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Abstract The reaction of 3C, (a’Il) radical with
0O, (X>%) 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 O, attacking the C-atom
of the 3C, 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 (C) 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 C, 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, C; might play a
crucial role in diamond growth [15]. C; reactions with
small molecules provide particularly useful systems for
detailed studies of the elementary processes in the gas-
eous phase [16]. The reactions of Cp with C;Hj, CoHa,
N32,NO, NO,, Hy, H,S and H,O 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, C;, has two low lying elec-
tronic states: the ground C; (X3E) state and the
metastable triplet state C,(a>IT) [32], which were obser-
ved directly via LIF [32,33]. The couple states are sepa-
rated by only 610 cm~!. C, molecule exists mainly in its
ground state Cp (X'x), 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 1C; and
3¢, exist and it is difficult to assign the observations to
one or the other of these states, which rapidly equilibrate
in the presence of O, [34-36]. Arthur Fontijn’s group
studied the temperature dependence of the reactions
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C Xz, a%M) + 0, (X°2) —» 2COX!lxz,aln) in a
high-temperature photochemistry reactor by the 193 nm
multiphoton photolysis of C;Cly [37]. The basic reaction
paths suggested that, initial C;0O, formation followed
by dissociation to produce electronically excited and
ground electronic state CO molecules [34,37]. Recently,
Alejandra Paramo et al. [16] reported a low-tempera-
ture gas-phase kinetics study of the reactions and
collisional relaxation processes involving C, (a’IT) and
C2 (X1X) in collision with O, at temperatures from
300 to 24 K. The reactions of C, with O, 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], asimplemented
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
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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 03900
Servers.

3 Results and discussion

The triplet state of C, has two stable isomers at
B3LYP/6-311+G(d) level of theory. The bond lengths
are 1.196 and 1.306 A. The electronic structure of the
1.196 A structure can be described as (1og)2(1au)2
(2og)2(20u)(3ag)(17ru)4. We therefore conclude that the
C-C bond is a triple bond, containing a ¢ bond and two
7 bonds. The two single electrons occupied the 20y and
30, orbitals, respectively. Hence, its electronic state is
33" .- On the other hand, the electronic structure of the
1.306 Astructure is (10g)? (10w)?(20,)% (204)? (30g) (1710)>.
It contains one 7w bond while the two single electrons
occupied the 30y and my orbitals, respectively. Its elec-
tronic state is therefore 3I,. Since the 3I1, structure
lies 27.8 kcal/mol below 3 ", the > ", state should be
a triplet excited state. Therefore, we fix our attention on
the reaction between C, (a3I1,) and O (X°X).

The optimized structural parameters of the reactants,
intermediate isomers, transition states, and products for
the 3C,(a%TI) + O, (X?X) 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 C, X'z, a’m+
0, (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 (1.215)
(A, °) of the reactants, 1.201

. . . 1.206
intermediate isomers,

transition states, and products
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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-
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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 3C, (a3I1) and O, (X %), viz. the
radical *C; and O; 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 O, attacks the C-atom of the
radical 3C, 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
(A, °) of the reactants,

intermediate isomers, AR ara | R0 506 11861280 1.186
transition states, and products 1.345
for the . 1.238 1.246
3G @) + 0, (X)) ' '
reaction. Numbers in roman 36 (Cg) 37 (Cg) 38 (Cep)
type show the structures at the 1.202
B3LYP/6-311+G(d) level of
theory 224 1276 2187
R 1164 1392 1.167 Moo N i1
1247 D(0,COC,)=37.0 Voot
39 (Cg) 310 (Cyp *TSR-6(Cys)
1202 1.776
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56 1.240 D(C,0C0,)=109.5
7 (Cy) 3187-8 (Cg) 3188-9 (Cy)
121.7 1276
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1.301 1.138 [\ 122

Fig. 3, this is a barrierlessly exothermic step with the
reaction energy of —32.57kcal/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 A(distance-
axis), we therefore expect that the O-atom may directly
adduct to the C-atom of radical 3C; to form 1.

