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Abstract The reaction of 3C2 (a3�) radical with
O2 (X3�) molecule has been studied theoretically using
ab initio Quantum Chemistry method. Both singlet and
triplet potential energy surfaces (PES) are calculated
at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-311+G(d) +
ZPE and G3B3 levels of theory. On the singlet PES of
the title reaction, it is shown that the most feasible path-
way should be the O-atom of O2 attacking the C-atom
of the 3C2 molecule first to form the adduct 1 CCOO,
followed by the O-shift to give intermediate 2 CC(OO),
and then to the major products P1 (2CO). Alternatively,
1 can be directly dissociated to P1 via transition state
TS1-P1. The other reaction pathways are less competi-
tive due to thermodynamical or kinetic factors. On the
other hand, the pathways on the triplet PES are less
competitive than those on the singlet PES in low tem-
perature range, whereas it is not the case in high temper-
ature ranges. On the basis of the analysis of the kinetics
of all pathways through which the reactions proceed, we
expect that the competitive power of reaction pathways
may vary with experimental conditions for the title reac-
tion. The reaction heats of formation calculated are in
good agreement with that obtained experimentally.
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1 Introduction

Diatomic carbon molecule (C2) is ubiquitous in the
universe and found in a very wide range of sources,
and is of considerable importance in combustion pro-
cess [1–3], air pollution, astrophysics, and atmospheric
chemistry [4,5]. In astrophysical science C2 has been
detected in widely differing environments ranging from
cold regions, such as interstellar clouds [6,7], circum-
stellar envelopes [8], and comets [9], to hot media such
as hydrocarbon flames [10], plasmas [11,12], and stel-
lar atmospheres [13,14]. In addition, C2 might play a
crucial role in diamond growth [15]. C2 reactions with
small molecules provide particularly useful systems for
detailed studies of the elementary processes in the gas-
eous phase [16]. The reactions of C2 with C2H2, C2H4,
N2, NO, NO2, H2, H2S and H2O have been investigated
in detail experimentally and theoretically [17–26]. Reac-
tions with small or even zero barriers are of particular
interest [27–31], especially in interstellar space where
the temperature is very low (∼0 K). Being one of the
simplest diatomic molecules, C2, has two low lying elec-
tronic states: the ground C2 (X3�) state and the
metastable triplet state C2(a3�) [32], which were obser-
ved directly via LIF [32,33]. The couple states are sepa-
rated by only 610 cm−1. C2 molecule exists mainly in its
ground state C2 (X1�), and therefore kinetic data are
required for this level. According to the published liter-
atures, it clearly indicates that the reactivity of the triplet
state has been much more studied than that of the singlet
state mainly for this reason [16]. Generally, both 1C2 and
3C2 exist and it is difficult to assign the observations to
one or the other of these states, which rapidly equilibrate
in the presence of O2 [34–36]. Arthur Fontijn’s group
studied the temperature dependence of the reactions
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C2 (X1 �, a3�) + O2 (X3�) → 2CO (X1�, a1�) in a
high-temperature photochemistry reactor by the 193 nm
multiphoton photolysis of C2Cl4 [37]. The basic reaction
paths suggested that, initial C2O2 formation followed
by dissociation to produce electronically excited and
ground electronic state CO molecules [34,37]. Recently,
Alejandra Páramo et al. [16] reported a low-tempera-
ture gas-phase kinetics study of the reactions and
collisional relaxation processes involving C2 (a3�) and
C2 (X1�) in collision with O2 at temperatures from
300 to 24 K. The reactions of C2 with O2 are difficult
to experimentally observe and characterize all possible
intermediate species involved; the ab initio calculations
method is therefore a useful tool to provide insight into
such a complicated reaction system.

In this present study, we report that detailed high lev-
els ab initio study of potential energy surfaces (PESs)
for the title reaction, the thermodynamic properties and
molecular structures of its intermediates, products, and
transition states, elucidate the mechanism of the reac-
tion. Based on the theoretical calculation, we expect that
the title reaction mainly proceeds via an initial barrier-
free addition process. Some of the conclusions drawn in
this work may be helpful for further experimental and
theoretical study of this reaction.

