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Abstract The geometrical structures, potential energy
surface, stability, and bonding character of low-energy
isomers of planar C3B3 were systematically explored and
investigated at the B3LYP/6-311+G(d)// CCSD(T)/6-311
+G(d) level for the first time. A large number of planar
structures for low-energy isomers of C3B3 are located and
reported. In particular, isomers 1 (Cs,

2A’) and 2 (Cs,
2A’),

with a belt-like structure corresponding to the lowest-
energy structures of planar C3B3, are revealed. Based on
molecular orbital (MO) and natural bond orbital (NBO)
analyses, delocalized σ MOs, multi-centered σ MOs, and
delocalized π MOs play an important role in stabilizing the
structures of low-energy isomers of C3B3. It is interesting to
note from isomerization analysis that the interconversion of
isomers 2 and 7 can be realized through two isomerization
channels. The results demonstrate that isomers 1, 2, 3, 4, 7,
9, 12, 17, 19, and 20 of C3B3 are stable both thermody-
namically and kinetically at the B3LYP/ 6-311+G(d)//
CCSD(T)/ 6-311+G(d) level, and that they are observable
in the laboratory, which is helpful for future experimental
studies of C3B3.
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Introduction

Recently, the structure, stability, and electronic properties of
mixed III–V group clusters and other clusters have attracted
much interest, both theoretically and experimentally [1–17].

Boron-carbon clusters have been the topic of experi-
mental and theoretical studies [18–47]. Because boron-
carbon materials, including nanowire [18, 19], nanosprings
[20], and nanobelts [21, 22], exhibit resistance to high
temperature and acid, and have a high degree of hardness
and strength, they have many potential applications, e.g., in
nuclear fission reactors [23] and spacecraft [24].

Experimentally, the structures of small boron-carbon
clusters, including BC [25] and BC2 [26], linear BC3 and
B2C2 [27], have been determined by electron spin reso-
nance spectroscopy and Fourier transform infrared spec-
troscopy. CnB

−(n<13) [28] and Bn−mCm (m≥2) [29]
clusters have been obtained via direct laser vaporization
and reactive molecular ion irradiation, respectively. The
negative and positive CnBm (up to mþ n ¼ 17) cluster ions
[30] generated in the laser plasma of the boron carbide
target have been detected using mass spectroscopy.

Theoretically, Wang et al. [28] found that boron-
terminated linear structures in CnB

−(n<13) ions are the
most stable structures at the HF/3-21G level. However,
Zhan et al. [31] claimed that the lowest-energy geometries
of CnB

−(n=5–7) clusters are very floppy rather than being
linear at higher theoretical levels. Pascoli and Lavendy [32]
proposed that CnB

+ cation clusters are planar monocycles
based on density functional theory (DFT) methods. The
geometries, electronic structures, and spectra of CnB

q

(n=1–6,q=0, ±1) clusters [33] have been studied at the
B3LYP/ 6-311+G(3df) level. Belbruno and coworkers [34]
studied the isomers of CnB and CnB2 (n=4–10) at the
B3LYP/6-311G(d,p) level, and predicted that linear and
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Fig. 1 Structures of low-energy
isomers of planar C3B3 at the
B3LYP/6-311+G(d) level.
Point groups and electronic
states are shown in parenthesis.
Gray balls Carbon atoms,
pink balls boron atoms

Fig. 2 Structures of transition
states at the B3LYP/6-311+G(d)
level. Point groups and
electronic states are shown
in parenthesis. Gray balls
Carbon atoms, pink balls
boron atoms
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cyclic structures coexist for n=5, and that cyclic structures
are the exclusive form when n≥6. We previously reported
that the lowest-energy structures of monocyclic CnB4

(n=2–9) clusters [35] are composed of Cm (m=0–2) and
Cn (n=0–5) carbon chains by two B–C–B bridges under the
constraint of C2v symmetry (or D2h symmetry if m=n).

Most of the studies cited above investigated carbon-rich
boron-carbon clusters. The geometrical structures and
growth patterns of boron-rich boron-carbon clusters
involving BnC (n=1–7) [36] and BnC2 (n=1–6) [37] have
also been investigated using the B3LYP/6-311+G(d)
method. Planar hypercoordinate (tetra- [38], penta [39],
hexa- [40], hepta- [41], and octacoordinate [42]) carbons
have been found in carbon-boron mixed clusters from
theoretical calculations. Aside from the studies referred to

above, the interconversion of isomers for carbon-boron
binary clusters has been investigated. McAnoy et al. [43]
suggested that CCBCC (1), with excess energy of
16.1 kcal mol−1, can rearrange to planar cyclic C4B (19),
and that the ring of C4B (19) can open to form the linear
structure CCCCB (3) if C4B (19) can overcome the energy
barrier of 24.4 kcal mol−1. Liu et al. reported the
interconversion of various isomers of CB4 [44], B5C,
and C5B [45] using DFT methods. Structures with three-
membered boron rings are lower in energy for isomers of
B4C and B5C clusters, while configurations possessing
three-membered carbon rings are unfavorable to the
energy of C5B.