Clearly, 1is an energy-rich species and may make the
reaction easier to go through the subsequent reaction
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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
PathRP3: 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 3¢, (2%1) + 0, (X3 >") reaction at different levels of theory

Species B3LYP/6-311+G(d) ZPE CCSD(T)/ G3B3 AE! AF? Exp
aug-cc-pVDZ

RCC, +307) —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 —250.25%
—250.604
—250.59¢

P2CG0O +3 CCO)  —226.3245520 0.007514  —225.7795570  —226.1607676 —16.38 —1478  —17.69°
—14.564
—14.40°

P3GC+! CO0O) —225.9000166 0.006662  —225.7281100  —226.1086861 15.36 17.90
14.704
16.25¢

P4(C + COy) —226.5041817 0.010164  —225.9498390  —226.3342020 —121.58 —123.61 —120.122
123.214
121.74¢

P5C0 43 C,0)  —226.3949892 0.008002  —225.8359089  —226.2171068 —51.44 —50.13 —48.4 +4.61°
—50.754
—50.54¢

P*(CO+3 CO)  —226.4832362 0.009103  —225.9288830  —226.3209542  —109.09 —115.30
—111.594
—111.53¢

AE! represents the relative energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-311+G(d)+ZPE level of theory
AE? represents the relative energies calculated at the G3B3 level of theory

2 Experimental Reaction Heats are given in kcal/mol (see Ref. [34])

b Experimental Reaction Heats are given in kcal/mol (see Ref. [37])

¢ 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
¢ 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 4+! COO) directly in pathway RP3.

The dissociation curve of the C-C bond in isomer 2
CC(0O0) to approach the products P3 (3C +! 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 a31.57 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
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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 C, (a3I1) + O, (X3 >") reaction at different levels of theory

Species B3LYP/ 6-311+G(d) ZPE CCSD(T)/ aug-cc-pVDZ G3B3 AE! AE?

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 ~15338  —165.22
4 —226.2866384 0.010325 —225.7353301 —226.1303259 13.13 432
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 —18096  —195.90
39 —226.5028475 0.011641 —225.9393704 —226.3291413 —11408  —120.44
310 —226.4973442 0.011358 —225.9326546 —226.3231019 11004  —116.65
TS1-4 —226.2808060 0.009375 —225.7324600 —226.1254970 14.34 735
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 —434
TS2-3 —226.3671753 0.009605 —225.8252613 —226.2189586 —4375 ~51.29
TS3-P1 —226.5530392 0.011965 —226.0038280 —226.4009398 —15432  —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
3T87-8 —226.3571554 0.009147 —225.7892144 —226.1806861 —21.42 —27.28
3TS8-9 —226.4996734 0.010617 —225.9339188 —226.3250459 11130  —117.87
3T89-10 —226.4972216 0.010948 —225.9322986 —226.3236591 11008  —117.00
3TSI0—P*  —226.4738866 0.009555 —225.9101567 —226.3027777 —97.06  —103.89
3TS8-PS —226.3494209 0.009062 —225.7953472 —226.1918354 ~25.32 —3427
3TS9-P4 —226.4767129 0.009247 —225.8997650 —226.2958202 ~90.73 —99.53

AE! represents the relative energies calculated at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-311+G(d)+ZPE level of theory. AE2 represents
the relative energies calculated at the G3B3 level of theory

Fig. 3 Singlet potential
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the barrier of TS4-5 and give to educts P1. In path-  Considering possessing of the highest transition state on
way RP2, isomer 4 OO(CC) can surmount transition  the singlet PES, we expect that Path RP2 can be safely
state TS4-P2 (38.9), leading to product P2 (0+3CCO).  ruled out.
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Fig. 4 Triplet potential A AE(Keal/mol)
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To briefly summarize, pathway Path RP1(1) and Path 22618 1
RP1(2) are major pathways among all pathways men- 226.20 1
tioned earlier. The pathway Path RP1(1) should be more 22022 7
competitive than RP1(2) at all temperature ranges. Con- . 22624 1
sequently, carbon monoxide (CO) is the major product > %% ]
of the title reaction. m 628
Before ending, we should mention that, for structures S 0907
the 1,2, 3, 4, 5, TS1-4, TS3-P1, TS5-P1 and all products, B 226.82
we have carried out the cost-expensive geometrical cal- g 263
culations at the CCSD/6-311++G(d,p) level of theory to H 22636 1
test the reliability of the present DFT-based calculations. 226.98 1
Fortunately, we find that the obtained bond lengths and 22640 . . . . .
0 2 4 6 8 10

