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ABSTRACT: In this study, we analyzed CB4 and its cation,
CB4

+. Using CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-
pVTZ quantum-chemical calculations, we found that the
neutral molecule is in accord with the results of Boldyrev
and Wang, having a Cs global minimum with a planar
tricoordinate carbon structure, contradicting previous stud-
ies. In contrast, CB4

+, which was reported by an early mass
spectroscopic study, has a planar tetracoordinate carbon
(ptC) atom, demonstrating that amodification of the charge
can promote the stabilization of a ptC structure.

Forty years ago, Hoffmann, Alder, and Wilcox established
some fundamental bases for stabilization of the planar tetra-

coordinate carbon (ptC) structure.1 These rules have generated
widespread interest in the chemical community andmotivated an
extensive experimental and theoretical search exploring possible
ptC compounds.2�13

One of the strategies suggested for stabilizing a ptC is based on
the replacement of the hydrogens in planar methane by substit-
uents that are (i) σ donors, to facilitate electron transfer to the
electron-deficient carbon, and (ii) π acceptors, to delocalize the
p- or π-type lone pair.7 Thus, boron seems to be a good option
for stabilizing a ptC atom.14�31 Actually, several planar hyper-
coordinate carbon structures using boron as ligands have been
proposed in silico.32,33 In 2000, Exner and Schleyer suggested
that CB6

2� could adopt a structure containing a planar hexa-
coordinate carbon atom.34 This divining structure immediately
caught the attention of the chemical community. In 2008,
Averkiev and co-workers showed that the D6h form is not the
global-minimum structure.35 A similar situation was found for
CB7

�,36 CB8, and CB8
�.25 The higher electronegativity of

carbon relative to boron clearly disfavors the hypercoordinate
carbon arrangements.37,38

Surprisingly, the simplest neutral pentaatomic boron�carbon
cluster, CB4, seems to be a strange case. In 2008, Pei and Zeng
carried out a computational study on a set of carbon�boron
mixed clusters at the CCSD(T)/cc-pVTZ//MP2/cc-pVTZ
level.39 In contrast to previous density functional theory calcula-
tions reported by Liu et al.40 and Sateesh et al.,21 Pei and Zeng
claimed that the singlet ptC structure corresponded to the CB4
global minimum and that the second most stable form, which
contains a dicoordinate carbon, is less stable than the ptC struc-
ture by 1.67 kcal/mol. Nevertheless, Pei and Zeng noted a strong

variation in the energy difference when the level of theory was
changed.39 Can a higher-level treatment again vary this trend?

The choice for the treatment of electron correlation, when
computationally is feasible, is the coupled cluster method including
single, double, and perturbatively connected triple excitations
[CCSD(T)].41 Its accuracy has been well-established for chemi-
cal problems that are not severely multireference in nature.

In this work, CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-
pVTZ computations including zero-point energy (ZPE) correc-
tions were employed in the pursuit of accurate structures and
relative energies for the lowest-energy forms of CB4. Using this
sophisticated level, we found that the most stable form contains a
planar tetracoordinate boron (ptB) atom, in agreement with the
results of Boldyrev and Wang.25,35 The question that naturally
arises is whether there exists a way to stabilize a ptC using boron
atoms as ligands. Hoping that altering the molecular charge
might encourage stabilization of a ptC, we explored the potential
energy surface (PES) of CB4

+. Gratifyingly, we found that the
most stable form of this experimentally detected cation has a ptC.

In order to explore systematically the PES of the title complex,
the GXYZ stochastic search42 and grid-based comprehensive
isomeric search43 strategies were performed at the B3LYP/6-
31G(d) level to generate the starting points, which were further
optimized at the B3LYP/6-311+G(d) level. The six low-lying
structures were reoptimized at the MP2/aug-cc-pVTZ and
CCSD(T)/aug-cc-pVTZ levels. Every stationary point on the
PES was characterized by a harmonic analysis using the same
theoretical methodology that was employed in the geometry
optimization. Minima connected by a given transition state were
confirmed by intrinsic reaction coordinate (IRC) calculations.
Single-point calculations for the three lowest-energy isomers
were done at the CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-
pVTZ level, as were complete basis set (CBS) extrapolation
calculations [i.e., CCSD(T)_CBS].44 The above calculations
were carried out using Gaussian 03.45
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The initial exploration of both the singlet and triplet surfaces at
the B3LYP/6-311+G(d) level eventually produced a total of 16
singlet and 13 triplet local minima. The structures of the three
lowest-energy singlet isomers together with the corresponding
triplet ones are illustrated in Scheme 1. Complete optimized geo-
metries are available in the Supporting Information (SI). TheB3LYP
and MP2 relative energies of the six conformations (three singlets
and three triplets) of interest are given in Table 1. The notation
1A refers to the singlet neutral structure A, and 2B+ refers to the
doublet cation structure B. This nomenclature will be used in the
subsequent discussion.

