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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 B;0,", B30; """, and
B,0, "

Table S8 Calculated vertical electron detachment energies (VDEs) at the TD-B3LYP level
based on the global minimum structures D.n B3O, (1, 3 %), Coy B3O3™ (4, 1A1),
and Ca, B304~ (7, 'A)).

Figs. S1-S7 Alternative optimized structures for B30,", 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. S§—S15 AdNDP bonding patterns and canonical molecular orbitals (CMOs) for the
global-minimum structures 3-9 of B;0,", B3;05 ™, and B30,7"*. A low-lying

Dea B30," (') structure is also analyzed.
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Table S1.

Natural resonance theory (NRT) bond orders and atomic valencies of Coy B3O," (3, 'X) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled.

dist“"i 1193 I 1.638 |1.240I I
charge -0.532 -1.049 +0.785
C.y B:0," ('T)
Natural Bond Order Natural Atomic Valency

B1—04 B2'B3 B2—04 B3—05 05 B3 B2 04 B1
NRT t* 1.03 1.03 2.93 2.97 2.97 3.99 3.95 3.97 1.03
c 0.17 0.93 0.72 1.39 1.39 2.32 1.65 0.89 0.17
i 0.86 0.10 2.21 1.58 1.58 1.67 2.30 3.08 0.86

¢, 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 Cy, B303™ (4, 'A;) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled.

distance

1.285

charge

-0.865

-0.901
Cs, B30s™ ("Ay)
Natural Bond Order Natural Atomic Valencies
Bl—Bz B2'B3 B1—04 B2—05 03'06 06 B3 B2 05
NRT t* 0.98 0.98 2.98 2.04 2.98 2.98 3.96 4.00 2.04
C 0.90 0.90 1.08 0.95 1.08 1.08 1.98 2.75 0.95
i 0.08 0.08 1.90 1.09 1.90 1.90 1.98 1.25 1.09

¢, 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 Cy, B303 (5, 2A1) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled.

distance

200 1.677

charge -0.736 +0.769 +0.749

-0.870
Cz B303 Ay
Natural Bond Order Natural Atomic Valency
Bi-Bs | B1-Os | B1-Os | B2-O4 | B2-Os | B3-Og O¢ Bs B, O4 Os B>
NRT* 0.99 1.45 1.45 1.46 1.46 3.00 3.00 3.98 3.88 291 291 2.92
0.95 0.49 0.49 0.42 0.42 1.23 1.23 2.18 1.93 0.91 0.91 0.84
0.04 0.96 0.96 1.04 1.04 1.77 1.77 1.80 1.95 2.00 2.00 2.08

% Cy B303 (PA)) possesses two leading NRT reference structures: NRT; and NRT,.

NRT;

NRT;

40%




Table S4. Natural resonance theory (NRT) bond orders and atomic valencies of Coy B3O3" (6, 'X) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled.

distance
1.193 1.636 o 234 a1 370 gl 192
charge 0.529  +0.652 +1.112 -0.840 41231 -0.626
C.y B30;" ('T)
Natural Bond Order Natural Atomic Valencies

Bl—Bz B2'B3 B3—O4 B4—05 B5—06 01 B2 B3 04 B5 06
NRT t* 2.97 1.02 291 1.04 2.95 2.97 3.99 3.93 3.95 4.00 2.95
C 1.40 0.93 0.72 0.34 1.31 1.40 2.32 1.65 1.06 1.65 1.31
i 1.57 0.09 2.19 0.70 1.64 1.57 1.67 2.28 2.89 2.35 1.64

¢, 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 C», B30, (7, 'A;) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled in the structure.

distance 1.364 522

‘il ' 1.689

charge -0.853 +0.787 +0.659 Y +1.128 -0.963

-0.879

Cs, B304 ("Ay)

Natural Bond Order Natural Atomic Valency
Bi-B2 | Bi-Os | B1-O7 | B2-O¢ | B3-O4 | B3-Os | B3-O7 |  Og B> B, Os O B3 O4
NRT* | t* | 0.99 1.47 1.47 | 299 | 2.04 | 1.38 1.38 | 299 | 398 | 393 | 286 | 2.86 | 481 | 2.04
c| 095 | 053 | 053 1.13 | 0.82 | 034 | 034 | 1.13 | 2.08 | 2.01 | 0.88 | 0.88 1.51 | 0.82
i| 004 | 094 | 094 | 1.86 1.22 | 1.04 | 1.04 | 1.86 1.90 | 1.92 | 1.98 1.98 | 330 | 1.22

 Cy B304~ (*A)) possesses two significant NRT reference structures: NRT; and NRT.

..
N 3
1 .
-
.

