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Tables S1−−−−S7  Natural charges, natural resonance theory (NRT) bond orders and atomic 

valencies for the global-minimum structures 3−9 of B3O2
+, B3O3

−/0/+, and 

B3O4
−/0/+. 

Table S8  Calculated vertical electron detachment energies (VDEs) at the TD-B3LYP level 

based on the global minimum structures D∞∞∞∞h B3O2
− (1, 3Σg), C2v B3O3

− (4, 1A1), 

and C2v B3O4
− (7, 1A1). 

Figs. S1−−−−S7 Alternative optimized structures for B3O2
+, B3O3

−/0/+, and B3O4
−/0/+, along with 

their point group symmetries, electronic states, and minimum vibrational 

frequencies. Relative energies are given at B3LYP/aug-cc-pVTZ and 

CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). The structures were 

obtained initially using the Coalescence Kick and Basin Hopping 

global-minimum search programs at B3LYP/3-21G. 

Figs. S8−−−−S15  AdNDP bonding patterns and canonical molecular orbitals (CMOs) for the 

global-minimum structures 3−9 of B3O2
+, B3O3

−/0/+, and B3O4
−/0/+. A low-lying 

D∞∞∞∞h B3O2
+ (1
Σg) structure is also analyzed. 
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Table S1.  Natural resonance theory (NRT) bond orders and atomic valencies of C∞v B3O2
+ (3, 1Σ) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 

C∞v B3O2
+
 (

1
ΣΣΣΣ) 

 

Natural Bond Order Natural Atomic Valency  

B1-O4 B2-B3 B2-O4 B3-O5 O5 B3 B2 O4 B1 

NRT 

 

ta 

c 

i 

1.03 

0.17 

0.86 

1.03 

0.93 

0.10 

2.93 

0.72 

2.21 

2.97 

1.39 

1.58 

2.97 

1.39 

1.58 

3.99 

2.32 

1.67 

3.95 

1.65 

2.30 

3.97 

0.89 

3.08 

1.03 

0.17 

0.86 
 

a t, the total bond orders; c, the covalent bond orders of NRT; i, the ionic bond orders of NRT.  
 



Table S2.  Natural resonance theory (NRT) bond orders and atomic valencies of C2v B3O3
− (4, 1A1) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 
C2v B3O3

−−−− (
1
A1) 

 

Natural Bond Order Natural Atomic Valencies  

B1-B2 B2-B3 B1-O4 B2-O5 O3-O6 O6 B3 B2 O5 

NRT 

 

ta 

c 

i 

0.98 

0.90 

0.08 

0.98 

0.90 

0.08 

2.98 

1.08 

1.90 

2.04 

0.95 

1.09 

2.98 

1.08 

1.90 

2.98 

1.08 

1.90 

3.96 

1.98 

1.98 

4.00 

2.75 

1.25 

2.04 

0.95 

1.09 
 
a t, the total bond orders; c, the covalent bond orders of NRT; i, the ionic bond orders of NRT. 



Table S3.  Natural resonance theory (NRT) bond orders and atomic valencies of C2v B3O3 (5, 2A1) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 
C2v B3O3 (

2
A1) 

 

Natural Bond Order Natural Atomic Valency  

B1-B3 B1-O4 B1-O5 B2-O4 B2-O5 B3-O6 O6 B3 B1 O4 O5 B2 

NRTa t   

c 

i 

0.99 

0.95 

0.04 

1.45 

0.49 

0.96 

1.45 

0.49 

0.96 

1.46 

0.42 

1.04 

1.46 

0.42 

1.04 

3.00 

1.23 

1.77 

3.00 

1.23 

1.77 

3.98 

2.18 

1.80 

3.88 

1.93 

1.95 

2.91 

0.91 

2.00 

2.91 

0.91 

2.00 

2.92 

0.84 

2.08 
 

a C2v B3O3 (
2A1) possesses two leading NRT reference structures: NRT1 and NRT2. 