2 Computational methods

The calculations reported in the present investigation
were carried out using the density functional theory
(DFT) functional B3LYP (the hybrid three-parameter
functional developed by Becke) [38–40], as implemented
in the Gaussian03 program package [41]. Tran et al. have
previously reported the success of the B3LYP method
in predicting geometries of unsaturated chain structures,
and this method produces optimized structures, at low
computational cost, that compared favorably with higher
level calculations [17,42]. Geometries of the reactants,
products, intermediates, and transition states (TS) have
been fully optimized with the B3LYP method using the
6–311+G(d) basis set. Vibrational frequencies, also cal-
culated at the same level of theory, have been used
to characterize stationary points and zero-point energy
(ZPE) correction calculations. The number of imagi-
nary frequencies for intermediates and transition states
are 0 and 1, respectively. To confirm that the transition
states connect between designated intermediates, intrin-
sic reaction coordinate (IRC) [43] calculations were
performed at the B3LYP/6–311+G(d) level of theory.
Zero-point vibrational energy has been calculated in
the harmonic application without sealing. In order to
obtain a more reliable energy, further calculations were

performed with the multilevel method G3B3 [44] and
the coupled-cluster CCSD(T) method with single, dou-
ble, and perturbative treatment of triple excitations [45]
in conjunction with the correlation-consistent polarized
valence double basis sets aug-cc-pVDZ [46] were used.
The B3LYP/6–311+G(d) optimized geometries were
used for single-point coupled cluster calculations
without reoptimization at the CCSD(T)/aug-cc-pVDZ
levels. All calculations were carried out on SGI O3900
servers.

3 Results and discussion

The triplet state of C2 has two stable isomers at
B3LYP/6–311+G(d) level of theory. The bond lengths
are 1.196 and 1.306 Å. The electronic structure of the
1.196 Å structure can be described as (1σg)

2(1σu)2

(2σg)
2(2σu)(3σg)(1πu)4. We therefore conclude that the

C–C bond is a triple bond, containing a σ bond and two
π bonds. The two single electrons occupied the 2σu and
3σg orbitals, respectively. Hence, its electronic state is
3 ∑

u. On the other hand, the electronic structure of the
1.306 Åstructure is (1σg)

2(1σu)2(2σg)
2(2σu)2(3σg)(1πu)3.

It contains one π bond while the two single electrons
occupied the 3σg and πu orbitals, respectively. Its elec-
tronic state is therefore 3�u. Since the 3�u structure
lies 27.8 kcal/mol below 3 ∑

u, the 3 ∑
u state should be

a triplet excited state. Therefore, we fix our attention on
the reaction between C2 (a3�u) and O2 (X3�).

The optimized structural parameters of the reactants,
intermediate isomers, transition states, and products for
the 3C2(a3�) + O2 (X3�) reaction on the singlet elec-
tronic state are shown in Fig. 1; the optimized structural
parameters of the reactants, intermediate isomers, tran-
sition states, and products on the triplet electronic state
are shown in Fig. 2. The total energies of all the spe-
cies involved in the reaction are listed in Tables 1 and 2.
Figures 3 and 4 show schematic plots of the relative ener-
gies of the singlet and triplet potential energy surfaces
(PES), respectively, where the values are the CCSD(T)
+ ZPE and G3B3 (in parentheses) relative energies,
respectively. The symbol TSx–y is used to denote a tran-
sition state; x and y are the corresponding isomers or
products.