NRT; 32% NRT, 32%

b t, the total bond orders; ¢, 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 C; B30, (8, *A") at B3LYP/aug-cc- pVTZ. The bond

lengths (in A) and natural atomic charges (in lel) are also labeled.

distance

-0.880

1.209

charge -0.800

+0.949

-0.871
C; B304 CA))
Natural Bond Order Natural Atomic Valencies
Bi-O4 | B1-Os | B2-Og | B>-O7 | B3-O4 | B3-Os | B3-Og | Oy B, Og B; Oy Os B,
NRT* t 1.47 1.47 1.08 291 1.42 1.42 1.04 291 3.99 2.12 3.88 2.89 2.89 2.93
c 0.43 0.43 0.39 1.16 0.48 0.48 0.40 1.16 1.56 0.79 1.36 0.91 0.90 | 0.85
i 1.04 1.04 0.69 1.75 0.94 0.94 | 0.64 1.75 2.43 1.33 2.52 1.98 1.98 2.08

 Cy B304 (*A’) possesses two leading NRT reference structures: NRT, and NRT,.

-
.. '.
R .e . .t
\

.

. Ff.} 2 k{:,

NRT; 30% NRT, 30%




Table S7. Natural resonance theory (NRT) bond orders and atomic valencies of Do, B3O4™ (9, lZg) at B3LYP/aug-cc- pVTZ. The

bond lengths (in A) and natural atomic charges (in lel) are also labeled.

distance

193 1.361 250
20.657  +1.230 0843  +1.540
D.v B3O4* ('Zy)
Natural Bond Order Natural Atomic Valencies
0:-B, B,-0O, B;-O, B3-Oy4 04-B;s B5-O¢ 0O, B, O, B3

T® 2.96 1.04 1.97 1.97 1.04 2.95 2.96 3.99 3.00 3.93
NRT? C 1.30 0.34 0.55 0.55 0.34 1.30 1.30 1.64 0.89 1.10
i 1.66 0.70 1.42 1.42 0.70 1.65 1.66 2.35 2.11 2.83

*Doen B304" (lZg) possesses three significant NRT reference structures: NRT;, NRT, and NRTj.

- 9 9 99 022 9999 90 92 000 99
NRT; 34% NRT; 34% NRT; 17%

b t, the total bond orders; ¢, 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, B30, (1, 3Zg), C,y B305 (4, 1Al), and C,, B304 (7, 1Al).

Species Feature Final State VDE (eV)
B30, Do (1,°Zy) X 11, 3.07

A 11, 6.43
B;0; Cp, (4, 'A)) X ’B, 4.06

A ’B, 6.40
B30, Ca (7, 'A)) X ’B, 5.10

A A, 6.10




Figure S1. Alternative optimized structures for B;O,", 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.

00200 0000 2009

Cov B33 ('Z) D, B;O," ('Z,) CaB:O;" (‘A
+5 cm’™ +97 cm™ +19 em™
0.00 keal/mol +7.72 keal/mol +16.10 keal/mol
10.00 kcal/mol} {+14.49 kcal/mol} {+13.01 kecal/mol}
0055 es0o o
C, B;0," (‘A) C. BsOy' ('2) Cy, B:Oy' (Ay)
+142 em™ +61 cm™ +310 cm™
+16.82 keal/mol +32.53 keal/mol +45.80 kcal/mol

{+20.12 kcal/mol}

Cy B;0y' ('A) Cy B:Oy' ('Ay) Coy B3Oy ('Ay)
+178 em™ +125 em™ +63 cm™

+56.52 kcal/mol +77.48 keal/mol +85.22 keal/mol



Figure S2. Alternative optimized structures for B3;Os~, 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.

ey g, e, o

Cy B0y (Al) C, B0y (A) 0 B (A1 C,B:0y” (A)
+82 cmt +76 cm™ +78 e’ +94 cmt
0.00 kecal/mol +13.61 kecal/mol +33.20 keal/mol +33.47 keal/mol
{0.00 kecal/mol} {412.49 keal/mol}

Bl B0 A0 C Ot A) . Bd-(0
+45 em™ +67 cm™! +76 cm™! +73 cm™!
+49.03 kcal/mol +52.15 kcal/mol +53.01 kcal/mol +54.75 keal/mol
C2 B;05™ ('A) Cov B;O5™ ('A)) Cae B305™ (Ay) C,B;0;™ ('A)
+110 em! +38 cm™t +184 e +149 cmt

+71.32 keal/mol +139.57 kecal/mol +164.36 keal/mol +168.92 kecal/mol



Figure S3. Alternative optimized structures for B;O3, 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.

“*G'WP‘«.A&.