As mentioned above, the positive and negative C3B3

have been detected experimentally [30]. However, there

Fig. 3 Optimized fragments
of the dissociations at the
B3LYP/6-311+G(d) level. Gray
balls Carbon atoms, pink balls
boron atoms
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are no reports on neutral C3B3. In the current work, we
carried out a systematic theoretical study to explore the
structures, stability, and potential energy surface of planar
C3B3. It was interesting to find that the structure and
bonding features of low-lying isomers of planar C3B3 are
similar to those of B6, C2B4, and CB5 clusters. Isomers 1,

2, 3, 4, 7, 9, 12, 17, 19, and 20 of C3B3 are stable, both
thermodynamically and kinetically, at the B3LYP/6-311
+G(d)// CCSD(T)/6-311+G(d) level, and are detectable in
the laboratory.

Computational details

First, the geometries of possible planar C3B3 isomers
(∼450) were optimized at the B3LYP [46, 47] /6-31G(d)
level and about 100 stable isomers were obtained. Then, 30
low-energy isomers of C3B3 were further optimized at the
B3LYP/6-311+G(d) level. Vibrational frequency analysis
was performed to confirm whether the optimized structures
are stable at the same level. Their corresponding transition
states were searched for lower-energy isomers 1–20 at the
B3LYP/6-311+G(d) level. The energies of 30 isomers of
C3B3 and 22 transition states were calibrated at the QCISD
(T) [48] /6-311+G(d) and CCSD(T) [48] /6-311+G(d)
levels. For 22 transition states, intrinsic reaction coordinate
(IRC) calculations were performed at the B3LYP/6-311+G
(d) level to examine whether they connect the related
isomers. On the other hand, we carried out natural bond
orbital (NBO) [49] analysis on the isomers of C3B3 at the
B3LYP/6-311+G(d) level. All calculations were carried out
using the GAUSSIAN 09 program package [50].

Results and discussion

Structures and potential-energy surface of C3B3

The optimized structures of 30 low-lying isomers of C3B3

and 22 transition states are represented in Figs. 1 and 2,
respectively, in order of energy increase. The structures of
possible dissociation fragments are displayed in Fig. 3. The
30 isomers correspond to the local minima in potential
energy surface (PES). The relative energies at different
levels of theory are listed in Table 1. They can be divided
into four categories, including belt-like, fan-like, a ring with
exocyclic chain, and chain-like species. For convenience,
Arabic numbers are used to represent these isomers. In
addition, since the B3LYP/6-311+G(d) calculations dem-
onstrate that the quartet structures are all higher in energy
than the corresponding doublet ones, for simplicity the
details will not be displayed and discussed here.

As shown in Fig. 1 and Table 1, there are two nearly
isoenergetic isomers 1 and 2 obtained at the B3LYP/6-311
+G(d)//CCSD(T)/ 6-311+G(d) level, isomer 1 (Cs,

2A’), a
planar polycyclic geometry composed of one CCB three-
membered ring and three BBC three-membered rings,
isomer 2 (Cs,

2A’), a planar six-membered ring structure
including one CCB three-membered ring, one CBBB four-

Table 1 Relative energies (kcal mol−1) of low-energy isomers of
planar C3B3 at different levels of theory with 6-311+G(d) basis set

Isomers B3LYPa QCISD QCISD(T) CCSD CCSD(T)