It should be noted that the energy of C2 (X1�, a3�)+
O2 (X3�) is set at zero as a reference for other species.
As shown in Tables 1 and 2, it is clear that the results
calculated at the G3B3 level are not very good, and
the results calculated at the CCSD(T)/aug-cc-pVDZ//
B3LYP/6–311+G(d) level are in good agreement with
the experimental values [34,37,47]. So in the follow-
ing discussion, we chose the results calculated at the
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Fig. 1 Optimized geometries
(Å, ◦) of the reactants,
intermediate isomers,
transition states, and products
for the C2 (a3�) + O2 (X3 ∑

)

reaction. Numbers in roman
type show the structures at the
B3LYP/6–311+G(d) level of
theory. Numbers in
parentheses show the
structures at the G3B3 level
of theory. Italicized numbers
denote the structures at the
CCSD/6–311++G(d,p) level
of theory
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level to analyze the change of energies along the path-
ways and to calculate the activation energies.

3.1 The singlet potential energy surface

There are three products, five intermediate isomers, and
eight transition states present on the singlet potential
energy surface. The corresponding optimized geome-

tries and energies are shown in Fig. 1, Tables 1 and 2.
As shown in Fig. 3, at the reaction entrance, only one
attack mode between 3C2 (a3�) and O2 (X3�), viz. the
radical 3C2 and O2 approaches each other head to head.
At the B3LYP/6–311+G(d) level, we are not able to
locate any additional transition states from R to 1. The
O-atom of the molecule O2 attacks the C-atom of the
radical 3C2 with no barrier in the first reaction step
to form the adduct isomer 1 (CCOO). As shown in
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Fig. 2 Optimized geometries
(Å, ◦) of the reactants,
intermediate isomers,
transition states, and products
for the
3C2 (a3�) + O2 (X3 ∑

)

reaction. Numbers in roman
type show the structures at the
B3LYP/6–311+G(d) level of
theory
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Fig. 3, this is a barrierlessly exothermic step with the
reaction energy of −32.57 kcal/mol at the CCSD(T)/
aug-cc-pVDZ//B3LYP/6–311+G(d) + ZPE level of the-
ory. Indeed, the dissociation curve of the C—O bond in
1 to approach the reactants is worked out via point-wise
optimization method, that is, we calculated the energy
by changing the atom distance point by point while the
remaining geometrical parameters are fully optimized
with each point. From Fig. 5, we can clearly see that
the energy of the isomer OO· · · CC increases point by
point from the equilibrium geometry 1 as the distance
between the side C-atom and the O-atom increases. On
account of not finding a ‘hill’ (character of transition
state) on the curve in the region of 1.3–3.0 Å(distance-
axis), we therefore expect that the O-atom may directly
adduct to the C-atom of radical 3C2 to form 1.

Clearly, 1 is an energy-rich species and may make the
reaction easier to go through the subsequent reaction

steps. From the 1, there are five isomerization and dis-
sociation pathways that can be expressed as follows:

Path RP1(1): R → 1 → TS1-2 → 2 → TS2-3 → 3 →
TS3-P1 → P1

Path RP1(2): R → 1 → TS1-P1 → P1
Path RP1(3): R → 1 → TS1-4 → 4 → TS4-5 → 5 →

TS5-P1 → P1
Path RP2: R → 1 → TS1-4 → 4 → TS4-P2 → P2
Path RP3: R → 1 → TS1-2 → 2 → P3

Obviously, all of the five isomerization-dissociation
pathways possess the same initial steps of the reac-
tion, i.e., R → 1. First, from the isomer 1 CCOO with
the energy of −32.57 kcal/mol, the pathway RP1(1) can
reach the products P1(2CO) easily by going through
TS1-2, isomer 2 (OO)CC, TS2-3, isomer 3 (CO)CO, and
TS3-P1 in succession with the energies of −6.94, −47.5,
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Table 1 Theoretical predication of the total energy (hartrees), harmonic ZPE (hartrees), and relative energies (kcal/mol) for products
of 3C2 (a3�) + O2 (X3 ∑

) reaction at different levels of theory

Species B3LYP/ 6–311+G(d) ZPE CCSD(T)/ G3B3 �E1 �E2 Exp
aug-cc-pVDZ

R(3C2 + 3O2) −226.3085278 0.007568 −225.7535006 −226.1372149 0.0 0.0
P1(CO + CO) −226.6880186 0.010082 −226.1464364 −226.5399386 −244.99 −252.71 −250.25a

