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A density functional theory (DFT) investigation has been performed in this work on the cage-like boron-rich boron oxide clus-
ters Bn(BO)n

2, CBn1(BO)n
, and C2Bn2(BO)n (n = 5–12) which are boronyl analogues of the closo-boranes BnHn

2, monocarbo-
ranes CBn1Hn

, and dicarboranes C2Bn2Hn. These boron oxide clusters possess similar geometrical and electronic structures 
with the corresponding boranes and carboranes and prove to be three-dimensional (3D) aromatic compounds, consistent with 
the previously proposed BO/H isolobal analogy. Neutral C2Bn2(BO)n species possess considerably high ionization potentials 
in the range 12.0–12.7 eV and CBn1Hn

 monoanions have the vertical electron detachment energies in the range 6.6–9.4 eV at 
the DFT level. BO terminals singly bonded to the skeletal vertexes through a B atom possess the characteristic stretching vi-
brational frequencies at about 2000 cm1, clearly indicating the existence of B  O triple bonds in these clusters. Experimental 
syntheses and characterizations of these interesting clusters may expand the structural concepts of boron oxides and bring im-
portant applications for boron oxide clusters as molecular devices in chemistry and new materials in boron neutron capture 
therapy. 
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1  Introduction  

As prototypical electron-deficient systems, closo-boranes 
(BnHn

2), monocarbaboranes (CBn1Hn
), and dicarboranes 

(C2Bn2Hn) (n = 5–12) possess cage-like structures with n 
vertexes and n + 1 skeletal electron pairs and feature three- 
dimensional (3D) aromaticities, high resonance stabilities, 
and benzene-like reactivities (electrophilic substitutions) 

[1–5]. The highly symmetrical D5d C2B10H12 which has been 
described as a “superatom” has found wide applications in 
chemistry and in neutron capture therapies. Boron oxide 
BxOy clusters, another important class of boron compounds, 
on the other hand, feature predominantly BO3 planar trian-

gular units in 3D or 2D networks [1, 6]. No direct structural 
link was discovered between boron oxides and boron hy-
drides before 2007 when the concept of boronyl (BO) in 
monocyclic carbon boronyls (Cn(BO)n, n = 2–7) was pro-
posed by our group at the density functional theory (DFT) 
level [7]. This concept was late extended to transition metal 
sandwich complexes [8], the boronyl-substituted ethylenes 
and acetylenes [9], tetrahedral B(BO)4

 [10], and the closely 
related BS-containing compounds [11, 12]. In three joint 
photoelectron spectroscopy (PES) and ab initio studies, 
Zhai, Li, and Wang revealed, for the first time, the -radical 
nature of the triply bonded boronyl group (B O) [13] and 
the BO/H isolobal relationship in linear B(BO) 2

 and trian-
gular B(BO) 3

 [14], and linear [O=BB=BB=O]0//2 [15]. 

The boronyl pattern established in these investigations 
builds a clear structural link between the boron-rich boron 
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oxide clusters formulated as Bm(BO)n and the corresponding 
boron hydrides BmHn. Small boron-rich BxOy microclusters 
(x = 1–10; y = 1–3) have also been systematically investigated 
at the DFT levels, and the results suggested the existence of 
BO groups in a wide range of boron oxide clusters [16–18]. 
The first stable [(Cy3P)2BrPt(BO)] crystal with a triply 
bonded B O ligand was synthesized and characterized in 
2010 by Braunschweig and co-workers, opening the era of 
boronyl chemistry [19]. In this work, we perform a systematic 
DFT investigation on the cage-like Bn(BO)n

2, CBn1(BO)n
, 

and C2Bn2(BO)n (n = 5–12) clusters which are the boronyl 
analogues of the closo-species BnHn

2, CBn1Hn
, and C2Bn2Hn. 

These novel boron oxide clusters, which are larger in size 
than any boron oxide clusters reported before [6–18], prove 
to be 3D aromatic and possess similar geometrical and elec-     
tronic structures with their parent boranes or carboranes, 
with the 6, 10, and 12-vertex cage-like species being the most 
3D aromatic species (except the B6(BO)6

2 and B12(BO)1
2
2
 

dianions). Experimental syntheses and characterization of 
these polyhedral boron oxide clusters are expected to expand 
our knowledge of the structural concepts for boron oxides 
and bring important applications for boron oxide clusters as 
molecular devices in chemistry and new materials in boron 
neutron capture therapy [1–5].  

