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ABSTRACT    A density functional theory investigation on the geometries, electronic structures, 
and electron detachment energies of BS-, BS2

-, B(BS)2
- and B(BS)3

- has been performed in this work. 
The linear ground-state structures of BS- (C v, 1 +) and BS2

- (D h, 1
g

+) prove to be similar to the 
previously reported BO- and BO2

- with systematically lower electron detachment energies. Small 
boron sulfide clusters are found to favor the formation of -B=S groups which function basically as 
-radicals and dominate the ground-state structures of the systems. The perfect linear B(BS)2

- (D h, 
3

g) and beautiful equilateral triangle B(BS)3
- (D3h, 2A1”) turn out to be analogous to the well-known 

C2v BH2 and D3h BH3, respectively. The electron affinities of BS, BS2, B(BS)2 and B(BS)3 are 
predicted to be 2.3, 3.69, 3.00 and 3.45 eV, respectively. The electron detachment energies 
calculated for BS-, BS2

-, B(BS)2
-, and B(BS)3

- may facilitate future photoelectron spectroscopy 
measurements to characterize the geometrical and electronic structures of these anions.  
Keywords: boron sulfides, density functional theory, geometries, electronic structures, electron 
detachment energies, photoelectron spectroscopy 

 
1  INTRODUCTION 

 
In two recent papers[1, 2], Zhai, Li, and Wang per- 

formed a combined photoelectron spectroscopy (PES) 
and density functional theory (DFT) study on a series 
of small boron oxide anions including BO-, BO2

-, 
B(BO)2

-, and B(BO)3
-. DFT method proves to be a 

reliable approach in predicting the structures and 
one-electron detachment energies of small boron 
oxides. Considering the close similarity between S 
and O in valence electron configurations and the 
importance of B–S binary systems closely related 
with boron oxides, we extend the investigation to 

small boron sulfide clusters in this work by applying 
DFT method to predict the geometries, electronic 
structures, and electron detachment energies of BS-, 
BS2

-, B(BS)2
-, and B(BS)3

-. Boron sulfides have re- 
ceived much limited attention in literatures. Mass 
spectroscopy studies performed about 30 years ago 
confirmed the existence of a wide range of boron 
sulfide cations in gas phases and suggested that BS2

+, 
B2S2

+, and B2S3
+ be the most important parent ions 

of high molecular weight boron sulfide clusters[3 7]. 
Two previous ab initio calculations on BS[8, 9] pre- 
sented very different excitation energies (3.83 eV[8] 
and 2.47 eV[9]) for the transition from the ground-  
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state BS 2 + to the first excited state BS 2 , with 
both values significantly higher than the experi- 
mental term value of Te = 1.99 eV[10]. Linear BS2 
neutral was firstly observed with laser induced 
florescence technique[11, 12]. However, there have 
been neither geometries nor photoelectron spectro- 
scopy measurements reported to date for boron 
sulfide anions in literatures. The B–S compounds are 
more volatile than their B–O analogues and thus 
investigations of their structures and thermodyna- 
mic properties were believed to be greatly faci- 
litated[3]. More importantly, a detailed theoretical 
study on small B–S cluster anions may justify certain 
assumptions and conclusions in B–O systems[1 3]. 
Our DFT investigation indicates that BS  and BS2  
anions possess similar geometries and electronic 
structures with BO  and BO2  and B(BS)2  and 
B(BS)3  anions and their neutrals turn out to be 
analogous to C2v BH2 and D3h BH3 in geometrical 
and electronic structures. Small boron-rich boron 
sulfides prove to favor the formation of -B=S groups 
which basically serve as -radicals and dominate the 
ground-state structures of the systems. The optimized 
D d B(BS)2

 with a linear B–B–B chain and D3h 
B(BS)3

 with a triangular BB3 core present novel 
boron compound clusters containing direct B–B 
interactions absent in oxygen-rich boron oxides[13]. 
The adiabatic (ADEs) and vertical one-electron deta- 
chment energies (VDEs) predicted in this work may 
facilitate future PES characterizations of these small 
boron sulfides. 
 