−250.60d

−250.59e

P2(3O +3 CCO) −226.3245520 0.007514 −225.7795570 −226.1607676 −16.38 −14.78 −17.69b

−14.56d

−14.40e

P3(3C +1 COO) −225.9000166 0.006662 −225.7281100 −226.1086861 15.36 17.90
14.70d

16.25e

P4(3C + CO2) −226.5041817 0.010164 −225.9498390 −226.3342020 −121.58 −123.61 −120.12a

123.21d

121.74e

P5(3O +3 C2O) −226.3949892 0.008002 −225.8359089 −226.2171068 −51.44 −50.13 −48.4 ± 4.61c

−50.75d

−50.54e

P∗(CO +3 CO) −226.4832362 0.009103 −225.9288830 −226.3209542 −109.09 −115.30
−111.59d

−111.53e

�E1 represents the relative energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6–311+G(d)+ZPE level of theory
�E2 represents the relative energies calculated at the G3B3 level of theory
a Experimental Reaction Heats are given in kcal/mol (see Ref. [34])
b Experimental Reaction Heats are given in kcal/mol (see Ref. [37])
c Experimental Reaction Heats are given in kcal/mol (see Ref. [47])
d Represents the relative energies calculated at the CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ + ZPE level of theory
e Represents the relative energies calculated at the CCSD(T)/cc-pVTZ//CCSD/cc-pVTZ + ZPE level of theory

−43.8, −153.4, and −154.3 kcal/mol, respectively. It is
a successive O-shifts mechanism, i.e., the side O-atom
shifts to the inner C-atom and then to the side C-atom.
Since all the energies of the transition states and iso-
mers in the pathway RP1(1) are lower than that of the
reactants, the rate of this pathway should be very fast.
It should be noted that the relative energy of TS3-P1 is
lower than that of 3, which the stationary point TS3-P1
is connected with through IRC calculation. The problem
about the upside-down energies of TS3-P1 and 3 lies in
the theoretical computational method we adopted dur-
ing the calculation. As introduced in Sect. 2 all energies
presented in the paper are at the CCSD(T)/aug-cc-
pVDZ//B3LYP/6–311+G(d) + ZPE level or G3B3. If
the potential energy barrier is very low and the ZPE
correction is significant, this treatment of the energies
can lead to a barrier less than zero. Because it has been
suggested that DFT calculations can underestimate bar-
riers’ height by kilocalories per mole, such a situation
should not be over-interpreted, but can be taken as
an indication of the lack of a significant barrier [48].
On the other hand, isomer 2 CC(OO) can transform
to products P3 (3C +1 COO) directly in pathway RP3.

The dissociation curve of the C–C bond in isomer 2
CC(OO) to approach the products P3 (3C +1 COO) is
worked out at the B3LYP/6–311+G(d) level of theory via
point-wise optimization method in Fig. 5. With a large
quantity of heat required in the endergonic dissociation
process, the C-atom formation mechanism may rule out
its significance in atmospheric chemistry at lower tem-
perature, and even at higher temperatures. Second, for
pathway RP1(2), isomer 1 can overcome a 31.57 kcal/mol
energy barrier (TS1-P1), directly to educts P1. This is a
four-center ring formation–decomposition mechanism.
Because the rate-determining energy barrier (31.57) of
Path RP1(2) is higher than the ones of Path RP1(1)
(25.67), pathway Path RP1(2) should be less competi-
tive than pathway Path RP1(1). Furthermore, for path-
way Path RP1(3), isomer 1 can also transform to P1
through a successive C-shift and O-rock and four-center
cage decomposition process. Because it possess two high
lying transition states, TS1-4 (14.3) and TS4-5 (37.1),
we can safely draw the conclusion that pathway Path
RP1(3) is less competitive than pathway Path RP1(1)
in lower temperature range. Although, the tempera-
ture is considerably high, the reactants may overcome