2  Theoretical methods 

Structural optimizations, frequency analyses, and natural 
bond orbital (NBO) analyses were performed using the hy-    
brid B3LYP/6-311+G(3df) method [20, 21]. To check the 
3D aromaticities of the optimized cage structures, the mag-    
netic susceptibilities () and the nucleus independent chemi-    
cal shifts (NICS) at the geometrical centers of the cages [22] 

were calculated using the continuous set of gauge transfor-     
mations (CSGT) method [23, 24]. To facilitate future ex-      

perimental characterizations of these clusters, the ionization 
potentials (IPs) of C2Bn2(BO)n neutrals calculated as the 
energy differences between the neutrals and their cations at 
the neutral ground-state structures and the vertical electron 
detachment energies (VDEs) of CBn1(BO)n

 monoanions as 
the energy differences between the anions and the corre-     
sponding neutrals at the anionic ground-state structures 
have been tabulated in Table 1. All the calculations in this 
work were carried out using the Gaussian03 program [25].  

3  Results and discussion 

The lowest-lying positional isomers of Bn(BO)n
2, CBn1(BO)n

, 
and C2Bn2(BO)n (n = 5–12) are shown in Figure 1 with the 
natural atomic charges indicated for Bn(BO) n

2 dianions in 
the first column. These structures were obtained by substi-
tuting the H atoms in the corresponding BnH n

2, CBn1H n
, 

and C2Bn2Hn clusters with boronyl BO groups. As exam-
ples, two low-lying positional isomers for CB10(BO)1


1 and 

C2B10(BO)12 with the energies relative to their lowest-lying 
positional isomers are depicted in Figure 2. Figure 3 shows 
the optimized structures of B11(BO)11S and B11(BO)11N(BO) 
and Figure 4 shows the variations of the computed magnetic 
susceptibilities  (a) and NICS values (b) of the three series 
versus cluster size n. 

As shown in column one of Figure 1, substituting the H 
atoms in BnH n

2 with BO radicals produces the ground states 
of Bn(BO) n

2 dianions which possess exactly the same sym-
metries as that of the parent boranes BnH n

2 [1–4], well sup-
porting the BO/H isolobal analogy proposed before [7–15]. 
Of special interests are the high symmetry Oh B6(BO)6

2 (2), 
D4d B10(BO)1

2
0
 (6), and Ih B12(BO)1

2
2
 (8) which correspond to 

the highly stable B6H6
2, B10H1

2
0
, and B12H1

2
2
 in the BnH n

2
series, respectively [4]. Concerning the bond parameters of 

Table 1  Lowest vibrational frequencies (vmin/cm1), HOMO energies (EHOMO/eV), HOMOLUMO energy gaps (Egap/eV), NICS values (NICS/ppm), and 
magnetic susceptibilities ( /ppm cgs) calculated for Bn(BO)n

2, CBn1(BO)n
, and C2Bn2(BO)n series (n = 5–12) at the B3LYP/6-311+G(3df) level. The calcu-

lated IPs (IP/eV) for C2Bn2(BO)n neutrals and VDEs (VDE/eV) for CBn1(BO) n
 monoanions have also been tabulated  

 Bn(BO) n
2  CBn1(BO) n

  C2Bn2(BO)n 

n vmin EHOMO Egap NICS   vmin EHOMO Egap NICS  VDE  vmin EHOMO Egap NICS  IP 

5 +53 +0.29 4.70 28.8 133.5  +58 4.93 5.64 21.4 116.6 6.66  +58 10.43 6.02 14.9 102.3 12.07 

6 +60 1.05 5.81 22.7 150.8  +60 5.69 6.35 26.3 140.4 7.31  +55 10.30 6.16 27.3 132.4 11.86 

7 +59 1.70 6.25 19.6 171.3  +58 6.01 6.13 21.0 160.2 8.02  +57 10.71 6.45 22.4 151.2 12.18 

8 +57 1.43 4.25 18.5 199.2  +56 6.05 4.51 18.4 178.7 7.55  +52 10.78 4.73 19.3 168.1 12.21 

9 +60 2.21 4.31 23.5 225.5  +49 6.63 4.43 22.3 208.2 8.05  +52 10.85 4.43 22.2 195.4 12.29 

10 +61 3.21 5.82 31.1 262.8  +60 7.30 5.68 27.2 240.2 8.65  +59 11.28 5.29 24.8 220.0 12.60 