The lowest-energy conformation is predicted to be the triplet
planar dicoordinate carbon structure 3C by B3LYP and the singlet

planar tetracoordinate carbon structure 1B by MP2. The lack of
consistency in Table 1 is problematic, and even worse, the results
are the opposite of those computed by Pei and Zeng.39

To obtain more reliable relative energies, single-point energies
at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level
were obtained (Table 1). Interestingly, 1B, the isomer suggested
by Pei and Zeng as the global minimum, lies above the singlet
planar tricoordinate carbon form 1A by∼1 kcal/mol.39 The next
highest arrangement is 1C, which is 2.6 kcal/mol less stable
than 1A. The same trend was obtained at the CCSD(T)/aug-cc-
pVTZ//MP2/aug-cc-pVTZ level.

On the basis of these results and in order to avoid any source
of error, the most stable structures were reoptimized at the
CCSD(T)/aug-cc-pVTZ level, and the relative energies were
then computed at the CCSD(T)/aug-cc-pVQZ//CCSD(T)/
aug-cc-pVTZ level followed by the energy extrapolation to the
complete basis set (CBS) limit. In all cases, the tendency was
similar to that obtained using the geometries computed at the
B3LYP and MP2 levels. The CCSD(T) energies reported here are
consistent with the results of Boldyrev and Wang, who observed
that carbon avoids planar hypercoordination.25,35 Thus, the most
stable structure of CB4 has a ptB atom.

Figure 1A summarizes the interconversion pathways of CB4.
It is apparent that the lowest-energy isomerization pathway between
the three lowest-energy singlet isomers (1A, 1B, and 1C) is asso-
ciated with a “bond-stretch”mechanism. Notably, the lowest isom-
erization barriers are >20 kcal/mol. These activation energies are
enough to ensure a half-life of 1 day. The direct conversion
between 1B and 1C would be associated with an unlikely process
wherein the carbon coordination number changes from 4 to 2.
Indeed, we did not find the transition state related to this
transformation. In addition, an alternative pathway between 1A
and 1B was located via a high-energy intermediate 1D, whose
energy is higher than that of 1A by 29.9 kcal/mol. Finally, several
CB4 fragmentation pathways were computed, namely, 3C + 1B4
(139.2), 4CB + 2B3 (159.9),

1CB2 +
3B2 (141.8), and

2CB3 +
2B

(110.3) (Figure 1A, upper right); these results show that CB4 is
resistant to fragmentation.

Various carbon�boron binary species have been generated via
the vaporization of boron/carbon powders and characterized
by FTIR spectroscopy in low-temperature argon matrixes (e.g.,
CB2,

46 BC2,
47 and C2B2 and C3B

48). We strongly hope that CB4
with three distinct isomers could be detectable under similar
conditions. The calculated IR spectra of 1A, 1B, and 1C obtained
using various high levels of theory are collected in the SI.

The above results contrast with our initial expectation: boron
atoms can act as stabilizing ligands to achieve a global ptC.

Table 1. Relative Energies of CB4 and CB4
+ Isomersa

1A 3A 1B 3B 1C 3C 2A+ 2B+ 2C+

symmetry Cs C1 C2v C2 Cs Cs Cs C2v Cs

B3LYP/aug-cc-pVTZ 0.0 �6.2 2.6 �0.7 �4.1 �7.3 0.0 0.1 6.0

MP2/aug-cc-pVTZ 0.0 0.1 �4.9 2.6 0.0 13.1 0.0 �0.3 �
CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ 0.0 5.0 1.0 10.1 2.6 3.7 0.0 �0.3 5.5

CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ 0.0 8.8 1.8 11.5 2.2 4.5 0.0 �0.7 �
CCSD(T)/aug-cc-pVTZ 0.0 5.5 1.3 10.6 2.6 4.2 0.0 �0.3 �
CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ 0.0 5.5 1.4 10.6 2.7 4.2 0.0 �0.3 �
CCSD(T)_CBS 0.0 5.6 1.4 10.7 2.8 4.2 0.0 �0.2 �

aAll values are in kcal/mol. Each energy includes ZPE corrections.

