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C2 Revisited: experiment and theory 
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Carbon–carbon bond is the backbone of 
organic chemistry and carbon materials, 
and yet the details of the simplest system 
that exhibit a C–C bond, C2, is only 
slowly unravelling. Despite its existence 
everywhere, characterization of C2 has 
been a formidable issue. C2 generated in 
the gas phase reacts as though it is a mix-
ture of singlet dicarbene and a triplet  
diradical, the former in larger concentra-
tion1–4. Recently, Miyamoto et al.5 pre-
sented a classical synthesis of C2 in a 
flask to further understand the structure 
and reactions of C2. The electronic struc-
ture of C2 has also been debated intensely 
by theoreticians; it is recognized as the 
most complex homodiatomic of the 
second row of the periodic table of ele-
ments6. Description of C2 as a singlet  
diradical with a weak 4th bond is gaining 
acceptance7. Bhattacharjee et al.8 recently 
presented an analysis of the nature of 
binding in C2 by studying different  
excited states of C2, bringing the issue 
into focus again. 
 A brilliant strategy of using a super 
leaving group in a hypervalent iodane 
compound enabled Miyamoto et al.5 to 
achieve their chemical synthesis of C2 
(Figure 1). Addition of tetra-n-butyl-
ammonium fluoride led to the displace-
ment of SiMe3 and subsequent 
elimination of iodobenzene generating 
C2, evidenced by the evolution of acety-
lene. However, the in situ generated C2 
in solution did not react with unsaturated 
compounds such as acetone, styrene, etc. 
This clearly distinguishes the chemically 
synthesized C2 from that is generated 
from gas phase dissociation or arc syn-
thesis which reacted with unsaturated 
systems even at very low temperatures. 
On the other hand, C2 generated in solu-
tion reacted with 9,10-dihydroanthracene 
to give anthracene and acetylene, clearly 
supporting a singlet-biradical description 
for C2. Galvenoxyl radical gives mono-
galvenoxyl acetylene (traces of di-gal-
venoxyl acetylene were also found) with 
C2. This is attributed to the higher reac-
tivity of the mono radical relative to C2 
which has a weak σ-bond according to 
Valence Bond theoretical studies. The C2 
generated here also leads to fullerene, 
graphite and carbon nanotubes, giving 
important support for the mechanistic 

steps involved in carbon cluster chemi-
stry. 
 Valence Bond theory had concluded 
that C2 is quadruply bonded, with weak 
σ-bonds. In contrast, MO theory which 
correctly predicted the bonding descrip-
tion of N2 and O2, attributes at its sim-
plest level a double bond to C2, more like 
a dicarbene9,10. The basis for this argu-
ment is seen in Figure 2 a for N2 which 
has a triple bond. Experimentally it has 
been shown that the HOMO of N2 (3σg) 
corresponds to the σ-bond11,12. Removal 
of two electrons as in C2 leads to an oc-
cupancy devoid of the σ-bond and two π-
bonds remain (Figure 2 b). The single 
determinant (one configuration) appro-
ach works reasonably well for N2 and O2. 
However, C2 has several low lying  
vacant levels, an indicator that a multi-
configuration approach is needed for the 
proper description of the singlet ground 
state. There should be several other elec-
tron configurations that contribute to the 

ground state. While there had been pre-
vious studies at various levels, Bhatta-
charjee et al. provide a very novel 
approach, with the hypothesis that if 
there is a bound state (a minimum in the 
PEC) there must be a bond. As its corol-
lary, if an excited state PEC obtained by 
pushing an electron to a higher level 
shows an unbound state, the initial elec-
tronic state must have had a bond. For 
example, the σ-bond in H2 is broken 
(PEC is purely dissociative) when one 
electron is excited from the σ to σ* level 
(3Σ+

u). In a triple bonded system such as 
N2, it is necessary to excite three elec-
trons to populate three vacant anti-
bonding levels (7Σ+

u) to get to a dissocia-
tive PEC, indicating that there are three 
bonds in ground state of N2. The authors 
use this approach for studying the bond 
order of C2. Thus, the electronic structure 
of the ground state as well as various  
excited states are studied using a multi-
configuration approach so that the  

 
 

Figure 1. Schematic representation of the generation and reactions of C2. 
 
 

 
 
Figure 2. a, Electronic configuration of N2; b, Dominant configuration 70.9% of the 
ground state of C2; c, The excited state configuration that contributes 13.6% to the 
ground state of C2.  
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decrease of bond order can be monitored 
with each excited state. The ground state 
singlet Σ+

g has 70.9% contribution from a 
configuration with a formal double bond, 
both π (Figure 2 b) and 13.6% from a 
configuration with a quadruple bond, 2π 
bonds and 2σ bonds (Figure 2 c). The 
three excited state PECs (3Σ+

u, 5Σ+
g, 7Σ+

u) 
are shown to have minima corresponding 
to structures with three, two and one 
bond. The study finds that only in the 
nonet state (9Σ+

g) the PEC shows no mini-
mum, indicating that all the four bonds 
are broken. 
 The experimental and theoretical stu-
dies reported in these recent articles 
bring up further questions. The precise 
electronic state of the C2 obtained in the 
current experiment as well as those gen-
erated at high temperatures previously, 
have to be established. It is also neces-
sary to generate and characterize the 
three excited states (3Σ+

u, 5Σ+
g, 7Σ+

u) pre-
dicted here and also verify the dissocia-
tive PEC for the nonet (9Σ+

g). What are 
the associated separated carbon atom’s 
electronic configurations? The computa-
tional results also elicit methods to  
assign the magnitude of σ and π bond 
strengths in these different electronic 
states of C2. If the contribution of the 
configuration with the quadruple bond 
(Figure 2 c) is only 1% instead of 13.6%, 
can one still call the ground state as 
quadruple bond? How and where does 
one draw the line? It is tempting to spe-

culate the σ and π bond energies from 
the dissociation energies. Assuming that 
strength of non-conjugated π bonds do 
not vary considerably, an approximate 
value of 64.0 kcal/mol can be obtained 
for a π bond from experimental data on 
ethylene and acetylene. The ground state 
of C2 with a quadruple bond has a dis-
sociation energy of 143.2 kcal/mol. This 
leaves a contribution of 15.2 kcal/mol 
(143.2–64 × 2) from the two σ bonds. It 
appears that the weak σ bonds have only 
helped the C–C distance to be short at 
1.24 Å; obviously it is a π bond’s world. 
Would π bonds be shorter if there is no σ 
bond at all?13 The first excited state of 
the C2 (3Σ+

u) formally has one σ and two 
π bonds, but a dissociation energy of  
only 116.0 kcal/mol. This leaves an  
estimate of negative (albeit small in 
magnitude) contribution (116–64 × 2) to 
the dissociation energy by the lone σ 
bond. The absence of σ bond appears to 
decrease the C–C distance to 1.20 Å, 
0.04 Å shorter than the ground state, 
supporting the tendency of π-bonds to be 
short in the absence of σ bond. It is clear 
that simple homonuclear diatomics have 
very complex reactivity and electronic 
structures5 and MO theory is up to the 
game as these authors have demonstrated 
convincingly8. 
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