2  CALCULATION METHODS 
To compare with our previous investigations on 

small boron oxide anions[1, 2], DFT structural optimi- 
zations, frequency analyses, and time-dependent 
DFT (TD-DFT) calculations[14] of small boron sulfi- 
de clusters were performed using the same hybrid 
B3LYP procedure[15] with Dunning’s all-electron 
basis (aug-cc-pvtz) implemented in Gaussian 03 
program[16]. Extensive searches have been performed 
on these small clusters to determine their ground- 
state structures. ADEs of the anions were calculated 
as the energy differences between the ground states 
of the anions and the corresponding neutrals and 
their VDEs were obtained with the TD-DFT method. 
Fig. 1 shows the optimized ground-state structures of 
BS- and BS2

- anions and their neutrals, and Fig. 2 
describes the valence molecular orbitals (MOs) of 
the two anions. Fig. 3 compares the low-lying stable 
isomers of B(BS)2

- and B(BS)3
- with their neutrals 

and Fig. 4 shows the valence MO pictures of the two 
anions at their ground states. The calculated ADEs 
and the first three VDEs of the anions are listed in 
Table 1. The symmetrical vibrational frequencies of 
the anions and the corresponding neutrals are also 
listed to facilitate future high-resolution PES ex- 
periments. The lowest vibrational frequencies of the 
optimized structures have also been indicated in Figs. 
1 and 3. The ADEs of the anions are equivalent to the 
electron affinities (EAs) of the corresponding neu- 
trals in definitions. 

  
3  RESULTS AND DISCUSSION 

 

                          
    
                            C v  BS- (1            C v  BS (2

Vmin       +988                    +1180  

                                              
D h  BS2

- (1
g

+)          D h  BS2 (2
g)     

Vmin       +360                    +264  
 

Fig. 1.  Ground-state structures of BS- (a) and (BS)2
- (b) anions and their neutrals 

with the necessary bond lengths (in Å) and the lowest vibrational frequencies Vmin (in cm-1) indicated 

(a) 

(b) 
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Table 1.  Calculated First ADEs (eV) and the First Three VDEs (eV) of BS-, 
BS2 , B(BS)2 , and B(BS)3  at the B3LYP/aug-cc-pvtz Level, together with the 

Symmetrical Vibrational Frequencies (cm-1) of These Anions and Their Neutrals  
 Feature 

 

Final 

state 

TD-DFT Vibrational frequency 

  

   ADE/eV VDE /eV Neutral Anion 

C v  BS- X 

A 

B 

2 + 
2  
2 + 

2.33 

 

 

2.43 

4.50 

7.59 

1180( ) 988( ) 

D h  BS2
- X 

A 

B 

2
g 

2
u 

2
u
+ 

3.69 3.69 

5.45 

6.72 

553( g) 546( g) 

D h  B(BS)2
- X 

A 

B 

2
u 

2
g 

2
u 

3.00 3.08 

4.96 

5.15 

348( g),1354( g) 352( g), 1300( g) 

D3h  B(BS)3
- X 

A 

B 

1A1’ 
3E” 
3A1” 

3.45 3.53 

5.46 

5.50 

315(a1), 1325(a1) 320(a1’), 1281(a1’) 

 
As the S atom is larger than O in size, the B–X 

bond lengths in BxXy systems (X = O, S) increase 
from rB=O 1.2 Å in boron oxides[1, 17, 18] to rB=S 1.6 Å 
in boron sulfides. Similar to BO  and BO[2], the -ty- 
ped highest occupied molecular orbitals (HOMOs) of 
both BS- and BS (Fig. 2(a)) are mainly composed of 
the contribution from B 2s. Fig. 1(a) and Table 1 
show that the B–S bond length increases from 1.613 
Å in BS (2 +) to 1.689 Å in BS  (1 +), while the B–S 
stretching vibrational frequency decreases from 1180 
cm 1 in BS to 988 cm 1 in BS-, indicating that the 
-HOMO of BS radical is basically anti-bonding in 

nature, similar to the situation observed in BO[2]. Our 
calculated bond length of BS agrees nicely with the 
calculated value of 1.609 Å at the GSTEPS level[9] 
and our DFT vibrational frequency of 1180 cm 1 fits 
the measured value of 1180.17 cm 1 perfectly[8, 10]. 
The first ADE and VDE of BS- are predicted to be 
2.33 and 2.43 eV, respectively. They are slightly 
lower (about 0.20 eV) than the corresponding 
measured values of BO  [2, 17, 18]. This defines an EA 
value of 2.33 eV for BS neutral. The second VDE of 
BS  (4.50 eV) lies ~0.97 eV lower than the cor- 
responding value of BO [2]. The transition from the 
ground-state BS 2 + to the first excited state BS 2  is 