2 ByO; CA) C, B;O; CA) C, B,0; (A) Cv ByO; (By)
+141 em™ +69 cm™ +89 cm™ +86 cm™
0.00 kcal/mol +4.18 kcal/mol +15.96 kecal/mol +17.68 kecal/mol
{0.00 kecal/mol} 1410.21 keal/mol} {+9.84 kcal/mol} 1423.61 kcal/mol}
e o
C, B;0; (CA) C, B;0; (A) Cy B;0; (°By) Cy B:0; (*By)
+72 cm™ +64 cm’™ +243 cm™ +56 cm™
+18.88 kcal/mol +23 83 keal/mol +33 .47 kcal/mol +63.13 keal/mol

{+16.15 kcal/mol}

C,B;0; (A) C. B;0; CA) Cy, B;0; (B)) C, B;0; (A)
+351 em™ +387 cm™! +73 cm™! +77 cmt

+69.85 kcal/mol +74.16 kcal/mol +120.23 kcal/mol +145.61 kcal/mol



Figure S4. Alternative optimized structures for B;O;", 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.

coesse sesese o L2

C. B;O5" ('Z) C,B;0;" ('A) C:B;0;"('A))  DsyB;O5" (‘Ay)
+66 cm’™ +27 em™ +134 em™ +371 cm™
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10.00 kcal/mol} {+13.54 kcal/mol}
oWy .114.
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+61.76 kcal/mol +80.60 keal/mol +84.80 kcal/mol +87.81 kcal/mol

Dy, B;0;” ('A) C2 BsOs" ('A) Ca B;0;” ( Ay) Cy B;0O5" ( Ay)
+34 cm™ +55 cm! +16 cm! +80 cm™!

+97.57 kcal/mol +114.73 keal/mol +140.51 keal/mol +150.53 kcal/mol



Figure S5. Alternative optimized structures for B3Oy, 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.

odpe o dee Y

Cyy BsOy (‘A
+87 em’?
0.00keal/mol
{0.00kcal/mol}

C.B;0, (‘A)
+60 cm’™

+19.66 kcal/mol

Y

C,B;0,” (A)
+65 cm™

+34.76kcal/mol

Cy B0, (A)
+87 cm™

+114.75 keal/mol

C.B.0; (A)
+57 cm™
+0.09 kcal/mol
143.90 kcal/mol}

Cy, B;0, (*A)
+58 cm™t

+20.10 keal/mol

C» B;0, (*A)
+95 cm™t

+52.10 kcal/mol

C,B;0; (‘A)

+111 em™

+128.51 kcal/mol

C,B;0, (*A)
+43 em’™
+2.07 keal/mol
{+6.42 kcal/mol}

C.B;0, (‘A

+52 cm’t

+21.61 kcal/mol

C, B;0,” (*A)
+355 em!

+82.03 kcal/mol

C,B;0, (‘A)
+80 cm’™!

+131.76 kecal/mol



Figure S6. Alternative optimized structures for B3;O4, 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.

“"e’w“@”

C.B;0, (*A) Cy, B;O, (A) C,, B;O, (CA))
+76 cm™ +64 cm™! +73 cm!
0.00kcal/mol +4.78 keal/mol +28.04 keal/mol
{0.00kcal/mol} {+9.83 kcal/mol}

C, B;0, CA) C, B;0, (A) C,, B;O, CAy)
+64 cm™! +64 cm™ +16 cm™
+30.46 kcal/mol +30.58 keal/mol +46.16 keal/mol

(]
&,
9

C,B;0, (A) C.B;0, (A) Cy. B5O, (°By)

+62 cm™! +25 cm! +6 cm’!

+46.98 kcal/mol +64.88 kcal/mol +65.30 kcal/mol

. BO.CA C. B;04 (CA)

+36 cm™! +60 cm™!

+121.95 kcal/mol +127.71 kcal/mol



Figure S7. Alternative optimized structures for B;O,", 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.
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+150.03 kcal/mol



Figure S8. (a) AANDP bonding pattern for the Cey B30, (3, 12) global-minimum structure and

(b) its canonical molecular orbitals (CMOs).

(a)
Ix1c-2e O and IxIc-2e B lone pairs Ix2¢c-2e B-O and 1x2¢-2e B-B o
S —u0-u ON = 1.98-1.99 le| ON = 1.99-2.00 lel
2x2¢-2e B-O 4x2¢c-2e B-On
ON =2.00 lel ON = 1.96 lel
(b)

HOMO (o) HOMO-1(x)  HOMO-2(x)  HOMO-3(c) HOMO-4 (n)

@ °d> =W PP

HOMO-5 (7) HOMO-6(s)  HOMO-7(s)  HOMO-8 () HOMO-9 (o)



Figure S9. (a) AANDP bonding pattern for Do, B30," (lZg) and (b) its canonical molecular

orbitals (CMOs).
(a)
*-0—0—09
D.y B3O;" ('Zy)
2% 1c-2e O lone pairs 2%2¢-2e B-O and 2x2c-2e B-B o 4x2c-2e B-On
ON=1.99 |e| ON=1.99 e ON=1.94 [e]

