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Abstract The reaction of 3 C2 (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 pathway should be the O-atom of O2 attacking the C-atom of the 3 C2 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 competitive 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 temperature range, whereas it is not the case in high temperature 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 reaction. The reaction heats of formation calculated are in good agreement with that obtained experimentally. Keywords Potential energy surface · Reaction mechanism · C2 radical · Barrier-free · Radical-molecule reaction
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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 process [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], circumstellar envelopes [8], and comets [9], to hot media such as hydrocarbon flames [10], plasmas [11, 12], and stellar 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 gaseous phase [16]. The reactions of C2 with C2 H2 , C2 H4 , N2 , NO, NO2 , H2 , H2 S and H2 O have been investigated in detail experimentally and theoretically [17–26]. Reactions 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 electronic states: the ground C2 (X3 ) state and the metastable triplet state C2 (a3 ) [32], which were observed directly via LIF [32, 33]. The couple states are separated 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 literatures, 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 1 C2 and 3 C exist and it is difficult to assign the observations to 2 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 C2 Cl4 [37]. The basic reaction paths suggested that, initial C2 O2 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-temperature 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 levels 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 reaction. Based on the theoretical calculation, we expect that the title reaction mainly proceeds via an initial barrierfree 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 calculated at the same level of theory, have been used to characterize stationary points and zero-point energy (ZPE) correction calculations. The number of imaginary frequencies for intermediates and transition states are 0 and 1, respectively. To confirm that the transition states connect between designated intermediates, intrinsic 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, double, 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 3σ g 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 electronic 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 3 C2 (a3 ) + O2 (X3 ) reaction on the singlet electronic state are shown in Fig. 1; the optimized structural parameters of the reactants, intermediate isomers, transition states, and products on the triplet electronic state are shown in Fig. 2. The total energies of all the species involved in the reaction are listed in Tables 1 and 2. Figures 3 and 4 show schematic plots of the relative energies 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 transition 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 following discussion, we chose the results calculated at the



Theor Chem Acc (2007) 118:295–303 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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CCSD(T)/aug-cc-pVDZ//B3LYP/6–311+G(d) + ZPE level to analyze the change of energies along the pathways 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-



(1.330) 1.319 1.321



O (1.542) 1.552 1.543 1 COO (C2v)



(1.366) 1.362 1.357



C



C2O (C∞v)



(1.266) O 119.0 1.261 (1.279) 120.5 1.255 1.2987 (1.3183) 1.2889 1.3126 C O C 1.3194 (171.3) 171.7 171.3 1 (CS)



(1.456) (179.9) 1.456 171.7 1.449 169.65 3 (CS) O1 (1.431) 1.438



(89.0) 88.8 (1.318) 1.313 C C1 O (1.276) 1.262 D(O1OCC1)=(123.9) =124.0 TS1-2 (C1)



(1.584) 1.796 (1.169) 1.560 1.148 1.161 C C O (1.478) (179.9) 1.443 168.2 1.412 177.8 TS3-P1 (CS)



(1.324) 1.328 1.324



(1.178) 1.158 1.168 C O



3



(1.444) 1.412 1.440 (1.181) 1.176 1.172 C O



O



C



(1.462) 1.455 1.456 (1.592) O 1.581 1.588 (1.593) 1.581 1.588



C1 (1.490) 1.474 C 1.470 D(O1OCC1)=(-74.1) =-74.1 5 (C1) =-74.4



C



O



CO2 (D∞ h) (1.355) 1.343 (1.340) O 1.346 1.347 1.334 1.532 C C 1.529 (145.53) 145.03 O 145.45 2 (C2v)



(1.365) 1.372 1.359



C (1.507) 1.501 1.496 1 CCO (C2v)



(1.169) (1.169) 1.161 1.161 1.161 1.161 O C O



(1.593) 1.580 1.587



(1.352) 1.345 1.346



C



(1.215) 1.208 1.204 O C



CO (C∞ v)