predicted to have the DFT excitation energy of 2.07 
eV which is in nice agreement with the mea- sured 
term value of Te = 1.99 eV[11, 12]. Our DFT ex- 
citation energy of 5.16 eV from the ground-state BS 
2 + to the second excited state BS 2 + also agrees 
reasonably well with the measured term value of Te 
= 4.83 eV[11, 12]. We believe that the calculated ADE 
and VDE values and the vibrational frequencies for 
BS neutral and anion presented in Table 1 well repre- 
sent the true PES pattern and vibrational progres- 
sions of BS  anion in the future experiments. The 
fact that B=S has a much lower stretching frequency 
(at about 1000 cm 1) than B=O (at about 2000 cm 1) 
indicates that the B=S interaction is much weaker 
than the B=O bonding reported before[1, 2]. 

TD-DFT calculation indicates that the main one- 
electron detaching processes from specific MOs of 
BS- anion contribute 85~86% to the concerned ex- 
citation roots. The one-electron excitation processes 
listed in Table 1 can be definitely assigned to one- 
electron detachments from specific MOs of BS   
(Fig. 2(a)), with the X-band originating from deta- 
ching one electron from the anti-bonding HOMO( ), 
A-band from the degenerate bonding HOMO-1( ), 
and B-band from the nonbonding HOMO-2( ).   
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HOMO(  )    HOMO-1 (  )      HOMO-2( )  HOMO-3( ) 

                        
                     HOMO ( g)                  HOMO-1 ( u) 

      
                    HOMO-2 ( u)  HOMO-3 ( g)  HOMO-4( u)   HOMO-5 ( g) 

 
Fig. 2.  Valence MO pictures of BS- (a) and BS2  (b) 

 

Similar to BO2  and BO2 reported previously[2, 19, 20], 
both BS2  and BS2 possess perfect linear ground- 
state structures (Fig. 1(b)) with the B–S bond lengths 
of 1.680 and 1.668 Å, respectively, in good agree- 
ment with DFT bond lengths reported before for BS2 

neutral[11, 12]. The first three calculated VDEs of BS2  
at 3.69, 5.45 and 6.72 eV prove to be systematically 
lower than the correspondingly measured PES fea- 
tures of BO2  at 4.46, 6.72, and 7.50 eV[2]. The first 
ADE and VDE of BS2  have practically the same 
value (3.69 eV) for the reason that there exists only 
minor bond length difference (0.012 Å) between 
BS2  and BS2. This defines an EA value of 3.69 eV 
for BS2. There are no theoretical or experimental 

values available to compare with our DFT results 
obtained for BS2  anion. 

The first VDE (X-band) of BS2
- at 3.69 eV, which 

originates from detaching one electron from the 
degenerate HOMO( g) (Fig. 2(b)), is expected to 
exhibit as a sharp PES feature. The first two excited 
states of the neutral (2

u and 
2

u
+) at 5.45 and 6.72 

eV can be reached via detaching one electron from 
the degenerate HOMO-1( u) and HOMO-2( u) of the 
anion, respectively. TD-DFT calculations show that 
these processes are almost pure one-electron detach- 
ment processes from specific MOs of the anion with 
the main electron-detaching channels contributing 
85~100% to the concerned excitation roots. 

 

                                    
            D h B(BS)2

- (3
g)      C2v B(BS)2

- (1A1)     C2v B(BS)2
- (1A1)   D3h B(BS)2

-(1A1’) 
               E   0.0                +1.83             +2.07            +5.96 
               Vmin   +80               +103              +224            +257  

                                
D h B(BS)2 (2

u)   C2v B(BS)2(2A1)   C2v B(BS)2(2B1)   
          E    0.0                +1.50             +0.73           
            Vmin    +73                +113             +266  

          
D3h B(BS)3

- (2A2")     C2v B(BS)3
- (2B1)    C2v B(BS)3

- (2A1)       C2v B(BS)3
- (2B1) 

E    0.0               +1.99             +3.92                +4.19 
Vmin   +52                +111             -717                 -274  

(a) 

(b) 

(a) 

(b) 
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C2v B(BS)3  (1A1)       C2v B(BS)3 (1A1)     C2v B(BS)3 (1A1)        C2v B(BS)3 (1A1) 

E     0.0               +1.61             +3.38                +3.94 
        Vmin    +52               –414              –495                 –332  