11 +42 3.04 4.54 26.5 270.8  +45 7.23 4.44 24.4 253.3 8.56  +40 11.22 4.05 22.8 236.7 12.54 

12 +66 4.63 7.07 24.7 288.0  +63 8.07 6.55 25.1 275.2 9.35  +59 11.44 5.93 26.1 265.8 12.69 
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Figure 1  Lowest-lying positional isomers of Bn(BO)n
2, CBn1(BO) n

, and C2Bn2(BO)n (n = 5–12) at the DFT level with the natural atomic charges indicated 

for Bn(BO) n
2 in the first column. 
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Figure 2  Two positional isomers of CB10(BO)1


1 (25 and 26) and C2B10(BO)12 (27 and 28) with their energies relative to Cs CB10(BO)1


1 (15) and D5d 
C2B10(BO)12 (24) indicated in parentheses, respectively. 

 
Figure 3  Optimized structures of C5v B11(BO)11S (29) and C5v B11(BO)11-    
N(BO) (30) with their lowest vibrational frequencies indicated in paren-
theses. 

the Bn(BO) n
2 series, the skeletal B-B distances on the Bn 

cages lie in the range 1.655–2.026 Å (close to the corre-     
sponding values between 1.614–2.004 Å in BnH n

2) [4], the 
B-B distances between the Bn cage and the BO terminals 
fall in the range 1.629–1.661 Å (corresponding to typical 
B-B single bonds), while the B O distances are slightly 
elongated to B Or  = 1.205–1.221 Å from B Or  = 1.203 Å in 

a free -BO radical [13]. Slight B O elongations were also 
observed in the previously reported B(BO) n

 (n = 2, 3) [14] 
and B2(BO)2

0//2 [15].  
With one skeleton B substituted by a C atom at different  

vertexes of a Bn(BO) n
2 cage, several positional isomers are 

produced for each CBn1(BO) n
 species. Similar to the situation 

in monocarboranes CBn1H n
 [5, 6], the highly electronega-

tive C atoms occupy the vertexes with the highest electronic 
densities [4]. Applying this “selection” rule to Bn(BO)n

2 
dianions in column one according to their atomic charge 
distributions shown in Figure 1 produces the lowest-lying 
structures of CBn1(BO) n

 monoanions in column two. All 
the other positional isomers prove to be less stable. As ex-
amples, two low-lying positional isomers of CB10(BO)1


1 (Cs 

25 and Cs 26) are shown in Figure 2 which both proved to 
be clearly less stable than Cs CB10(BO) 1


1 (15).  

With one more skeleton B in CBn1(BO) n
 in column two 

substituted with a second C atom, the C2Bn2(BO)n neutrals 
in column three are produced, very similar to the situation 
in dicarboranes C2Bn2Hn [1–4]. With two C atoms present 
in C2Bn2(BO)n, the second C prefers a nonadjacent site to 
form more BC interactions which are favored in energy 
over CC interactions [4]. As examples, Figure 2 depicts 
two low-lying positional isomers for neutral C2B10(BO)12 (C2v 
27 and C2v 28). Both of these isomers proved to lie higher in 
energy relative to the lowest-lying D5d C2B10(BO)12 (24). 

 

Figure 4  Calculated magnetic susceptibilities x (a) and NICS values (b) versus cluster sizes n for Bn(BO) n
2, CBn1(BO) n

, and C2Bn–2(BO)n series. 
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The possibilities to substitute a skeletal B atom in Ih 
B12(BO)1

2
2
 with a N or an S atom have also been investi-     

gated. As shown in Figure 3, both the neutral C5v 
B11(BO)11S (29) and C5v B11(BO)11N(BO) (30) are true 
minima on the potential surfaces of the corresponding sys-
tems. N and S atoms on the five-fold molecular axes match 
the 12-membered cage both electronically and geometri-
cally. However, an O atom proved to be too small in size to 
form a stable cage-like C5v B11(BO)11O. 

The calculated magnetic susceptibilities possess increas-
ingly negative values between  = 102 and 288 ppm cgs 
for all the three Bn(BO) n

2, CBn1(BO) n
, and C2Bn2(BO)n (n 

= 5–12) series (see Table 1 and Figure 4(a)), very similar to 
the situation in the 3D aromatic BnH n

2, CBn1H n
, and 

C2Bn2Hn [4]. These cage-like boron boronyls also possess 
negative NICS values between 14.9 and 31.1 ppm in all 
the three series, with the 6, 10, and 12 vertex structures 
possessing the most negative NICS values at their cage 
centers and therefore being most 3D aromatic (see Figure 4 
(b)) (except for B6(BO)6

2 and B12(BO)1 
2
2
 dianions for which 

the negative NICS values do not follow the stabilities of the 
clusters possibly due to the high charges the dianions carry). 
Molecular orbital delocalizations and 3D ring current ef-   
fects exist in these cage-like structures, well paralleling the 
corresponding boranes, monocarboranes, and dicarboranes 
[4, 5]. 

