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ABSTRACT 

The dynamics and kinetics of the O(3P) + CS(X1S+) → CO(X1S+) + S(3P) chemical laser 

reaction was studied theoretically in detail for the first time, as a function of collision energy 

(0.0388-2.0 eV) and rovibrational excitation of CS. This was made using the quasi-classical 

trajectory (QCT) method and employing the best ab initio analytical ground potential energy 

surface (13A' PES) available. A broad set of properties was determined, including scalar and vector 

properties, and the reaction mode. The behaviors observed and the considerable formation of OCS 

collision complexes were interpreted from some characteristics of the PES (early barrier, shallow 

minimum in the exit channel, and high exoergicity (mainly channeled into CO vibration; up to 

≈81% of the available energy) and the kinematics. The QCT vibrational and rotational CO 

populations and the vector properties show a quite good agreement with experiments, but the QCT 

rate constants disagree. To better account for the kinetics, we performed CASPT2/aug-cc-pVTZ ab 

initio calculations on the stationary points along the minimum energy path of the ground and first 

excited (13A'') PESs. The transition state theory, which can be satisfactorily applied here, leads to 

rate constants (100-2000 K) that are quite close to the measured ones, where comparison is possible 

(150-300 K). We expect that these results will encourage further theoretical and experimental 

developments. 
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I. INTRODUCTION 

The reaction between atomic oxygen and carbon monosulfide1 

O(3P) + CS(X1S+) → CO(X1S+) + S(3P)  DrHº0K = -3.76 eV   (1) 

is the primary source of vibrationally excited CO molecules in the carbon monoxide chemical laser, 

which was firstly observed by photolyzing a CS2/O2 mixture in a laser cavity.2 This fact has 

motivated a considerable interest in the study of reaction (1), particularly from an experimental 

perspective. 

The CO vibrational distribution, P(v’), at thermal reactant energies was determined by 

several groups using a variety of experimental techniques.3,4,5,6,7,8,9 In these studies an important 

vibrational inversion was obtained and the maximum of the distribution was found at v'=12 or 13, 

with the vibrational levels populated up to the thermodynamic limit. The vibrational inversion is the 

main reason why this reaction can act as a laser medium. The CO rotational distributions, P(v’,j’), 

at some of the most populated vibrational levels (v’=12-14) was measured by means of laser 

induced fluorescence (LIF), for thermal reactants (T=298 K) and for thermal CS (T=298 K) and 

hyperthermal oxygen atoms generated by photolysis of NO2 at 355 nm.10 An efficient conversion of 

reactants translational energy into rotational energy of CO was observed. 

Some vector correlations of the title reaction were also studied experimentally (kk', kj' and 

k'j' angles, where k and k’ are the relative velocity of reactants and products, respectively, and j’ is 

the rotational angular momentum of CO), using translational aligned oxygen atoms (formed from 

NO2 polarized photolysis at 355 nm) and LIF detection of the nascent CO with sub-Doppler 

resolution.11,12,13 This technique was applied for the first time to the O(3P) + CS → CO + S and 

O(1D) + N2O → NO + NO reactions.11 The CO molecule was produced with a small tendency to be 

forward or backward scattered, j’ was preferentially perpendicular to k’, and j’ was uncorrelated to 

k. 

Regarding the kinetics, the rate constant appears to be rather well established for the 

reaction at room temperature, T~300 K, in units of cm3·mol-1·s-1: 13´1012 (298 K),14 12.4±0.84 ´ 
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1012 (305 K),15 13.5±2.2 ´ 1012 (300 K),16 and 12.9´1012 (294 K),17 where the lowest and highest 

values measured at T=294 K in Ref. 17 were 9.6´1012 and 15.7´1012, respectively. However, there 

is only a single set of experimental rate constant values as a function of temperature available (150-

300 K interval).17 The recommended rate constant (A=16.26 ´ 1013 cm3·mol-1·s-1 and Ea=6.55 10-

2±2.17 10-2 eV for T:150-300 K)18 is based on the data of Ref. 17. 