 

        

NRT1  40%     NRT2  40%  



Table S4.  Natural resonance theory (NRT) bond orders and atomic valencies of C∞v B3O3
+ (6, 1Σ) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 
C∞v B3O3

+
 (

1
ΣΣΣΣ) 

 

Natural Bond Order Natural Atomic Valencies  

B1-B2 B2-B3 B3-O4 B4-O5 B5-O6 O1 B2 B3 O4 B5 O6 

NRT 

 

ta  

c 

i 

2.97 

1.40 

1.57 

1.02 

0.93 

0.09 

2.91 

0.72 

2.19 

1.04 

0.34 

0.70 

2.95 

1.31 

1.64 

2.97 

1.40 

1.57 

3.99 

2.32 

1.67 

3.93 

1.65 

2.28 

3.95 

1.06 

2.89 

4.00 

1.65 

2.35 

2.95 

1.31 

1.64 

 

a t, the total bond orders; c, the covalent bond orders of NRT; i, the ionic bond orders of NRT. 



Table S5.  Natural resonance theory (NRT) bond orders and atomic valencies of C2v B3O4
− (7, 1A1) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled in the structure. 
 

 

C2v B3O4
−−−− (

1
A1) 

 

Natural Bond Order Natural Atomic Valency  

B1-B2 B1-O5 B1-O7 B2-O6 B3-O4 B3-O5 B3-O7 O6 B2 B1 O5 O7 B3 O4 

NRTa 

 

tb 

c 

i 

0.99 

0.95 

0.04 

1.47 

0.53 

0.94 

1.47 

0.53 

0.94 

2.99 

1.13 

1.86 

2.04 

0.82 

1.22 

1.38 

0.34 

1.04 

1.38 

0.34 

1.04 

2.99 

1.13 

1.86 

3.98 

2.08 

1.90 

3.93 

2.01 

1.92 

2.86 

0.88 

1.98 

2.86 

0.88 

1.98 

4.81 

1.51 

3.30 

2.04 

0.82 

1.22 
 

a C2v B3O4
− (1A1) possesses two significant NRT reference structures: NRT1 and NRT2. 

 

      

NRT1  32%              NRT2  32% 
 
b t, the total bond orders; c, the covalent bond orders of NRT; i, the ionic bond orders of NRT.  



Table S6.  Natural resonance theory (NRT) bond orders and atomic valencies of Cs B3O4 (8, 2A′) at B3LYP/aug-cc- pVTZ. The bond 

lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 
Cs B3O4 (

2
A′) 

 

Natural Bond Order Natural Atomic Valencies  

B1-O4 B1-O5 B2-O6 B2-O7 B3-O4 B3-O5 B3-O6 O7 B2 O6 B3 O4 O5 B1 

NRTa t 

c 

i 

1.47 

0.43 

1.04 

1.47 

0.43 

1.04 

1.08 

0.39 

0.69 

2.91 

1.16 

1.75 

1.42 

0.48 

0.94 

1.42 

0.48 

0.94 

1.04 

0.40 

0.64 

2.91 

1.16 

1.75 

3.99 

1.56 

2.43 

2.12 

0.79 

1.33 

3.88 

1.36 

2.52 

2.89 

0.91 

1.98 

2.89 

0.90 

1.98 

2.93 

0.85 

2.08 
 

a Cs B3O4 (
2A′) possesses two leading NRT reference structures: NRT1 and NRT2. 

 

     
NRT1  30%      NRT2  30%                            



Table S7.  Natural resonance theory (NRT) bond orders and atomic valencies of D∞h B3O4
+ (9, 1Σg) at B3LYP/aug-cc- pVTZ. The 

bond lengths (in Å) and natural atomic charges (in |e|) are also labeled. 
 