As shown in Table 1, C2Bn2(BO)n neutrals (n = 5–12) 
possess huge negative HOMO eigenvalues (EHOMO = 10.3– 
11.5 eV) and wide HOMO-LUMO energy gaps (Egap = 

4.05–6.45 eV), showing their high electronic stabilities. 
Consequently, these neutrals have considerably high ioniza-     
tion potentials (IPs) in the range IP = 12.0–12.7 eV. The 
prototypical D5d C2B10(BO)12 has the lowest HOMO energy 
(11.44 eV) and highest IP value (12.69 eV) in the 
C2Bn2(BO)n series. These values are even higher than 
HOMO = 8.85 eV and IP = 10.88 eV obtained for D5d 
C2B10H12 at the same theoretical level. CBn1(BO) n

 mono-     
anions possess the HOMO energies between EHOMO = 4.93 eV 
and 8.07 eV and the vertical electron detachment energies 
(VDEs) in the range 6.6–9.4 eV. Again, C5v CB11(BO)1


2 has 

the lowest HOMO energy and the highest VDE value (See 
Table 1) in the CBn1(BO)n

 series. Bn(BO)n
2 dianions have 

much less negative HOMO energies (EHOMO = +0.29–4.63 
eV) than both C2Bn–2(BO)n and CBn–1(BO)n

 (with the 
smallest cage-like D3h B5(BO)5

2 even possessing a positive 
HOMO energy (EHOMO = +0.29 eV)). The Bn(BO)n

2 closo- 
borane dianions carry the highest negative charges and have 
the least negative HOMO energies in the three series. 
However, these dianions are expected to be effectively sta-       
bilized when countercations (like Li+) are incorporated into 
the systems [12, 15]. The huge calculated HOMO–LUMO 
energy gaps in Table 1 also reveal an interesting alternating 
pattern for each series: Egap values reach their maxima at  

n = 6, 10, and 12 for both Bn(BO) n
2 and C2Bn2(BO)n series 

and n = 7, 10, and 12 for CBn1(BO) n
, well in line with the 

high electronic stabilities of the high symmetry deltahedral 
clusters.  

The calculated BO stretching vibrational frequencies of 
Ih B12(BO)1

2
2
 (vBO = 2003 cm1), C5v CB11(BO)1


2 (vBO = 2033 

cm1), and D5d C2B10(BO)12 (vBO = 2055 cm1) lie slightly 
higher than the measured B O characteristic vibrational 
frequency in free BO (vBO = 1935 cm1) [13] and crystal 
[(Cy3P)2BrPt(BO)] (vBO = 1979 and 1853 cm1) [19], indi-     
cating that triplet B O bonds have been well maintained in 
these boron oxide clusters. The B O vibrational frequency 
at about 2000 cm1 in the three series can be utilized to 
characterize the BO terminals in future IR measurements.   

4  Summary 

Bn(BO) n
2, CBn1(BO) n

, and C2Bn2(BO)n (n = 5–12) clusters 
have been predicted at the DFT level to be the boronyl ana-
logues of the closo-species BnH n

2, CBn1H n
, and C2Bn2Hn, 

well supporting the BO/H isolobal analogy in small boron- 
rich boron oxide clusters. These cage-like structures with 
both negative NICS and  values prove to be 3D aromatic. 
C2Bn2(BO)n neutrals possess considerably high IPs (above 
12.0 eV) and CBn1Hn

 monoanions have very high VDEs 
(above 6.6 eV). The characteristic B O stretching vibra-
tional frequencies at about 2000 cm1 can be used to iden-
tify these clusters in future IR measurements. We anticipate 
that, similar to its CN counterpart, a BO group may be in-
corporated in a wide range of inorganic and organic com-
pounds in the near future to open the area of boronyl chem-
istry [6–15, 19]. Combined experimental and theoretical inves-
tigations in this direction are currently underway in our group. 

This work was jointly supported by the National Natural Science Founda-
tion of China (20873117) and the Shanxi Natural Science Foundation 
(2010011012-3). 
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