1b,c 0.0 0.0 0.0 0.0 0.0

2b -0.4 0.9 0.0 1.1 0.2

3 10.1 9.4 9.6 9.2 9.4

4 17.9 15.6 16.1 16.0 16.1

5 18.3 16.1 16.8 17.3 17.6

6 18.7 19.8 19.2 20.1 19.6

7 29.5 23.4 26.5 23.3 26.4

8 23.5 26.1 25.9 26.7 26.6

9 27.1 28.6 27.4 28.8 27.6

10 31.2 32.4 28.1 33.9 28.9

11 20.0 28.7 28.6 29.8 29.7

12 38.2 40.4 36.1 41.3 36.3

13 33.6 37.1 36.6 37.8 37.8

14 41.4 41.4 41.1 41.6 41.2

15 32.1 43.0 34.4 45.4 41.5

16 44.0 42.8 42.0 43.0 42.8

17 52.2 64.9 44.5 57.5 43.5

18 38.8 42.6 43.7 44.1 44.0

19 39.8 44.6 44.5 46.0 44.5

20 47.1 46.5 45.5 46.5 45.5

21 50.0 53.3 46.3 54.2 47.2

22 52.2 47.2 48.8 46.9 48.6

23 48.5 51.8 50.1 53.4 51.1

24 55.8 50.6 52.7 50.3 52.3

25 53.6 55.7 52.8 54.2 53.2

26 42.9 54.3 49.5 54.2 55.9

27 56.0 58.8 57.7 60.4 57.8

28 54.3 63.7 66.3 64.1 66.5

29 25.6 85.4 79.6 90.0 82.9

30 49.1 86.8 84.1 88.9 84.7

a The relative energies with zero-point energy correction
b Isomer 1 is 0.5 kcal/mol lower in energy than isomer 2 at the CCSD
(T)/ 6-311++G (3df,2pd) level. Based on MP2-optimized structures,
isomer 1 is 6.3 and 0.9 kcal/mol lower in energy than isomer 2 at the
MP2/6-311++G and CCSD(T)/6-311++G(3df,2pd) levels, respectively
c The total energies of reference isomer 1 at the B3LYP/6-311+G(d)
level is -188.6113084 a.u., at QCISD/6-311+G(d) level is -
188.040286 a.u., at QCISD(T)/6-311+G(d) level is -188.0828547 a.
u., at CCSD/6-311+G(d) level is -188.0378136 a.u., at CCSD /6-311
+G(d) level is -188.0811976 a.u. and at CCSD(T)/6-311++G(3df,2pd)
level is -188.1827064 a.u. The total energies of reference isomer 1 at
MP2/6-311+G(d) and CCSD(T)/6-311++G(3df,2pd) levels are -
187.4149338 and -188.181754 a.u.
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membered ring, and one BBC three-membered ring. As
shown in Table 1, isomer 2 is 0.2 kcal mol−1 higher than
isomer 1 at the CCSD(T)/6-311+G(d) level. Moreover, at
the CCSD(T)/ 6-311++G(3df, 2pd) level, isomer 1 is
0.5 kcal mol−1 lower in energy than isomer 2. To find the
lowest-energy isomer, optimizations on isomers 1 and 2
were performed at the MP2/6-311+G(d) level and the total
energies calibrated at the CCSD(T)/6-311++G(3df,2pd)
level. The results demonstrate that isomer 1 is 6.3 and

0.9 kcal mol−1 lower in energy than isomer 2 at the MP2/6-
311++G and CCSD(T) /6-311++G(3df,2pd) levels, respec-
tively. This suggests that both isomer 1 and isomer 2 are
possible lowest-energy structures for planar C3B3. NBO
analysis revealed that the average Wiberg bond indices
(WBI) [51] of bonds between circumjacent carbon and
boron atoms in isomer 1 is 1.55, revealing that the
delocalized π electron in the molecular plane plays an
important role in stabilizing the belt-like structure, which is

Fig. 4 Valence molecular
orbitals (MOs) of isomers
1, 3, 6, and 20 of C3B3 at the
B3LYP/6-311+G(d) level
of theory
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supported by the MO 12 of isomer 1 in Fig. 4. The structure
of isomer 20 (Cs,

2A’) is similar to that of isomer 1. Isomer
20 includes one CCC three-membered ring and one BBB
three-membered ring and is 45.5 kcal mol−1 higher than
isomer 1, which suggests that C3 and B3 units are not
favorable to the energy of isomer 20. The average WBI of
bonds between circumjacent carbon and boron atoms in
isomer 20 is 1.46, suggesting that the π electrons are
delocalized in the atom plane, which is in agreement with

MO 12 of isomer 20 in Fig. 4. Isomers 4, 9 and 14 have
similar structures with one four-membered ring and two
three-membered rings. Isomers 4 and 9 can be obtained by
adding one carbon and one boron to two sides of the BBCC
four-membered ring. They are 16.06 and 27.59 kcal mol−1

higher than isomer 1, respectively. Isomers 10 and 21 have
a planar six-membered ring structure containing one five-
membered ring and one BBC three-membered ring. Isomers
10 and 21 are regular six-membered rings. Isomer 10 and

Fig. 4 (continued)
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21 can be formed by breaking the inner C–C bonds of
isomers 4 and 14, respectively. Isomer 12 can be obtained
by breaking two inner B–C bonds in the six-membered ring
of isomer 9, with 8.75 kcal mol−1 above isomer 9. In fact,
the geometries of isomers 1, 2, 4, 9, 10, 12, 14, 20, and 21
can be approximately considered as belt-like structures.