3 09 &3 33 e

HOMO (x,) HOMO-1 (x,) HOMO-2 (5,)

599 > 9P *J* S I P

HOMO-3 (og) HOMO-4 (c,) HOMO-5 ( HOMO-6 (5,) HOMO-7 (5,)



Figure S10. (a) AANDP bonding pattern for the C,, B3035™ (4, 'A) global-minimum structure

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

SN

4x1c-2e O lone pairs 2x2¢-2eB-Bo
ON = 1.86-1.98 lel ON = 1.99 lel

(a)

4.C, B0, (1A)

3x2¢c-2e B-Oc 5x2c-2e B-On
ON = 1.99-2.00 lel ON = 1.95-2.00 lel
(b)
HOMO (by) HOMO-1 (by) HOMO-2 (a;) HOMO-3 (by)
HOMO-4 (a,) HOMO-5 (by) HOMO-6 (a;) HOMO-7 (b,)
HOMO-8 (a;) HOMO-9 (b,) HOMO-10 (a,) HOMO-11 (a;)

o' 3’9

HOMO-12 (by) HOMO-13 (a,)



Figure S11. (a) AANDP bonding pattern for the C,, B30; (5, 2A1) global-minimum structure and

(b) its canonical molecular orbitals (CMOs).

(a)

wF -y -8 -

3x1c-2e O Ixlc-1e B 7026 0-0 4x2c¢-2e B-O and
lone pairs lone electron lél\?‘ 62 06 ‘ 7|t 1x2¢-2¢ B-B 6
=z e
ON = 1.99 lel ON = 0.96 lel ON = 1.95-1.99 lel
3 ) N )
) sz B303 ( Al) 0_0 % i 0

1x2¢c-2e B-O o 2x2¢-2e B-On Ix4dc-2e m
ON =2.00 lel ON =1.99 lel ON=1.99 lel
(b)
SOMO (a,) HOMO-1 (a) HOMO-2 (b,) HOMO-3 (b))
HOMO-4 (b,) HOMO-5 (a;) HOMO-6 (a,) HOMO-7 (by)
HOMO-8 (b,) HOMO-9 (a,) HOMO-10 (a;) HOMO-11 (a;)

-8

HOMO-12 (b))  HOMO-13 (a;)




Figure S12. (a) AANDP bonding pattern for the Ce.y B;0;5" (6, 12) global-minimum structure and

(b) its canonical molecular orbitals (CMOs).

(a)
2xlc-2e O lone pairs 1x2¢-2¢ B-O and 1x2¢-2e B-B o
ON = 1.97-1.99lel ON = 1.99-2.00 lel
*=0—0-0—0-9
3x2c-2¢ B-Oo 6x2c-2e B-O =
ON = 1.99-2.00 lel ON = 1.96-1.98 lel
(b)
HOMO () HOMO-1 (n)
HOMO-2 () HOMO-3 (o) HOMO-4 (7)
e o o JJ oo Foooo 0o P
HOMO-5 (o) HOMO-6 (c) HOMO-7 (o) HOMO-8 (5)

. oo

HOMO-9 ()



Figure S13. Canonical molecular orbitals (CMOs) for the Co, B304~ (7, 'A)) global-minimum
structure. For its AANDP bonding pattern, see Figure 4 in the text.

48 -93-8

HOMO (by) HOMO-1 (b,) HOMO-2 (a,)

HOMO-3(b,) HOMO-4 (a;) HOMO-5 (by)
HOMO-6(bs) HOMO-7 (by) HOMO-8 (by)
HOMO-9 (by) HOMO-10 (a) HOMO-11 (ay)

HOMO-12(a)) HOMO-13 (a;) HOMO-14 (by)

HOMO-15(a;) HOMO-16 (a;)



Figure S14. (a) AANDP bonding pattern for the Cs B3O, (8, >A”) global-minimum structure and

(b) its canonical molecular orbitals (CMOs).

(a)
Sx1c¢-2e O lone pairs ON = 1.97 lel 1x2¢-2¢ O-On 6x2c-2¢ B-Oc
Ix1lc-1le B lone electron ON = 0.89 lel ON = 2.00 lel ON =1.94-1.99 lel
SR & : Q : & : \-0
Ix2¢-2¢ B-Oc 2x2¢-2e B-On Ixdc-2e m
ON =2.00 lel ON = 2.00 lel ON =2.00 lel
(b)

HOMO-1 (a”) HOMO-2 (a) HOMO-3 (a")

% 93

HOMO-4 (2') HOMO-5 (2) HOMO-6 (a") HOMO-7 (a')

HOMO-8 (a") HOMO-9 (a') HOMO-10 (a') HOMO-11 (a")

w, .9 o)
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Figure S15. (a) AANDP bonding pattern for the Do, B3O4" (9, 1Zg) global-minimum structure

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