather polar. Indeed, the NBO charges in both the
dicyclic D,;, and monocyclic Djy, structures of B¢S¢ are prac-
tically neutral for B and S in the rings. However, in both struc-
tures of B¢Og, there are substantial charge transfers from B to
O within the rings (B +0.8 |e| versus O —0.8|e|; B3LYP data).
Consequently, the B—O clusters tend to have more terminal
BO groups in order to release and minimize the intramolecular
Coulomb repulsion, and the monocyclic D3, structure is its
favorite choice. In particular, the Coulomb repulsion is antic-
ipated to be severe in the Dj;, BgOg structure, which makes
it energetically unfavorable. A second consequence is that
BgSg appears to be more aromatic than B¢Og. The calculated
nucleus-independent chemical shift (NICS) values for D,
BsSe (1) at the pentagon center are NICS(0) = —5.0 ppm and
NICS, (1) = -13.7 ppm at the B3LYP level, as compared to
those for naphthalene at the hexagon center: NICS(0) = -7.2
ppm and NICS,,(1) = —28.3 ppm. In contrast, the inorganic
benzene D3, BgOg is barely aromatic with NICS,,(1) =-2.8
ppm at the same level, which is significantly smaller than that
for benzene with NICS, (1) =—29.7 ppm.'!

Second, for B¢Sg, the Coulomb repulsion is no longer an
issue and the appropriate size of BS rings becomes critical.
For the Dj3j, BgSe structure, the six-membered B3S; ring has
a diameter of ~3.6 A, which is probably too large to form an
effective m-system. For comparison, the diameter of the B;0;
ring in D3, B¢Og is ~2.7 A,'! very close to that in benzene
(~2.8 /0\). On the other hand, the elongated twin B3S; rings in
1-3 can support four or five delocalized = CMOs (Fig. S4),
which help stabilize the structures.

C. Growth pattern of the B,S,, (n = 1-4) series: B2S,
as possible structural unit

As shown in Fig. 3 and Fig. S5, the linear B»Sy (Deopr,
lEg) cluster with the bond distances of rg=g = 1.61 A and
rg_p = 1.62 A is the ground state, which lies 2.12 and 1.78
eV lower than the second isomer D,; B,S, at the B3LYP
and CCSD(T)//B3LYP levels, respectively. Other optimized
structures are even higher in energy (by at least 2.58 eV at
B3LYP level). Note that the linear B,S, cluster is similar
to its isovalent B,O, counterpart® in geometry, although the
B—X bond distances in B,X; (X = O, S) increase substan-
tially from rg=o ~ 1.20 A in the oxide!'?* (o rp=g = 1.61
A in the sulfide?*2*25 due to the different atomic sizes of S
versus O. The calculated energy gap for B,S, between the
HOMO and the lowest unoccupied molecular orbital (LUMO)

J. Chem. Phys. 142, 014302 (2015)

(@) D.,B,S, (L)

FIG. 3. Comparison of the optimized structures of B»S,, BS¢ (1), and BgSg
neutral clusters at the B3LYP/6-311+G(d,p) level. Selected bond distances
are labeled in angstroms. Yellow color represents S atoms.

is 5.14 eV (Table SI),** well supporting its high electronic
stability.

Figure 3 depicts the optimized structures of the B,,S,, (n
=1, 3, 4) series at the B3LYP level. The structural evolution
hints that the linear B,S, cluster may serve as a structural
unit for boron sulfides. One can compare the ground-state
geometries of B,S; and BgSe. In Dy, BeSe (1, 1Ag), typical
bond distances are rg=g, = 1.61 A, rg_p = 1.66-1.68 A,
and rg_g, = 1.81-1.85 A, where S, and Sy stand for the
terminal and bridging S atoms, respectively. When combining
two B»S; units for a B3S, five-membered ring, one terminal
S from each B,S, is transformed to a bridging S, turning two
terminal B =S bonds into four bridging B—S bonds. In the
meantime, two S 3p lone-pairs are generated, which facilitate
further m delocalization within the ring. By repeating this
process, one can generate Dy, BsSg ('A,) and Dy, BgSs ('Ap)
(Fig. 3), where the former is the global minimum of the B¢Sg
system. The formation energy can be calculated using the
equation: 3B2Ss (Deo, 'Zg) = B6S6 (Dan, 'Ag). The formation
energy thus evaluated is —70.2 kcal/mol for Dj, B¢Se (1, 'A,)
at the CCSD(T)//B3LYP level, indicating that the formation
of 1 is highly exothermic. To compare the stability of the
isomers, the formation energy of Dsj, B¢Se ('A}) (Fig. S1),8
which is similar to the global minimum of B3;03(BO)s,'" is
also calculated at the same level to be —69.24 kcal/mol. The
symmetric Dy, structures for B¢Sg~ (2) and BsSe>~ (3) also
demonstrate the role of B,S, as a robust structural unit.