Isomers 3 and 6 are planar six–membered rings
involving four three-membered rings. Isomers 3 and 6 are
9.4 and 19.6 kcal mol−1 higher than isomer 1, respectively.
Isomers 3 and 6 exhibit a fan-like structure with a planar
pentacoordinate boron [52], which follows the octet rule
because the total WBI for the pentacoordinate boron are
4.13 and 4.01, respectively. For isomer 3, the average WBI
of bonds between circumjacent boron atoms is 1.50, illustrating
that there is a delocalized π bond in the atom plane, which is
consistent with the MO 12 of isomer 3 in Fig. 4. The average
WBI of the five bonds between the central B atom and the
five surrounding atoms is 0.83, indicating the existence of
multicentered σ bonds as shown in Fig. 4 (isomer 3, MO 7).
This reveals that the multicentered σ MOs and delocalized π
MOs play an important role in formation of isomer 3. Isomer
6 has a similar bonding character. The structures of isomers 23

and 25 are similar to the structure of isomer 3. However, they
exhibit C2 symmetry with the 2A state. If they are under the
constraint of planar C2v symmetry, isomers 23 and 25 have
one and two imaginary frequencies, respectively, at the
B3LYP/6-311+G(d) level. The structure of isomer 5 is similar
to that of isomer 3 and two inner C–B bonds are broken in
isomer 5.

Isomer 13 contains one three-membered ring and one
exocyclic CBCC linear chain. Isomers 18, 19, 27, 28, and
30 possess similar structures with one four-membered ring
and one exocyclic three-atom chain. Isomers 15, 16, 17, 22,
and 24 have analogous geometries. They possess one five-
membered ring and one exocyclic C–B or C–C bond.
Among them, isomers 15, 17, and 22 are 41.5, 27.4, and
7.4 kcal mol−1 higher than isomers 1, 4, and 14,
respectively. It is noted that isomer 9 can be obtained by
moving an exocyclic carbon atom of isomer 16 and is
15.2 kcal mol−1 lower than isomer 16.

Isomers 7, 8, 11, 26 and 29 have chain-like geometrical
structures, whereas isomers 11, 26, and 29 exhibit linear
geometry. Isomers 7 and 8 are more favorable in energy
than linear isomers 11, 26 and 29.

The geometrical structures of 22 transition states are
shown in Fig. 2, and their relative energies at different
levels are listed in Table 2. The schematic PES of C3B3

clusters is represented in Fig. 5. In order to examine the
kinetic stability, various isomerization and dissociation
pathways are computed for low-lying 20 isomers of C3B3.
Since the relative energies of all possible dissociation
products are slightly high compared to isomer 1
(>111 kcal mol−1 at the B3LYP/6-311+G(d)//CCSD(T)/6-
311+G(d) level as displayed in Table 3), the dissociation
transition states are not explored.

From Fig. 5, it is easy to see that most isomers have
transition states. Moreover, most isomers can be converted
into the lower-energy isomers through direct or indirect
conversion processes. Because the kinetic stability of an isomer
is controlled by the smallest barrier energy, isomers 1
(24.3 kcal mol−1 for 1→3 conversion), 2 (45.2 kcal mol−1

for 2→7 conversion), 3 (14.9 kcal mol−1 for 3→1 conver-
sion), 4 (59.7 kcal mol−1 for 4→2 conversion), 7
(19.0 kcal mol−1 for 7→2 conversion), 9 (30.5 kcal mol−1

for 9→25 conversion), 12 (12.5 kcal mol−1 for 12→16
conversion), 17 (34.0 kcal mol−1 for 17→4 conversion), 19
(19.5 kcal mol−1 for 19→8 conversion), and 20
(13.6 kcal mol−1 for 20→16 conversion) have higher kinetic
stability as shown in Fig. 5. It is obvious that isomer 4 is the
most stable kinetically, although it is 16.1 kcal mol−1 above
the most stable isomer 1 thermodynamically. Despite the
small difference of 0.2 kcal mol−1at the CCSD(T)/6-311+G(d)
level, isomer 2 needs large excess energy of 49.8 kcal mol−1

to convert it into isomer 1 via isomer 3, i.e., 2→3→1. It is
interesting to note that isomer 7 can be converted into isomer

Table 2 Relative energies (kcal mol−1) of transition states at different
levels of theory with 6-311+G(d) basis seta