From a theoretical perspective there are only a few studies concerning the O + CS reaction 

(see, e.g., Refs. 19,20,21). This reaction was studied using the quasi-classical trajectory (QCT) 

method on a MNDO/CI analytical ground potential energy surface (PES),19 the stationary points of 

the ground and first excited PESs (13A' and 13A'', respectively) were analyzed by means of ab initio 

methods,20 and an ab initio analytical ground PES was developed and employed in variational 

transition state theory rate constant calculations.21 

In this work we investigated theoretically the scalar and vector dynamic properties and 

microscopic mechanism of the O + CS → CO + S reaction, using the QCT method22,23,24,25 and 

employing the best ab initio analytical ground PES (13A') available (PES3 of Ref. 21). To the best 

of our knowledge, this is the first detailed theoretical study carried out on the dynamics of this 

reaction. Furthermore, in order to obtain a better description of the kinetics, transition state 

theory26,27 rate constant calculations were performed, based on the transition states of the ground 

(13A') and first excited (13A'') PESs determined here at the complete active space self consistent 

field and second order perturbation theory (CASPT2) ab initio level.28,29,30 

The effect of the non-adiabatic interaction (intersystem crossing) between the 13A' and 13A'' 

PESs and the singlet PESs that correlate with the O(1D) + CS → CO + S(1D) reaction, see, e.g., 

Ref. 31, is out of the scope of the present study. But the rather good agreement found between the 

theory and experiment (cf. section III) suggests that a description based on the 13A' and 13A'' PESs 

is quite satisfactory, at least for the conditions where comparison with experiment is possible. 
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The paper is organized as follows: Section II describes the computational methods. Section 

III presents the PESs properties, TST and QCT rate constants, and QCT scalar and vector dynamic 

properties and the discussion. Finally, section IV gives the summary and conclusions. 

 

II. COMPUTATIONAL DETAILS 

Three adiabatic PESs, one of 3A' symmetry and two of 3A'' symmetry, are involved in the 

title reaction.20 On the reactants side the lowest energy 3A' and 3A'' adiabatic surfaces come from 

avoided crossings between the diabatic surfaces arising from O(3P)+CS(X1S+) (ground state) and 

O(3P)+CS(a3P) (excited state). Similarly, on the products side they come from S(3P)+CO(X1S+) 

(ground state) and S(3P)+CO(a3P) (excited state). 

Although the system can evolve on the three PESs indicated above, reactivity takes place 

mainly on the ground PES (13A'), which is always lying energetically below the 13A'' PES. The 

analytical representation of the 13A’ PES used in the QCT part of this study was reported in Ref. 21 

and corresponds to the PES3 fit (many-body expansion function fit32 of spin projected unrestricted 

fourth order Möller-Plesset (PUMP4) ab initio data (6-311G(2d) Pople’s basis set)). 

Ab initio calculations at the second-order perturbation theory based on a zeroth-order 

CASSCF wave function (i.e., the CASPT2 method) were performed here to obtain a much better 

characterization of the barriers on the 13A' and 13A'' PESs previously reported.20,21 This was made 

using the standard correction, as implemented in MOLCAS 7.2.33 We have checked several active 

spaces and the one comprising 14 electrons in 11 orbitals, CAS(14,11), was considered to be 

suitable for the present goal. In the calculations the two inner a' orbitals were kept frozen while five 

a' and one a'' orbitals were defined as inactive. The rest of orbitals that comprise the active space 

(eight a' and three a'' orbitals) generate 25396 and 25424 configuration state functions (CSFs) for 

the 13A' and 13A'' PESs respectively. 
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On the other hand, the aug-cc-pVTZ correlation-consistent triple zeta basis set of Dunning 

was used in the present study, and supermolecule calculations were considered in the determination 

of the energies of the stationary points on each PES. 

From Ref. 21 it comes out that for this reaction the conventional and variational transition 

state theory methods (TST and VTST methods, respectively)26,27 lead to very similar results. That is 

to say, recrossing around the transition state is not playing a relevant role in this case. Thus, the 

TST method was used to calculate the rate constant, kTST, for each PES, as a function of 

temperature, employing the well known expression: 

  (2) 

, where Z≠´, ZO and ZCS are the partition functions for the transition state (excluding the part that 

corresponds to the motion along the reaction coordinate), O atom, and CS molecule, respectively, 

without including the electronic part. E0 is the transition state energy with respect to reactants, 

taking into account the zero point energy (ZPE), and the other symbols have the usual meaning. 

Partition functions can be obtained for the ground and first excited PESs from the information 

provided in Table I. 