 

D∞h B3O4
+
 (

1
ΣΣΣΣg) 

 

Natural Bond Order Natural Atomic Valencies  

O1-B2 B2-O7 B3-O7 B3-O4 O4-B5 B5-O6 O1 B2 O7 B3 

NRTa 

Tb 

c 

i 

2.96 

1.30 

1.66 

1.04 

0.34 

0.70 

1.97 

0.55 

1.42 

1.97 

0.55 

1.42 

1.04 

0.34 

0.70 

2.95 

1.30 

1.65 

2.96 

1.30 

1.66 

3.99 

1.64 

2.35 

3.00 

0.89 

2.11 

3.93 

1.10 

2.83 
 

a D∞h B3O4
+ (1

Σg) possesses three significant NRT reference structures: NRT1, NRT2 and NRT3. 
 

     

NRT1  34%          NRT2  34%         NRT3  17% 
 

b t, the total bond orders; c, the covalent bond orders of NRT; i, the ionic bond orders of NRT.



Table S8. Calculated vertical electron detachment energies (VDEs) at the TD-B3LYP level based on the 

global minimum structures D∞∞∞∞h B3O2
− (1, 3Σg), C2v B3O3

− (4, 1A1), and C2v B3O4
− (7, 1A1). 

 

Species Feature Final State VDE (eV) 

B3O2
− D∞∞∞∞h (1, 3Σg) 

 

X 

A 

2
Πu 

2
Πu 

3.07 

6.43 

B3O3
− C2v (4, 1A1) 

 

X 

A 

2B2 

2B2 

4.06 

6.40 

B3O4
− C2v (7, 1A1) 

 

X 

A 

2B2 

2A2 

5.10 

6.10 

 



Figure S1.  Alternative optimized structures for B3O2
+, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
  

 



Figure S2.  Alternative optimized structures for B3O3
−, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S3.  Alternative optimized structures for B3O3, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S4.  Alternative optimized structures for B3O3
+, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S5.  Alternative optimized structures for B3O4
−, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S6.  Alternative optimized structures for B3O4, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S7.  Alternative optimized structures for B3O4
+, along with their point group symmetries, 

electronic states, and minimum vibrational frequencies. Relative energies are given 

at B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in curly brackets). 

The structures were obtained initially using the Coalescence Kick and Basin 

Hopping global-minimum search programs at B3LYP/3-21G. 
 
 

 



Figure S8. (a) AdNDP bonding pattern for the C∞∞∞∞v B3O2
+ (3, 1Σ) global-minimum structure and 

(b) its canonical molecular orbitals (CMOs). 
 
 

(a) 

 
 

(b) 

 



Figure S9. (a) AdNDP bonding pattern for D∞∞∞∞h B3O2
+ (1
Σg) and (b) its canonical molecular 

orbitals (CMOs). 
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Figure S10. (a) AdNDP bonding pattern for the C2v B3O3
− (4, 1A1) global-minimum structure 

and (b) its canonical molecular orbitals (CMOs). 
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Figure S11. (a) AdNDP bonding pattern for the C2v B3O3 (5, 2A1) global-minimum structure and 

(b) its canonical molecular orbitals (CMOs). 
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Figure S12. (a) AdNDP bonding pattern for the C∞∞∞∞v B3O3
+ (6, 1Σ) global-minimum structure and 

(b) its canonical molecular orbitals (CMOs). 
 
 

(a) 

 
 

(b) 

 



Figure S13. Canonical molecular orbitals (CMOs) for the C2v B3O4
− (7, 1A1) global-minimum 

structure. For its AdNDP bonding pattern, see Figure 4 in the text. 
 
 

 



Figure S14. (a) AdNDP bonding pattern for the Cs B3O4 (8, 2A′) global-minimum structure and 

(b) its canonical molecular orbitals (CMOs). 
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Figure S15. (a) AdNDP bonding pattern for the D∞∞∞∞h B3O4
+ (9, 1Σg) global-minimum structure 

and (b) its canonical molecular orbitals (CMOs). 
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