 
Fig. 3.  Low-lying isomers of B(BS)2

- and B(BS)2 (a) and B(BS)3
- and B(BS)3 

(b) with the necessary bond lengths (in Å), relative energies E (in eV), 
and the lowest vibrational frequencies Vmin (in cm-1) presented 

 
The most striking finding obtained in this work is 

that small boron-rich B–S binary clusters Bm(BO)n 
prefer the formation of -BS groups which mainly 
serve as -radicals and dominate the ground-state 
structures of Bm(BO)n clusters, as clearly shown in 
Fig. 3. The -BS groups are found to directly coor- 
dinate with the central B atom in linear B(BS)2

 and 
triangular B(BS)3, aping -H atoms in the well-known 
bent BH2 (C2v)[21 23] and triangular BH3 (D3h)[21, 23, 24]. 
Extensive searches indicate that all the other planar 
and stereo isomers are considerably less stable than 
the ground-state structures, as clearly shown in Fig. 3. 

Both triplet B(BS)2  (3
g) and doublet B(BS)2(2

u) 
possess perfect linear ground-state structures (D h) 
with two -BS groups connected to the central B from 
opposite ends along the molecular axis, forming a 
linear B–B–B chain absent in the previously reported 
oxygen-rich boron oxides[13]. The degenerate delo- 
calized -interactions of HOMO-2 ( u, Fig. 4(a)) 
involving in-phase overlaps between B pz (or py) and 
the  orbitals of two -B=S groups help to stabilize the 
linear geometries of both the neutral and the anion. It 
should be stressed that the triplet linear ground state 
of B(BS)2  (3

g) with two singly occupied HOMOs 
( u) turned out to be 0.61 eV more stable than its 
singlet linear isomer. Both bent B(BS)2  and B(BS)2 
(C2v) were found to be automatically converted to 
their linear ground-state geometries during structural 
optimization. This situation is obviously different 

from C2v BH2 which has a H–B–H bond angle of 
128º[23]. Coulomb repulsion between the two -B=S 
terminal groups in B(BS)2 proves to be more effec- 
tive than that between two H atoms in BH2, making 
the bent B(BS)2 linear.  

TD-DFT calculation indicates that multireference 
configuration interactions (MRCI) play an increasing 
role in B(BS)2 , with the main electron-detaching 
processes contributing 56~74% to the concerned 
excitation roots. However, the calculated VDE values 
should be reliable because the involved shake-up 
states have been included in our TD-DFT calculation. 
The first VDE of 3.08 eV mainly originates from 
detaching one electron from the degenerate HOMO 
( u). It is only 0.08 eV higher than the ADE value of 
3.00 eV for B(BS)2 , in consistent with the small 
structural relaxation from B(BS)2  to B(BS)2  
(Fig. 3(a)). The A-band at 4.96 eV mainly comes 
from de- taching one electron from the degenerate 
HOMO- 1( g) which purely contains the out-phase 
interactions between the  orbitals of the two BS 
groups. The B-band at 5.15 eV, however, mainly 
originates from detaching one electron from the 
degenerate delocalized HOMO-2( u) mainly re- 
presenting the inphase bonding overlaps between the 

 orbitals of the two BS groups. All the other -typed 
inner-shell MOs of B(BS)2  in Fig. 4(a) require 
higher detachment energies. 
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HOMO( u)               HOMO-1( g)            HOMO-2 ( u) 

           
HOMO-3( u)   HOMO-4( g)   HOMO-5( u)    HOMO-6( g)    HOMO-7( u) 

 
HOMO(a2”)           HOMO-1(e’)            HOMO-2(a2’)         HOMO-3(e”) 

  
HOMO-4(a2”)             HOMO-5(e’)            HOMO-6(a1’)       HOMO-7(e’) 

 
HOMO-8(a1’)         HOMO-9(e’)          HOMO-10(a1’) 

 
Fig. 4.  Valence MO pictures of B(BS)2

- (a) and B(BS)3
- (b) 

 
The ground state of B(BS)3  (2A2”) is a beautiful 

equilateral triangle (D3h) with an sp2-hybridized B 
atom at the center. Single occupation of the symme- 
trically delocalized -typed HOMO (a2”) (Fig. 4(b)) 
produces no structural distortion to B(BS)3 . But a 
perfect D3h B(BS)3 neutral has the problem of con- 
vergence at DFT: it is slightly distorted to a C2v trian- 
gle with an apex angle of 120.08º. This C2v structure 
is practically an equilateral triangle with the 
approximate symmetry of D3h (Fig. 3(b)). Our trian- 
gular structures of B(BS)3 and B(BS)3