System B3LYPb QCISD QCISD(T) CCSD CCSD(T)

TS5/6 19.4 20.7 20.6 21.1 20.9

TS1/3 25.6 24.9 24.2 25.4 24.3

TS8/11 23.5 26.1 25.8 26.7 26.2

TS1/15 34.0 37.1 36.6 37.1 36.7

TS3/15 33.9 37.6 37.0 37.7 37.2

TS2/11 41.9 43.1 41.0 43.4 41.4

TS2/7 49.3 45.3 45.1 45.8 45.4

TS8/18 41.9 47.8 45.6 49.1 46.6

TS1/13 48.2 48.8 46.7 49.0 46.7

TS12/16 49.3 50.1 48.3 50.6 48.8

TS2/3 47.5 53.4 47.9 55.7 49.8

TS2/8 55.4 61.5 56.9 62.8 57.8

TS2/6 84.7 61.3 56.4 62.7 57.9

TS9/25 56.7 60.2 57.8 60.4 58.1

TS8/19 60.8 70.6 66.9 66.6 64.0

TS2/7* 69.4 67.8 66.3 68.4 66.9

TS16/20 68.0 72.8 67.8 74.6 69.0

TS9/13 69.2 71.0 69.8 71.8 70.0

TS1/9 73.0 74.4 72.7 75.0 73.1

TS2/4 103.3 76.0 75.6 76.3 75.8

TS12/20 73.2 79.8 74.9 82.0 76.1

TS4/17 59.3 79.9 77.0 80.5 77.5

a The total energies of reference isomer 1 at different levels of theory
are displayed in ‘footnote c of Table 1
b The relative energies with zero-point energy correction
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2 through two isomerization channels with energy barriers of
19.0 and 40.5 kcal mol−1, respectively. Isomer 12 has the least
kinetic stability of all. It can be noted from Table 1 and Fig. 5
that ten isomers (1, 2, 3, 4, 7, 9, 12, 17, 19 and 20) are stable
both thermodynamically and kinetically. It can be expected
that these species are detectable in the laboratory. Thus, their
vibrational frequencies, infrared intensities, dipoles, rotational
constants, and HOMO−LUMO energy gaps are presented in
Table 4, which is helpful for future experimental studies.

As shown in Fig. 5, some isomers have a lower conversion
barrier of isomerization, e.g., isomer 5 (3.3 kcal mol−1,
5→6), 6 (1.3 kcal mol−1, 6→5), 8 (−0.4 kcal mol−1, 8→11),
11 (−3.5 kcal mol−1, 11→8), 13 (8.9 kcal mol−1, 13→1), 15
(−4.3 kcal mol−1, 15→1), 16 (6.0 kcal mol−1, 16→12), and
18 (2.6 kcal mol−1, 18→8). Clearly, these high-energy
isomers are kinetically unstable. It is noted that no transition
states connecting isomer 10 or 14 can be located from our
calculations. As mentioned above, isomer 10 can be obtained
by breaking the inner C–C bond of isomer 4. However, the
transition state between isomers 4 and 10 was not located. A
similar situation exists for isomers 9 and 12.

Properties of the most relevant isomers

To obtain a more accurate energy order, the single point
energies of the most relevant isomers, i.e., isomers 1, 2, 3, 4,

7, 9, 12, 17, 19, and 20, were calculated at different levels
involving B3LYP, QCISD, QCISD(T), CCSD and CCSD(T)
methods with the 6-311+G(d) basis set as shown in Table 1.
It should be noted from Table 1 that the relative energy order
is same for B3LYP, QCI, and CC methods except for
isomers 7 and 9. In fact, isomer 7 is 2.4 kcal mol−1 higher
than isomer 9 at the B3LYP/6-311+G(d) level and the energy
order is changed if QCI and CC methods with electron
correlation are used.

The valence MOs of some of the isomers are shown in
Fig. 4. As mentioned above, for low-energy isomers of
C3B3, there are multicentered σ MOs, delocalized σ MOs,
and delocalized π MOs. For simplicity, we describe the
valence MOs of isomer 1 as an example. The MO 17, the
highest occupied molecular orbital (HOMO) with one
electron, is a σ molecular orbital with four-center bonding
among the middle four atoms of isomer 1. It is clear that
MOs 7, 8, and 9 also are σ molecular orbitals with
multicenter bonding. MOs 12 and 16 are delocalzied π
molecular orbitals. The remaining orbitals are all delocal-
zied σ molecular orbitals. The core MOs (MO 1–5) are not
represented in Fig. 4. Therefore, the delocalized σ MOs,
multi-centered σ MOs, and delocalized π MOs play an
important role in stabilizing the structures of isomer 1. It
was noted that isomers 1, 2, 3, 4, 7, 9, 12, 17, 19 and 20
have similar bonding character, which is also consistent

Fig. 5 Schematic potential energy surface (PES) of planar C3B3 at the B3LYP/ 6-311+G(d)//CCSD/6-311+G(d) level
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with the results from C4B [43], CB4 [44] and B6 [50]
isomers.