300 Theor Chem Acc (2007) 118:295–303

Table 2 Theoretical predication of the total energy (hartrees), harmonic ZPE (hartrees), and relative energies (kcal/mol) for products,
intermediate isomers and transition states of the 3C2 (a3�) + O2 (X3 ∑

) reaction at different levels of theory

Species B3LYP/ 6–311+G(d) ZPE CCSD(T)/ aug-cc-pVDZ G3B3 �E1 �E2

1 −226.3553198 0.011560 −225.8093938 −226.2033133 −32.57 −41.48
2 −226.3793868 0.011782 −225.8334386 −226.2288960 −47.52 −57.53
3 −226.5525468 0.012999 −226.0033513 −226.4005080 −153.38 −165.22
4 −226.2866384 0.010325 −225.7353301 −226.1303259 13.13 4.32
5 −226.3227929 0.010211 −225.7892368 −226.1814862 −20.77 −27.78
36 −226.3580524 0.010432 −225.7771989 −226.1749042 −13.07 −23.65
37 −226.3604959 0.010003 −225.7828376 −226.1757337 −16.88 −24.17
38 −226.6364617 0.013693 −226.0480001 −226.4494089 −180.96 −195.90
39 −226.5028475 0.011641 −225.9393704 −226.3291413 −114.08 −120.44
310 −226.4973442 0.011358 −225.9326546 −226.3231019 −110.04 −116.65
TS1-4 −226.2808060 0.009375 −225.7324600 −226.1254970 14.34 7.35
TS1-2 −226.3163972 0.009462 −225.7664507 −226.1602939 −6.94 −14.48
TS1-P1 −226.2948115 0.009889 −225.7573550 −226.1441381 −0.96 −4.34
TS2-3 −226.3671753 0.009605 −225.8252613 −226.2189586 −43.75 −51.29
TS3-P1 −226.5530392 0.011965 −226.0038280 −226.4009398 −154.32 −165.49
TS4-5 −226.2350563 0.007925 −225.6947033 −226.0815636 37.12 34.92
TS4-P2 −226.2298571 0.007276 −225.6911152 −226.0748670 38.96 39.12
TS5-P1 −226.3133084 0.008566 −225.7760669 −226.1676709 −13.53 −19.11
3TSR-6 −226.3038490 0.008318 −225.7479119 −226.1485329 3.98 −7.10
3TS6-7 −226.3550310 0.008810 −225.7803398 −226.1740305 −16.06 −23.10
3TS7-8 −226.3571554 0.009147 −225.7892144 −226.1806861 −21.42 −27.28
3TS8-9 −226.4996734 0.010617 −225.9339188 −226.3250459 −111.30 −117.87
3TS9-10 −226.4972216 0.010948 −225.9322986 −226.3236591 −110.08 −117.00
3TS10 − P∗ −226.4738866 0.009555 −225.9101567 −226.3027777 −97.06 −103.89
3TS8-P5 −226.3494209 0.009062 −225.7953472 −226.1918354 −25.32 −34.27
3TS9-P4 −226.4767129 0.009247 −225.8997650 −226.2958202 −90.73 −99.53

�E1 represents the relative energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6–311+G(d)+ZPE level of theory. �E2 represents
the relative energies calculated at the G3B3 level of theory

Fig. 3 Singlet potential
energy surface (PES) for the
3C2 (a3�) + O2 (X3�)

reaction at the
CCSD(T)/aug-cc-
pVDZ//B3LYP/6–311+G(d) +
ZPE and G3B3 (in
parentheses) levels of theory

0

-30.0

-60.0

R

1

TS1-4 4

(4.3)
P2(3O+3CCO)

TS2-32

(-57.5)

-160.0

-190.0

-220.0

-250.0

-280.0

30.0

(-14.5)

(-41.47)

(-252.7)

(-4.3)

(-51.3)

(34.9)