O



O



(1.369) 1.371 (1.645) O1 1.671 C O (1.562) (1.369) 1.550 C1 1.371 D(CCOO1)=103.65 =(106.2) TS4-5 (C1)



C (1.501) 1.499 1.493



(1.388) (1.325) 1.375 1.333 1.382 1.326 O



C



O



(147.2) 147.0 147.3 4 (C2v)



(2.062) C1 2.039 (89.1) O1 (1.381) 89.9 1.384 (1.374) 1.384 O C (1.339) 1.328 D(C1COO1)=(43.3) =42.1 TS1-P1 (C1) (1.373) (1.420) 1.431 C 1.359 (1.304) 1.351 1.297 1.421 1.302 O C O (1.640) (178.0) 1.614 175.2 1.620 175.1 TS1-4 (CS) (1.208) 1.470 1.495



O1



(1.503) 1.502 1.498



C1 1.735 O (1.480) (1.457) C 1.460 1.470 1.477 1.450 D(O1C1OC)=(106.1) =104.3 =104.8 TS5-P1 (C1)



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 3 C2 (a3 ) and O2 (X3 ), viz. the radical 3 C2 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 3 C2 with no barrier in the first reaction step to form the adduct isomer 1 (CCOO). As shown in



298 Fig. 2 Optimized geometries (Å, ◦ ) of the reactants, intermediate isomers, transition states, and products for the  3 C (a3 ) + O (X3 ) 2 2 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 theory. 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(distanceaxis), we therefore expect that the O-atom may directly adduct to the C-atom of radical 3 C2 to form 1. Clearly, 1 is 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 dissociation 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 reaction, 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 C2 (a3 ) + O2 (X3 ) reaction at different levels of theory B3LYP/ 6–311+G(d)



ZPE
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Exp
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−250.25a
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0.0 −244.99 −250.60d −250.59e −16.38 −14.56d −14.40e 15.36 14.70d 16.25e −121.58 123.21d 121.74e −51.44 −50.75d −50.54e −109.09 −111.59d −111.53e
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17.90 −123.61 −50.13



−120.12a −48.4 ± 4.61c
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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 isomers 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 during the calculation. As introduced in Sect. 2 all energies presented in the paper are at the CCSD(T)/aug-ccpVDZ//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 barriers’ 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 (3 C +1 COO) directly in pathway RP3.



The dissociation curve of the C–C bond in isomer 2 CC(OO) to approach the products P3 (3 C +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 temperature, 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 competitive than pathway Path RP1(1). Furthermore, for pathway 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 temperature 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 3 C2 (a3 ) + O2 (X3 ) reaction at different levels of theory Species 1 2 3 4 5 36 37 38 39 3 10 TS1-4 TS1-2 TS1-P1 TS2-3 TS3-P1 TS4-5 TS4-P2 TS5-P1 3 TSR-6 3 TS6-7 3 TS7-8 3 TS8-9 3 TS9-10 3 TS10 − P∗ 3 TS8-P5 3 TS9-P4
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−225.8093938 −225.8334386 −226.0033513 −225.7353301 −225.7892368 −225.7771989 −225.7828376 −226.0480001 −225.9393704 −225.9326546 −225.7324600 −225.7664507 −225.7573550 −225.8252613 −226.0038280 −225.6947033 −225.6911152 −225.7760669 −225.7479119 −225.7803398 −225.7892144 −225.9339188 −225.9322986 −225.9101567 −225.7953472 −225.8997650
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−32.57 −47.52 −153.38 13.13 −20.77 −13.07 −16.88 −180.96 −114.08 −110.04 14.34 −6.94 −0.96 −43.75 −154.32 37.12 38.96 −13.53 3.98 −16.06 −21.42 −111.30 −110.08 −97.06 −25.32 −90.73