The multiplicative term fel in eq. (2) corresponds to the electronic term, which accounts for 

the weight of each PES on the total rate constant, 

  (3) 

and E(3P2), E(3P1) and E(3P0) are the energies of the 3P2, 3P1 and 3P0 spin-orbit levels of O(3P) 

relative to the 3P electronic term (-9.66771 10-3, 9.95481 10-3 and 1.847409 10-2 eV, respectively).34 

Since the PESs calculations were performed without accounting for the spin-orbit coupling, 

the PESs correlate with reactants with the O atom without spin-orbit splitting (i.e., the O atom 

energy would correspond to the averaged energy of the spin-orbit splitted 3P state). Hence, it makes 
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more sense to refer the energy of the spin-orbit levels of the O atom to the energy of the 3P 

electronic term than to the spin-orbit level of lowest energy (3P2); see, e.g., Refs. 35 and 36. 

On the other hand, if the tunneling contribution to reactivity is small, as it happens for this 

reaction at the temperatures of interest,21 the Wigner expression can lead to a good estimate of 

tunneling. According to this equation the transmission coefficient (G) on each PES is given by 

  

(4) 

, where çnimagçis the modulus of the imaginary frequency of the transition state, and the corrected 

values of the rate constants kTST(13A’) and kTST(13A”), i.e., those including the tunneling correction, 

are G times the corresponding TST values. 

The total rate constant kTST, i.e., that including the contribution of the ground and first 

excited PESs to reactivity, is then obtained by 

 kTST = kTST(13A’) + kTST(13A”) (5) 

where the rate constant on each PES was obtained using eqs. (2)-(4).  

The QCT method was applied in the usual way22,23,24,25 to the ground 3A' analytical PES 

(PES3 fit).21 The accuracy of the numerical integration of Hamilton's differential equations was 

verified by checking the conservation of total energy and total angular momentum for every 

trajectory. An integration step of 5.0´10-17 s and an initial distance of 10.0 Å between the O atom 

and the center of mass of the CS molecule were selected for each integrated trajectory. This 

separation ensures that the interaction energy is negligible compared to the available energy of 

reactants. 

The rovibrational energy levels of the CS molecule were sampled according to a Boltzmann 

distribution at several temperatures selected in the interval 200-1500 K; and, for every chosen 

rovibrational temperature of CS (Tvr), the influence of the relative translational energy of reactants 

(ET) was investigated within the interval 0.0388-2.0 eV. For each initial condition (ET, Tvr) batches 
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of 1.5´105 trajectories were calculated in order to determine the cross sections and product state 

distributions on the ground PES. A similar number of trajectories was considered to determine the 

vibrational populations of CO arising from the reaction at T=300 K and to compare with the 

experimental data. The rovibrational levels of the CO product were assigned using the vibrational 

action angle variable method and employing the ordinary histogram binning, which for this system 

leads to the same results as the more refined Gaussian binning method.37 Furthermore, for a 

selection of the initial conditions, 2.0´106 trajectories were run to calculate the vector properties. 

Finally, the QCT rate constant on the ground PES was obtained in the 100-2000 K temperature 

interval using batches of 2.5´105 trajectories at each temperature. 

No reactive trajectories were found for the other possible channels (i.e., O + CS ® SO + C 

and O + CS ® O + C + S), due to the high energy requirement involved (2.18 and 7.06 eV, 

respectively).21 

 

III. RESULTS AND DISCUSSION 

 

A. STATIONARY POINTS OF THE PESs 

The characteristics of the ground (13A') and first excited (13A'') PESs of the highly 

exothermic O + CS → CO + S reaction are similar at the CASPT2/aug-cc-pVTZ level (CASPT2 

level hereafter), as can be seen from the schematic representation of the energy profiles along the 

minimum energy path given in Figure 1, where it is also shown the energy profile of the 13A' 

analytical PES. The similarity of both PESs was already suggested in an earlier study of the 

stationary points,20 where several ab initio methods were employed. 

The CASPT2 geometry, harmonic vibrational frequencies and energy of the transition states 

(TSs) and shallow minima (MIN1 and MIN2) are reported in Table I. The different types of 

stationary points are quite similar to each other for both PESs, as indicated before. Besides, the 
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results for the ground PES obtained at the PUMP4/6-311G(2d) level (PUMP4 level hereafter) and 

in the analytical representation of this surface obtained from these ab initio calculations21 are also 

reported in this table. 

The properties of the diatomic molecules are also given in Table I. CASPT2 and 

experimental38,39 results show a very good agreement in the case of the geometries and frequencies, 

and a quite good agreement for the reaction energy (the CASPT2 result agrees with the measured 

one if the experimental error margin is included). Analyzing the energies involved, i.e., examining 

the dissociation energies of the diatomic molecules, it comes out that Do(CS)=7.57 eV and 

Do(CO)=11.16 eV at the CASPT2 level, while the experimental values are 7.27±0.152 eV and 

10.95±0.224 eV, respectively. Thus, the small difference found between the CASPT2 and 

experimental reaction energy values mainly comes from Do(CS). 