(-165.5)
(-165.2)

3
TS3-P1

(-27.8)

5 (-19.1) (-14.8)

P3(3C+1COO)

(18.0)

TS4-5

TS5-P1

TS1-P1

TS1-2

P1(CO+CO)

E(Kcal/mol)

-245.0

-154.3
-153.4

(7.4)

-32.57

14.3

-1.0 13.1

-47.5

37.1

-43.8

-20.8
-6.9

-16.4

15.4

-13.5

C C
O

O

C C
O

O

C

C
OO

CC O

O

C C
O

O

C

C

O

O

C

O
O

C

CC O

O

C
C OO

CC

O

O

C

C O C

C

O
O

O

(39.1)TS4-P2
38.9

C

C O
O∆

the barrier of TS4-5 and give to educts P1. In path-
way RP2, isomer 4 OO(CC) can surmount transition
state TS4-P2 (38.9), leading to product P2 (3O+3CCO).

Considering possessing of the highest transition state on
the singlet PES, we expect that Path RP2 can be safely
ruled out.
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Fig. 4 Triplet potential
energy surface (PES) for the
3C2 (a3�) + O2 (X3�)

reaction at the
CCSD(T)/aug-cc-
pVDZ//B3LYP/6–311+G(d) +
ZPE and G3B3 (in
parentheses) levels of theory
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To briefly summarize, pathway Path RP1(1) and Path
RP1(2) are major pathways among all pathways men-
tioned earlier. The pathway Path RP1(1) should be more
competitive than RP1(2) at all temperature ranges. Con-
sequently, carbon monoxide (CO) is the major product
of the title reaction.

Before ending, we should mention that, for structures
the 1, 2, 3, 4, 5, TS1-4, TS3-P1, TS5-P1 and all products,
we have carried out the cost-expensive geometrical cal-
culations at the CCSD/6–311++G(d,p) level of theory to
test the reliability of the present DFT-based calculations.
Fortunately, we find that the obtained bond lengths and
bond angles are generally in good agreement with the
B3LYP/6–311+G(d) values, as shown in Fig. 1. This indi-
cates that the B3LYP/6–311+G(d) method can be safely
used for the study of the C2 (a3�) + O2 (X3�) system.

3.2 The triplet potential energy surface

There are three pathways that can be seen on the triplet
potential energy surface:

Path RP1(4): R → 36 → 37 → 38 → 39 → 310 →
P∗(CO + 3CO) → P1(2CO)

Path RP5: R → 36 → 37 → 38 → P5(3O + 3OCC)

Path RP4: R → 36 → 37 → 38 → 39 → P4(3C +
CO2)

these three pathways possess the same initial steps
of the reaction, i.e., R → 36 → 37 → 38. It is an

0 2 4 6 8 10

-226.40

-226.38

-226.36

-226.34

-226.32

-226.30

-226.28

-226.26

-226.24

-226.22

-226.20

-226.18

E
ne

rg
y 

[a
.u

.]
 B

3L
Y

P

Distance between X-atom and Y-atom in
C-C-O-O [Angstrom]

X=C, Y=C
X=O, Y=C

Fig. 5 Bond dissociation curves calculated via point-wise opti-
mized method at the B3LYP/6–311+G(d) level of theory