Interestingly, D,; BsSs (lAg) (Fig. 3) turns out to be a
true minimum with the formation energy of —111.9 kcal/mol
with respect to 4B2Sy (Deops 'Ze) = BsSs (Dap, 'Ap) at the
B3LYP level, which can be constructed by combining four
distorted linear B,S; units via six S bridges, lending further
support for our proposed concept that B,S, is a key structural
unit for boron sulfides. We anticipate that this simple
structural concept may help design new boron sulfide clusters
and nanomaterials.
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D. Predicted electronic properties for Dy, BsSs

To aid future experimental studies on Dy, B¢Sg (1) and
B6Ss™ (2), we predict herein their electronic properties. Ioniza-
tion potential (IP) is calculated for B¢Sg (1), which amounts to
9.72 eV at the CCSD(T)//B3LYP level. This value is substan-
tially greater than the accurate experimental data for naphtha-
lene (8.135 eV),*® suggesting that D, B¢Se (1) is a relatively
stable species.

Adding one and two extra electrons, respectively, to the
non-degenerate LUMO (bs,) of Dy;, BeSe (1), we reach its
monoanion B¢Se~ (2) and dianion BSe>~ (3) with no symmetry
distortion (Fig. S4).> The B—B bond distance within the
central B, unit shrinks systematically from 1.68 Ain1,1.63A
in2,to1.61 Ain 3, indicating that occupation of the b3, CMO
strengthens the B—B interaction at the center. We believe the
extra electrons in 2 and 3 also promote the formation of an
aromatic system in the anion and dianion. Indeed, the bond
distances for the bridging B—S units appear to be slightly more
even in 3 with respect to 1 (Fig. 1). The ground-state ADE
and VDE for B¢S¢™ (2) are calculated at B3LYP/6-311+G(d,p)
level to be 3.06 and 3.15 eV, respectively.

To facilitate its spectroscopic characterizations, we simu-
late the photoelectron spectrum of BgSs~ (2) on the basis
of B3LYP/6-311+G(d,p) and TD-DFT*!*? data (Fig. 4). The
calculated VDEs are listed in Table SIL.*? Clearly, there exists
a large energy gap of 2.26 eV between the ground-state
band ('A,) and the first excited-state band (°Bs,), indicating
a remarkably stable neutral cluster, D,j, B¢S¢ (1). This energy
gap serves as characteristic electronic fingerprints for the D,y
BsSs™ (2) and B4Sg (1) species.

E. BsSs 2" as building blocks in cluster assembled
nanomaterials

To assess the potential use of BgSg™ (2) and BeSe>™ 3
as building blocks for cluster assembled nanomaterials, we
have optimized structures of the LiB¢S¢ and LiBgSe salt
complexes, where B¢S¢~ and BGSGZ’ are stabilized by one or
two Li* counter cations, respectively. Figure 5 shows selected
optimized structures of LiB¢Sg and Li,B¢Se at the B3LYP/6-
311+G(d,p) level.

Structure LiBSg (4, Cy, 2A’) with a perfectly planar B¢Sg
motif is obtained when one Li* cation combines with BS¢~

4 . . 5
Binding Energy (eV)

FIG. 4. Simulated photoelectron spectrum of BeSe™ (2, Dop, 2B4,) at the
TD-B3LYP/6-311+G(d,p) level. The simulations were done by fitting the
distribution of the calculated vertical detachment energies with unit-area
Gaussian functions of 0.04 eV half-width.
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FIG. 5. Optimized structures of LiB¢Ss (4) and LizsBgSe (5-7). The relative
energies with zero-point energy (ZPE) corrections are shown at the B3LYP/6-
311+G(d,p) (in the parentheses) and CCSD(T)//B3LYP/6-311+G(d,p) levels,
respectively. All energies are in eV. Yellow color represents S atoms.

(Fig. 5(a)). For Li,B¢Se, the Li* cations approach the dicyclic
rings along the fivefold axes, in different combinations,
resulting in Cy;, (5, 1Ag), Cy (6, 'A)), and Gy, (7, 'A)
complexes (Fig. 5(b)). The Cy;, LirBSe (5, 'A,) complex
is the most stable, which lies at least 0.21 and 0.28 eV
lower in energy at the B3LYP and CCSD(T)//B3LYP levels,
respectively, with respect to the alternative isomers. In Cy,
Lir,BgSe (5, 1Ag), the Li* cations each coordinate to a B3S,
ring, but from opposite sides of the molecular plane. This
overall arrangement manages to optimize the electrostatic
interactions in the system.

V. CONCLUSIONS

In conclusion, we have presented a series of perfectly
planar dicyclic boron sulfide clusters: B¢S¢ (1, Dap, 1Ag),
B6S6™ (2, Dap, 2B3y), and B¢Se™™ (3, Doy, 'A,). These global-
minimum structures are established through extensive global
searches and electronic structure calculations at the B3LYP
and CCSD(T) levels. The clusters feature twin B3S, five-
membered rings as the core with two BS groups attached
terminally, in sharp contrast to the lately reported B¢Og (D3y,,
'A1") cluster. Chemical bonding analyses reveal a delocalized
107 system for B¢S¢>~ (3), akin to naphthalene, rendering
this dianion a new member of the “inorganic naphthalene”
family. To aid their future experimental characterizations,
the electronic properties of Dj; BgS¢ (1) and BeSe (2)
are predicted. A natural question is if we can extend this
analogy further to other boron sulfide systems and design
new inorganic analogues of benzene, anthracene, and other
polycyclic aromatic hydrocarbons, which are being actively
pursued in our laboratories.
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