E2 −41.48 −57.53 −165.22 4.32 −27.78 −23.65 −24.17 −195.90 −120.44 −116.65 7.35 −14.48 −4.34 −51.29 −165.49 34.92 39.12 −19.11 −7.10 −23.10 −27.28 −117.87 −117.00 −103.89 −34.27 −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 3 C (a3 ) + O (X3 ) 2 2 reaction at the CCSD(T)/aug-ccpVDZ//B3LYP/6–311+G(d) + ZPE and G3B3 (in parentheses) levels of theory
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the barrier of TS4-5 and give to educts P1. In pathway RP2, isomer 4 OO(CC) can surmount transition state TS4-P2 (38.9), leading to product P2 (3 O+3 CCO).



Considering possessing of the highest transition state on the singlet PES, we expect that Path RP2 can be safely ruled out.



Theor Chem Acc (2007) 118:295–303 Fig. 4 Triplet potential energy surface (PES) for the 3 C (a3 ) + O (X3 ) 2 2 reaction at the CCSD(T)/aug-ccpVDZ//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 mentioned earlier. The pathway Path RP1(1) should be more competitive than RP1(2) at all temperature ranges. Consequently, 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 calculations 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 indicates that the B3LYP/6–311+G(d) method can be safely used for the study of the C2 (a3 ) + O2 (X3 ) system.
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Fig. 5 Bond dissociation curves calculated via point-wise optimized method at the B3LYP/6–311+G(d) level of theory



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 → 3 6 → 3 7 → 3 8 → 3 9 → 3 10 → P∗ (CO + 3 CO) → P1(2CO) Path RP5: R → 3 6 → 3 7 → 3 8 → P5(3 O + 3 OCC) Path RP4: R → 3 6 → 3 7 → 3 8 → 3 9 → P4(3 C + CO2) these three pathways possess the same initial steps of the reaction, i.e., R → 3 6 → 3 7 → 3 8. It is an



O-adduct-shift mechanism. The difference of the three pathways is in how 3 8 OCCO(−180.96) changes to P1, P4, and P5. For pathway RP1(4), 3 8 transforms to P1 (2CO) by going successively through 3 TS8-9(−111.30), 3 9(−114.08), 3 TS9-10(−110.0), 3 10(−110.04), 3 TS10-P∗ (−97.05), and P∗ (−109.09). We should mention here that the bond lengths of the two CO molecules in complex 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 3 CO and the other is a singlet 1 CO. 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 triplet surfaces of C2 O2 [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 1 CO molecules. While the dissociation process from triplet OCCO to a singlet 1 CO and a triplet 3 CO 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 1 CO 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), pathway RP5 can reach the products P5(3 O +3 OCC) by overcoming the transition state 3 TS8 − P5 (−25.32), a very high energy barrier. Furthermore, pathway RP4 possesses the same reaction step 38 →3 9 as pathway RP1(4). However, 3 9 can directly eliminate 3 C via 3 TS9 − P4 (−90.73) in pathway RP4. Since the barriers involved in all of the three pathways are moderate (E < 4 kcal/mol) and the formation of the final products are exoergic (E > −50 kcal/mol), both kinetic and thermodynamic considerations support the viability of such channels.



the latter at high temperature ranges. They fixed their attention on the observation of products P1, although A. Fontijn suggested in addition to two rovibrationally excited CO molecules, the possible direct “further products” are C2 O2 , C2 O + 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 3 C2 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 reaction is expected to be very fast. This is qualitatively consistent 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 3 C2 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.



3.3 Comparison with experiments 4 Conclusions 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 mechanism of the 3 C2 (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 triplet PESs may be less competitive for both kinetic and thermodynamic reasons. Further theoretical and experimental 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 3 C2 (a3 ) radical, the barrier-free O2 (X3 ) reaction with 3 C2 (a3 ) is expected to be of unique importance. Acknowledgments This work is supported by the National Natural 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 Technology Development Project of Jilin Province (no. 20050906-6). The authors are thankful for the reviewers’ invaluable comments.
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