O-adduct-shift mechanism. The difference of the three
pathways is in how 38 OCCO(−180.96) changes to P1,
P4, and P5. For pathway RP1(4), 38 transforms to P1
(2CO) by going successively through 3TS8-9(−111.30),
3 9(−114.08), 3TS9-10(−110.0), 310(−110.04), 3TS10-P∗
(−97.05), and P∗ (−109.09). We should mention here
that the bond lengths of the two CO molecules in com-
plex P∗ are different according to our IRC calculation
at the B3LYP/6–311+G(d) level of theory as shown in
Fig. 6. In fact, one of them is a triplet 3CO and the other
is a singlet 1CO. It is creditable that the P∗on the triplet
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Fig. 6 Bond dissociation
curve calculated via IRC
calculations at the
B3LYP/6–311+G(d) level of
theory
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surface can transform to the P1 on the singlet surface.
Detlef Schröder et al. have located a minimum energy
crossing point (MECP) between the singlet and trip-
let surfaces of C2O2 [49]. In their opinion, the neutral
OCCO is intrinsically short-lived in its singlet state, and
it will dissociate spontaneously and spin-allowed into
two singlet 1CO molecules. While the dissociation pro-
cess from triplet OCCO to a singlet 1CO and a triplet
3CO has to absorb a great deal of energy. However, since
the MECP has been located, the efficient triplet OCCO
dissociation pathway is a curve crossing channel through
the MECP to the singlet surface, and the production is
two singlet 1CO molecules. The work of Detlef Schröder
et al. gives us a very strong evidence to believe that our
product P∗ can transform to P1 through the MECP.

On the other hand, from 3 8 OCCO (−180.96), path-
way RP5 can reach the products P5(3O +3 OCC) by
overcoming the transition state 3TS8 − P5 (−25.32), a
very high energy barrier. Furthermore, pathway RP4
possesses the same reaction step 38 →3 9 as path-
way RP1(4). However, 39 can directly eliminate 3C via
3TS9 − P4 (−90.73) in pathway RP4. Since the barri-
ers involved in all of the three pathways are moderate
(�E < 4 kcal/mol) and the formation of the final prod-
ucts are exoergic (�E > −50 kcal/mol), both kinetic and
thermodynamic considerations support the viability of
such channels.

3.3 Comparison with experiments

Recently, both Páramo et al. [16] and Fontijn’ et al. [37]
studied the gas-phase kinetics of the title reaction, the
former in the temperature range from 24 to 300 K and

the latter at high temperature ranges. They fixed their
attention on the observation of products P1, although
A. Fontijn suggested in addition to two rovibrational-
ly excited CO molecules, the possible direct “further
products” are C2 O2, C2O + O, and CO2 + C, which
could be in excited states [37]. However, they did not
give any information about the reaction mechanism and
potential products. According to our results, it is shown
that the most feasible pathway is on the singlet PES of
the title reaction, and the most feasible pathway should
be the O-atom of O2 attacking the C-atom of the 3C2
molecule first to form the adduct 1 CCOO in a deep
potential well, followed by an O-shift to give 2 CC(OO),
and then dissociation to the major products P1 (2CO).
Since there is no barrier for this pathway, the title reac-
tion is expected to be very fast. This is qualitatively con-
sistent with the experimental result [34,37,47]. On the
other hand, it should be pointed out that our theoretical
results indicate that the title reaction occurring on the
triplet PES may be competitive with that on the singlet
PES at high temperature. This situation differs from that
of our earlier investigation on the reaction between 3C2
and NO [17]. As shown in Figs. 3 and 4, we expect that
products P1 may be produced through the singlet PES,
while products P4 and P5 are produced on the triplet
PES. Further theoretical and experimental studies are
desirable.

4 Conclusions

The mechanism of the 3C2(a3�) + O2(X3�) reaction
is elucidated by means of ab initio calculations at the
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CCSD//B3LYP, G3B3, and CCSD(T) levels of theory.
The major pathway is Path RP1(1): R → 1 → 2 → 3 →
P1(2CO) on the singlet potential energy surface. And
R →3 6 →3 7 →3 8 →3 9 →3 10 → P∗(CO +3 CO) →
P1(2CO) on the triplet potential energy surface with P1
expected to be the main product. The singlet pathway
is barrierless. Other pathways on the singlet and trip-
let PESs may be less competitive for both kinetic and
thermodynamic reasons. Further theoretical and exper-
imental studies are desirable to provide some useful
insight into the mechanism of the C2 radical reaction.
Compared with their action between the well-known
NO and 3C2(a3�) radical, the barrier-free O2 (X3�)

reaction with 3C2 (a3�) is expected to be of unique
importance.
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