As mentioned above, the lowest-energy structures of
C3B3 (isomers 1 and 2) are stable both thermodynamically
and kinetically. We also used three criteria suggested by
Hoffmann [53] to examine the chemical viability of
isomers 1 and 2 of C3B3. Firstly, as shown in Table 4,
the HOMO−LUMO energy gaps of isomers 1 and 2 are
relatively larger (∼10 eV), which reveals that they have
higher stability. Secondly, the calculated smallest vibra-
tional frequencies of isomers 1 and 2 are 195 and
246 cm−1 at the B3LYP/6-311+G(d) level, respectively,
as represented in Table 4, which are reasonably large.
Thirdly, the dissociation reaction energies (DEs) were
computed at the CCSD(T)/6-311+G(d) level based on the
following reactions:

C3B3 ! C3Bþ B2 DE ¼ 186:3 kcal �mol�1 ð1Þ

C3B3 ! C2B2 þ CB DE ¼ 172:6 kcal �mol�1 ð2Þ

C3B3 ! C2B2 þ 1=2C2 þ 1=2B2 DE ¼ 171:2 kcal �mol�1

ð3Þ

C3B3 ! C2Bþ CB2 DE ¼ 119:5 kcal �mol�1 ð4Þ

C3B3 ! C2Bþ 1=2C2 þ B2 DE ¼ 235:6 kcal �mol�1

ð5Þ

C3B3 ! CB2 þ C2 þ 1=2B2 DE ¼ 227:3 kcal �mol�1

ð6Þ

C3B3 ! CB2 þ CBþ 1=2C2 DE ¼ 228:6 kcal �mol�1

ð7Þ

C3B3 ! 3=2C2B2 DE ¼ 85:1 kcal �mol�1 ð8Þ

Table 3 Relative energies of the dissociation fragments of the C3B3 isomers at the B3LYP/6-311+G(d) and CCSD(T)/6-311+G(d) levelsa

c B3LYPb

(kcal/mol)
CCSD(T)b

(kcal/mol)
Species B3LYPb

(kcal/mol)
CCSD(T)b

(kcal/mol)