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 C; (@) + 0, (X°%) 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 > P50 +30CC)
Path RP4: R — 36 — 37 — 38 — 39 — P4(3C +
CO,

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

Distance between X-atom and Y-atom in
C-C-0-0 [Angstrom]

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
(2CO0) by going successively through 3TS8-9(—111.30),
39(—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
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surface can transform to the P1 on the singlet surface.
Detlef Schroder et al. have located a minimum energy
crossing point (MECP) between the singlet and trip-
let surfaces of C203 [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 ' CO molecules. The work of Detlef Schroder
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 P530 432 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 >C via
3TS9 — P4 (—90.73) in pathway RP4. Since the barri-
ers involved in all of the three pathways are moderate
(AE < 4kcal/mol) and the formation of the final prod-
ucts are exoergic (AE > —50kcal/mol), both kinetic and
thermodynamic considerations support the viability of
such channels.

3.3 Comparison with experiments
Recently, both Paramo 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 300K and

@ Springer
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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 C; O,,G,0 + O, and CO; + 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 O, attacking the C-atom of the 3¢,
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 3C;
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 PS5 are produced on the triplet
PES. Further theoretical and experimental studies are
desirable.

4 Conclusions

The mechanism of the 3Cy(aT) + O2(X>%) 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—>36—->37-38-5395310 > P*(CO +3CO) —
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 C; radical reaction.
Compared with their action between the well-known
NO and 3Cy(a’I) radical, the barrier-free O3 (X°%)
reaction with 3C; (a>IT) is expected to be of unique
importance.

Acknowledgments This work is supported by the National Nat-
ural Science Foundation of China (nos. 20073014 and 20103003),
Excellent Young Teacher Foundation of the Ministry of Education
of China, Excellent Young Foundation of Jilin Province and Tech-
nology Development Project of Jilin Province (no. 20050906-6).
The authors are thankful for the reviewers’ invaluable comments.

References

1. Gaydon AG, Wolfhard HG (1979) Flames, their structure,
radiation, and temperature. Chapman & Hall, New York
2. O’Brien SC, Heath JR, Curl RF, Smalley RE (1988) J Chem
Phys 88:220
3. Perry MD, Raff LM (1994) J Phys Chem 98:4375
4. Weltner JW, Van Zee R (1989) Chem Rev 89:1713
5. Kaiser RI (2002) Chem Rev 102:1309
6. Cecchi-Pestellini C, Dalgarno A (2002) Mon Not R Astron
Soc 331:L31
7. Oka T, Thorburn JA, McCall BJ, Friedman SD, Hobbs LM,
Sonnentrucker P, Welty DE, York DG (2003) Astrophys J
582:823
8. Bakker EJ, van-Dishoeck EF, Waters LBFM, Schoenmaker T
(1997) Astron Astrophys 323:469
9. A’Hearn MF, Millis RC, Schleicher DO, Osip DJ, Birch PV
(1995) Icarus 118:223
10. Baronavski AP, McDonald JR (1997) J Chem Phys 66:3300
11. Rennick CJ, Smith JA, Ashfold MNR, Orr-Ewing A (2004) J
Chem Phys Lett 383:518
12. Gordillo-Vazquez FJ, Albella JM (2003) J Appl Phys 94:6085
13. McKellar A, Astron JR (1960) Soc Can 54:97
14. Brault JW, Delbouille L, Grevesse N, Roland G, Sauval AJ,
Testerman L (1982) Astron Astrophys 108:201
15. Rabeau JR, John P, Wilson JIB (2004) J Appl Phys 96:6724
16. Paramo A, Canosa A, Le Picard SD, Sims IR (2006) J Phys
Chem A 110:3121
17. Wei ZG, Huang XR, Zhang SW, Sun YB, Qian HJ, Sun CC
(2004) J Phys Chem A 108:6771
18. Wei ZG, Huang XR, Sun YB, Liu JY, Sun CC (2004) J Mol
Struct (Theochem) 671:133
19. Wang JH, Han KL, He GZ, Li ZJ (2003) Chem Phys Lett
368:139

20.

21.

22.

23.

32.
33.
34.
3s.
36.
37.
38.
39.

40.
41.

42.

43
44.

45.
46.
47.
48.

49.