Figure 1. Potential energy surfaces for the three kinds of low-lying
isomers of (A) CB4 and (B) CB4

+. The energy differences were obtained
at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ+ZPVE level.
The energy values are in kcal/mol.
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Clearly, structure 1B is close in energy to the lowest-energy
structure 1A. Hoping to find a ptC, we decided to explore the
PESs of the charged forms CB4

� and CB4
+. Pei and Zeng

analyzed the CB4
� PES at the CCSD(T)/6-311+G(d,p) level

and found that the ptC structure is higher in energy than the
most stable one by 23.6 kcal/mol.39 Surprisingly, CB4

+ had
not received any theoretical attention to date. We therefore
carried out a careful structural search looking for the CB4

+

cation in both doublet and quartet states at the B3LYP/
6-311+G(d) level.

For CB4
+, the quartet states are less stable than the doublet

ones by more than 30 kcal/mol. Figure 1B depicts the isomers
found within 15 kcal/mol above the global minimum computed
at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level.
Interestingly, 2A+ and 2B+ are almost isoenergetic (the energy
difference is just 0.3 kcal/mol). This relative energy computed at
the CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ level is
the same. Moreover, we noticed that the Hartree�Fock wave
function spin-contamination value (ÆS2æ) of 2A+ and 2B+ was
∼1.4 in our CCSD(T) methods. It is generally considered
that coupled-cluster calculations are much less influenced by
spin contamination than M€oller�Plesset ones. To confirm our
coupled-cluster results, we carried outCASSCF(13,14)/(CASPT2)
calculations [i.e., geometry optimization at the complete active
space self-consistent field (CASSCF) level49 with 13 active
electrons and 14 active orbitals and energy evaluation at the
complete active space second-order perturbation theory (CASPT2)
level50] using MOLCAS-7.51,52 With the aug-cc-pVTZ basis set
and a large ANO-RCC53 (atomic natural orbital�relativistic
with core correlation, i.e., contraction of 8s7p4d3f and 9s9p5d3f
for C and B atom, respectively) basis set, our CASSCF(13,14)/
CASPT2 calculations showed that 2B+ is more stable than 2A+ by
0.6 and 0.2 kcal/mol, respectively, confirming the CCSD(T)
results. Kinetically, the “bond-stretch” transition states leading to
2B+ and 2C+ lie 4.2 and 5.5 kcal/mol above 2A+, respectively. By
scrutinizing the structural properties, we found that the inner
C�B or B�B bonds of CB4

+ are somewhat elongated with
respect to those in neutral CB4 (see the SI). The slightly longer
inner C�B and B�B distances result in the easy “bond-stretch”
process for 2A+, 2B+, and 2C+. In the ptC structure at the
CCSD(T)/aug-cc-pVTZ level, for example, the C2v-symmetric
CB4

+ has an inner C�B bond length of 1.783 Å, while that
in neutral CB4 is 1.646 Å. The outer C�B distance is a changed
by a small amount, from 1.468 Å in CB4

+ to 1.511 Å in CB4.
Clearly, the PES is smoother in CB4

+ than in CB4 (Figure 1B).
The interesting result is that 2B+ contains a ptC! Remarkably,

this species was detected via laser mass spectrometry of boron
carbide by Becker and Dietze in 1988.54 The present quantum-
chemical studies show for the very first time that the ground state
of CB4

+ has a ptC structure, although the tricoordinate carbon
structure is quite competitive and might also coexist.

Thus, in this work we have shown that a previously unrecog-
nized singlet isomer with a planar tricoordinate carbon, 1A, is the
global minimum for CB4, in contrast to the structure recently
predicted by Pei and Zeng. Clearly, this indicated that carbon
avoids the central position in CB4, in agreement with the
Boldyrev�Wang results. Surprisingly, we found that a modifica-
tion of the molecular charge could induce the formation of a ptC
species. The lowest-energy isomer of CB4

+ contains a ptC, and
more interestingly, such a species was reported in an early mass
spectroscopic study.
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