- can be obtai- 
ned from D3h BH3

[21, 23, 24] by substituting three -H 
atoms with three -BS groups. B(BS)3 neutral and 
B(BS)3  anion form the first planar species in boron 
sulfides studied in this work and contain the first 
perfect equilateral triangle BB3 with an sp2 B at the 
center in boron sulfide clusters reported so far. These 
results provide strong evidence that the -BS groups 
mainly function as -radicals in boron-rich boron 

sulfides, aping -H atoms in small boranes. The dif- 
ference lies in that the -BS groups also form delo- 
calized  interactions with the central B atom(s), as 
obviously evidenced by HOMO-2( u) of B(BS)2  in 
Fig. 4(a) and HOMO-4(a2”) of B(BS)3  in Fig. 4(b). 

TD-DFT calculations indicate that B(BS)3
 anion 

has the first ADE of 3.45 eV and VDE of 3.53 eV, 
corresponding to detaching one electron from the 
singly occupied -HOMO(a2”) of B(BS)3 . The se- 
cond band (A) at 5.46 eV and third one (B) at 5.50 
eV mainly originate from detaching one electron 
from the degenerate HOMO-1(e’) and HOMO-2(a2’), 
respectively. Excitation leading to other excited sta- 
tes proves to involve much more complicated MRCI 
contributions. 

It should be pointed out that the calculated first 
VDE values (X bands) of B(BS)2  (3.08 eV) and 
B(BS)3  (3.53 eV) are well comparable with the 
corresponding values reported for B(BO)2  (2.94 eV) 

(a) 

(b
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and B(BO)3  (3.64 eV)[1]. However, their second (A 
bands)) and third (B bands) VDEs (Table 1) turned 
out to be much lower than that of the corresponding 
boron oxides (which is beyond 6.4 eV)[1]. These 
results indicate that the A and B bands of B(BS)2  
and B(BS)3  should be observed in their 193 nm 
(6.424 eV) PES spectra to provide more detailed 
information for geometrical and electronic structure 
characterizations. In addition, the stretching sym- 
metrical vibrational frequencies of B=S bonds at 
about 118 1350 cm 1 (Table 1) are also possible to 
be resolved in high resolution PES spectra of these 
anions. 

The symmetrical stretching frequencies of B=S 
double bonds in B(BS)2  (1300 cm 1) and B(BS)3

 

(1281 cm 1) all turned out to be slightly lower than 
the corresponding vibrational frequencies of their 
neutrals (Table 1). Similar situation occurs in BS  
and BS2 . This phenomenon reflects anti-bonding 
nature of HOMOs in these anions, as shown in Figs. 
2 and 4. Table 1 indicates that the B–S single bonds 
in B(BS)2

 and B(BS)3
 systems stretch at much lower 

frequencies in the range of 31 350 cm 1, while the 
B–S interactions in BS2 neutral and anion show 
certain double bond character with the B–S stret- 
ching frequencies lying at about 550 cm 1 (Table 1 

and Fig. 2). As shown in Fig. 3 and Table 1, when the 
coordination numbers of the central B increase, the 
B–B bond lengths increase and their stretching 
frequencies decrease.  

 
4 SUMMARY 
 

DFT investigations performed in this work show 
that linear BS  and BS2  are similar to BO  and BO2  
in both geometrical and electronic structures, and 
linear B(BS)2  and triangular B(BS)3

 together with 
their neutrals appear to be analogous to BH2 and BH3, 
respectively. The -BS groups prove to serve basically 
as -radicals to coordinate with the B center(s) in 
small boron sulfides, similar to -H, -CN[25] and  
-BO[1, 2] in coordination abilities. Direct B–B bonds, 
which are absent in oxygen-rich boron oxides re- 
ported before[13], are found to exist in small boron- 
rich boron sulfides. The predicted ADE and VDE 
values of BS , BS2 , B(BS)2  and B(BS)3  may well 
facilitate future PES experiments to confirm these 
species. The results obtained in this work may also 
provide useful reference to the investigations of 
boron oxides which still remain a huge challenge  
in both experimental and theoretical chemi- 
stry[1, 2, 13, 17, 18]. 
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