cCBBCB(2A2) + C(3P) 162.4 157.1 cCBB (1A1) + CCB(2Σ) 134.5 126.3

cCBCBB(2A") + C(3P) 172.0 178.0 BCB (3Σu) + CCB(2Σ) 142.7 149.4

cCCBBB(2A") + C(3P) 178.1 168.3 BCB(1Σg) + cCCB(2A') 169.7 131.5

cCBCBB(2A') + C(3P) 180.6 174.8 cCBB (1A1) + cCCB(2A') 132.6 119.5

cBCCBB(4B1) + C(3P) 182.3 176.5 BCB (3Σu) + cCCB(2A') 140.8 142.7

cCBCBB(4A") + C(3P) 182.6 178.2 cCBCCB (1A') + B(2P) 131.4 119.3

cBCBC (3B1u) + CB(2Π) 175.0 172.6 BCCCB (3Σu) + B(2P) 141.2 146.4

cCBBC(3A') + CB(2Π) 181.3 179.3 BCBCC(3A') + B(2P) 142.8 150.6

BCCB (1Σg) + CB(2Π) 193.0 180.5 BCBCC(3Σ) + B(2P) 143.0 155.9

cBCBC (3B1u) + CB(4Σ) 200.3 184.3 CCCB(4Σ) + BB(1Σg) 221.8 214.4

cCBBC(3A') + CB(4Σ) 206.6 191.0 cCCBC(2A1) + BB(1Σg) 222.0 203.0

BCCB (1Σg) + CB(4Σ) 218.2 192.2 cCBCC(2A1) + BB(1Σg) 228.6 212.6

cBBBC(2B2) + CC(3Σg) 183.5 172.8 CCCB(4Σ) + BB(3Σg) 201.0 197.6

cCBBB(2A1) + CC(3Σg) 187.8 176.0 cCCBC(2A1) + BB(3Σg) 201.2 186.3

cBBBC(4A') + CC(3Σg) 209.9 196.5 cCBCC(2A1) + BB(3Σg) 207.8 195.9

BCBB(2Σ) + CC(3Σg) 214.6 111.8 cCCCBB (1A') + B(2P) 152.0 138.0

cBBBC(2B2) + CC(1Σg) 210.6 180.7 cCBBCC (1A1) + B(2P) 153.9 142.1

cCBBB(2A1) + CC(1Σg) 215.0 183.8 BBB(2Σg ) + CCC(1Σg) 202.0 224.8

cBBBC(4A') + CC(1Σg) 237.0 204.3 cBBB(2A1') + CCC(1Σg) 157.9 152.0

BCBB(2Σ) + CC(1Σg) 241.7 119.7 BBB(2Σg ) + CCC(3A1') 221.7 245.1

BCB(1Σg) + CCB(2Σ) 171.6 138.3 cBBB(2A1') + CCC(3A1') 177.5 172.3

a The total energies of reference isomer 1 at different levels of theory are displayed in ‘footnote c of Table 1
b The basis set is 6-311+G(d) for B3LYP and CCSD(T)
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C3B3 ! 3CB DE ¼ 347:5 kcal �mol�1 ð9Þ

C3B3 ! 3Cþ 3B DE ¼ 628:6 kcal �mol�1 ð10Þ

In the above reactions, the most stable states for C3B3,
C3B, C2B2, C2B, CB2, CB, B2, C2, C, and B were used. It is
not difficult to see that all the reactions mentioned above are
quite endothermic for the dissociation of C3B3 since their
DEs are relatively large positive values (>85 kcal mol−1).

Therefore, isomers 1 and 2 of C3B3 have high stability
according to Hoffmann’s criteria.

Comparison of boron-doped carbon clusters

From previous studies of CnBm nþm ¼ 6ð Þ [33–37, 43–
45] clusters, it was found that the geometry of isomer 1 of
the C3B3 cluster is similar to the structure of the second-
lowest isomer of the CB5 cluster [36, 45], when two boron
atoms are replaced by two carbon atoms. The geometry of

Table 4 Vibrational frequencies (cm−1) and infrared intensities (kcal mol−1; in parentheses), dipole moments (D), rotational constants (GHz), and
HOMO−LUMO gaps [ΔE(gap), eV] of the relevant isomers of C3B3 at the B3LYP/6-311+G(d) level

Isomer Frequency (infrared intensity) Dipole
moment

Rotational constant ΔE
(gap)

ΔE
(gap) a

1 195(10), 438(3), 491(15), 520(26), 598(7), 653(23) 826(9), 961(0), 1061(15), 1274
(18), 1405(14), 1704(110)

1.0473 18.85907 4.27626
3.48585

3.54 10.15

2 246(25), 332(7), 449(3), 491(5), 660(7), 750(37), 758(32), 943(5), 1100(34), 1418
(70), 1446(59), 1706(21)

0.5085 16.73772 4.36020
3.45910

3.42 10.22

3 227(3), 294(4), 407(8), 507(12), 580(0), 665(4), 717(12), 883(30), 1062(7), 1268
(17), 1502(23), 1724(13)

2.5579 12.94669 4.88638
3.54748

3.37 9.69

4 242(11), 374(15), 466(14), 504(0), 632(4), 770(9), 852(17), 1109(28), 1137(36),
1438(24), 1468(3), 1578(220)

1.5650 17.86041 4.38236
3.51893

3.13 10.43

5 86(16), 236(43), 242(18), 452(14), 460(7), 633(25), 763(19), 830(7), 928(6), 1441
(201), 1558(28), 1804(8)

2.3855 8.90414 5.97221
3.57463

2.62 9.89

6 176(0), 319(17), 420(32), 467(6), 500(5), 620(16), 648(19), 977(8), 1094(6), 1258
(14), 1462(1), 1680(2)

2.9930 11.94560 5.12510
3.58640

2.88 9.52

7 80(12), 92(20), 116(3), 238(5), 245(0), 510(5), 513(11), 615(61), 1044(415), 1464
(29), 1709(601), 2223(233)

2.5963 43.19846 1.62766
1.56855

2.83 9.78

8 83(11), 100(16), 143(2), 238(7), 244(1), 497(4), 499(8), 553(3), 1299(24), 1468(44),
1707(255), 2096(1165)

3.8693 41.18274 1.51295
1.45934

4.19 10.30

9 246(25), 332(7), 449(3), 491(5), 660(7), 750(37), 758(32), 943(5), 1100(34), 1418
(70), 1446(59), 1706(21)

1.0787 16.97835 4.47010
3.53848

2.68 9.34

10 218(5), 360(11), 418(0), 433(12), 537(36), 672(31), 824(6), 968(13), 1291(11), 1435
(222), 1491(5), 1502(0)