Balucani N, Mebel MA, Lee YT, Kaiser RI (2001) J Phys
Chem A 105:9813

Kaiser RI, Le TN, Nguyen TL, Mebel AM, Balucani N, Lee
YT, Stahi F (2002) Faraday Discuss 119:51

Ding YH, Li ZS, Huang XR, Sun CC (2000) J Chem Phys
113:1745

Zhang X, Ding YH, Li ZS, Huang XR, Sun CC (2000) Chem
Phys Lett 330:577

. Kruse T, Roth P (1997) J Chem Phys Lett 101:2138
. Kaiser RI, Yamada M, Osamura Y (2002) J Phys Chem

106:4825

. Wang JH, Han KL, He GZ, Li ZJ, Morris VR (2003) J Phys

Chem A 107:9825

. Wang ZX, Huang MB, Liu RZ (1997) Can J Chem 75:996

. Butler JE, Fleming JW, Lin MC (1981) Chem Phys 35:355

. Berman MR, Lin MC (1983) Chem Phys 82:435

. Faure A, Rist C, Valiron P (1999) Chem Phys 241:29

. Carl SA, Elsamra RMI, Kulkarni RM, Nguyen HMT Peeters

J (2004) J Phys Chem A 108:3695

Herzberg G (1950) Spectra of diatomic molecules. Van
Nostrand, Princeton

Huang CS, Zhao DF, Pei LS, Chen CX Chen Y (2004) Chem
Phys Lett 389:230

Reisler H, Mangir M, Wittig C (1980) Chem Phys 47:49
Mangir MS, Reisler H, Wittig C (1980) J Chem Phys 73:829
Filseth SV, Hancock G, Meier K (1979) Chem Phys Lett
61:288

Fontijn A, Fernandez A, Ristanovic A, Randall MY,
Jankowiak JT (2001) J Phys Chem A 105:3182

Becke AD (1988) Phys Rev A 38:3098

Becke AD (1993) J Chem Phys 98:1372

Becke AD (1993) J Chem Phys 98:5648

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb
MA, Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin
KN, Burant JC, Millam JM, Iyengar SS, Tomasi J, Barone V,
Mennucci B, Cossi M, Scalmani G, Rega N, Petersson GA,
Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R,
Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Klene M, Li X, Knox JE, Hratchian HP, Cross
JB, Adamo C, Jaramillo J, Gomperts R, Stratmann RE,
Yazyev O, Austin AJ, Cammi R, Pomelli C, Ochterski JW,
Ayala PY, Morokuma K, Voth GA, Salvador P, Dannenberg
JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain MC,
Farkas O, Malick DK, Rabuck AD, Raghavachari K, Fores-
man JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski
J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY, Nana-
yakkara A, Challacombe M, Gill PMW, Johnson B, Chen
W, Wong MW, Gonzalez C, Pople JA (2003) Revision B.03,
Gaussian, Inc., Pittsburgh

Tran KM, McAnoy AM, Bowie JH (2004) Org Biomol Chem
2:999

Gonzalez C, Schlegel HB (1990) J Phys Chem 94:5523
Baboul AG, Curtiss LA, Redfern PC (1999) J Chem Phys
110:7650

Purvis GD, Bartlett RJ (1982) J Chem Phys 76:1910

Woon DE, Dunning TH Jr (1993) J Chem Phys 98:1358
Shackleford WL, Mastrup FN, Kreye WC (1972) J Chem
Phys 57:3933

Li JL, Huang XR, Bai HT, Geng CY, Yu GT, Sun CC (2005)
J Mol Struct (Theochem) 730:205

Schroder D, Heinemann C, Schwarz H, Harvey JN, Dua S,
Blanksby SJ, Bowie JH (1998) Chem Eur J 4:2050

@ Springer



	A barrier-free molecular radical-molecule reaction:bold0mu mumu 33Raw3333Cbold0mu mumu 22Raw2222 bold0mu mumu ((Raw((((abold0mu mumu 33Raw3333bold0mu mumu Rawbold0mu mumu ))Raw)))) bold0mu mumu ++Raw++++ Obold0mu mumu 22Raw2222 bold0mu mumu ((Raw((((Xbold0mu mumu 33Raw3333bold0mu mumu Rawbold0mu mumu ))Raw))))
	Abstract 
	Introduction
	Computational methods
	Results and discussion
	The singlet potential energy surface
	The triplet potential energy surface
	Comparison with experiments
	Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