2.0631 13.91179 4.94820
3.64997

2.58 8.10

11 74(2), 74(2), 145(11), 145(11), 278(19), 278(19), 492(0), 499(0), 499(0), 1182(2),
1414(72), 1960(1524)

5.2332 1.240984 3.84 10.21

12 215(1), 280(0), 383(31), 399(0), 439(22), 664(48), 819(12), 1026(4), 1160(15), 1288
(16), 1581(11), 1790(289)

1.0817 13.07328 5.07299
3.65478

2.04 7.98

13 91(5), 106(5), 189(1), 232(0), 464(6), 520(34), 582(24), 718(69), 1109(30), 1340
(10), 1690(53), 2093(1573)

5.2961 34.80168 1.80816
1.71885

3.25 10.47

14 122(4), 389(5), 423(3), 461(2), 597(2), 730(14), 876(7), 945(25), 1111(9), 1331(52),
1398(15), 1553(3)

0.5727 18.98873 4.43527
3.59546

2.77 10.38

15 150(4), 152(7), 326(12), 509(11), 561(134), 605(451), 712(146), 847(245), 969(68),
1194(8), 1401(337),519(1655)

1.7648 19.52372 3.40903
2.90226

3.35 7.59

16 212(0), 272(3), 288(12), 472(0), 568(3), 620(11), 708(5), 905(39), 1034(16), 1212
(26), 1095(27), 1755(78)

2.5985 13.36906 4.61248
3.42933

2.96 9.67

17 117(9), 161(17), 321(20), 483(2), 527(12), 693(4), 720(98), 890(20), 1192(55), 1442
(5), 1667(537)

2.1742 19.76512 3.38233
2.88810

2.66 8.22

18 34(49), 119(15), 141(6), 257(6), 500(1), 532(1), 571(3), 882(0), 1208(24), 1340(10),
1485(11), 1921(335)

2.4380 34.29599 2.14248
2.01651

3.77 10.44

19 95(25), 126(4), 259(0), 334(6), 444(60), 490(11), 608(15), 877(0), 1033(38), 1320
(15), 1509(5), 1897(171)

4.7356 35.49118 2.20391
2.07505

3.52 9.00

20 181(11), 437(0), 455(28), 472(0), 514(0), 645(5), 800(0), 953(34), 1038(3), 1194
(14), 1248(4), 1598(9)

1.4054 18.81643 4.25309
3.46899

3.36 9.72

a HOMO−LUMO gaps(eV) at the CCSD/6-311+G(d) level
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isomer 2 of the C3B3 cluster is similar to the most stable
structures of both the C2B4 cluster [33, 35, 37] and a pure
B6 [54] cluster. Meanwhile, the pattern of isomer 3 for
C3B3 clusters shares similarity with the third low-lying
structures of B6 [55] clusters. It is well known that, for
C4B2 [33] and C5B [34, 45] clusters, the two lowest-energy
structures are chains or monocyclic shapes, which have a
tendency to form the structures of pure C6 [55] clusters.
However, it is noteworthy that the structural features of the
low-lying structures for C3B3 clusters are similar to those of
B6 [53] clusters, just like C2B4 [33, 35, 37] and CB5 [34,
45] clusters.

Conclusions

We have obtained optimized structures of 30 low-energy
isomers of C3B3 at the B3LYP/6-311+G(d) level, PES of
low-energy isomers 1–20 of C3B3 at the CCSD(T)/6-311
+G(d) level ,and some physical properties. C3B3 exhibits
several interesting features: (1) the lowest-energy structures
of C3B3 include isomers 1 and 2, which are nearly
isoenergetic at the B3LYP/6-311+G(d), CCSD(T)/6-311
+G(d), and CCSD(T)/6-311++G (3df,2pd) levels; (2) the
geometry characters of low-lying isomers for planar C3B3

are similar to those of B6, C2B4, and CB5 clusters; (3) NBO
analyses demonstrate that the delocalized σ MOs, multi-
centered σ MOs, and delocalized π MOs play an important
role in stabilizing structures of low-energy isomers of C3B3;
(4) the 10 isomers 1, 2, 3, 4, 7, 9, 12, 17, 19, and 20 of
C3B3 are stable both thermodynamically and kinetically,
which suggests that these isomers will be detectable in the
laboratory in future; (5) the PES of C3B3 is complicated and
interesting. In particular, isomer 7 can be converted into 2
via two isomerization channels with energy barriers of 19.0
and 40.5 kcal mol−1, respectively.
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