In the reactants valley the 13A' and 13A'' PESs present a shallow O……CS angular minimum 

of Cs symmetry, MIN1, situated -3.56 10-2 and -3.73 10-2 eV with respect to reactants (-2.65 10-2 

and -2.65 10-2 eV if ZPE is taken into account) and with a reactants-like structure (Table I). In both 

surfaces this minimum connects, along the MEP and via a transition state, TS, with a shallow 

OC……S angular minimum of Cs symmetry, MIN2, in the products valley. 

The transition state corresponds to an early barrier, i.e., has a structure which is closer to 

reactants than to products, as expected for a strongly exothermic reaction. It has Cs symmetry and 

an OCS angle of 128.0º and 132.3º for the 13A' and 13A'' surfaces, respectively, and with an energy 

barrier of 1.13 10-2 and 2.52 10-2 eV with respect to reactants, respectively (1.60 10-2 and 2.78 10-2 

eV if ZPE is accounted for) (Table I). Therefore, although the barrier on the excited PES is small, it 

approximately doubles the value of the barrier on the ground PES. 

It is very difficult to assess the accuracy of a high level ab initio method to determine energy 

barriers and, in addition, this depends on the reaction chosen. However, it is known that the 

CASPT2 method has a comparable accuracy as the MRCI+Q (Multireference Configuration 
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Interaction with Davidson correction) method for few electron systems,40 and some details about 

the accuracy of the CASPT2 energies have been reported in the previous reference on the related 

O2, SO and S2 species (energies are accurate to at least 8.67 10-2 eV). The CASPT2 energy barriers 

obtained for reaction (1) are below this value but, due to the very strong exoergicity of this reaction, 

a very small barrier (or the absence of it) is expected, in consistency with the CASPT2 calculations. 

An additional insight into the suitability of the CASPT2 barriers can be found in section III.B, 

where the rate constants are reported. 

The shallow products valley minimum MIN2 is placed -5.81 10-2 and -6.16 10-2 eV with 

respect to products (-5.16 10-2 and -5.55 10-2 eV if ZPE is included), for the 13A' and 13A'' surfaces, 

respectively, and has a products-like structure (Table I). From this minimum the products can be 

reached without surmounting any barrier on the MEP (Figure 1). MIN2 plays a considerable role in 

the reaction, as it will be shown in section III.F, where the reaction mode on the analytical ground 

PES21 was analyzed using the QCT method. 

The PUMP4 ground PES results are in general similar to those obtained here at the CASPT2 

level, with the later ones being more accurate. For the CS and CO diatomic molecules the PUMP4 

method tends to produce somewhat larger equilibrium distances and vibrational frequencies than 

the experimental ones. The CASPT2 method practically matches the experimental values for both 

the geometry and frequencies. 

The analytical expression of the 13A' PES,21 which was build up from a set of about 800 

PUMP4 points, reproduces quite satisfactorily the ab initio data and, in particular, the transition 

state, reactants and products properties. However, in Ref. 21 the barrier height of the analytical 

surface was scaled (from 9.80 10-2 eV at the PUMP4 level to 3.69 10-3 eV in the analytical PES) to 

try to reproduce theoretically (variational transition state calculations) the experimental rate 

constant at 300 K. From the CASPT2 method a value of 1.13 10-2 eV (1.60 10-2 eV including the 

ZPE) has been obtained for the 13A' PES barrier and, although the geometry is similar to that of the 
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analytical surface, the CO separation is about 0.2 Å larger and the bending frequency is 

substantially smaller than in the analytical surface and PUMP4 calculations. Consequently, the 

CASPT2 transition state resembles the reactants even more than the previous calculations. 

The previous 13A' PES21  also presents a shallow minimum in both the reactants (MIN1) and 

products (MIN2) regions. However, they were not investigated in that work as they were considered 

to be unimportant due to their very small depth (the energies of MIN1 and MIN2 are -3.34 10-2 and 

-3.95 10-2 eV with respect to reactants and products, respectively). However, in order to improve 

the characterization of the analytical ground PES,21 which will be used later on in the QCT 

calculations, here we have located both shallow minima and a transition state that connects the 

minimum of the exit valley with products (Table I). As we have seen before, at the higher level 

CASPT2 ab initio calculations the transition state in the exit valley was not found (Figure 1). 

It is suitable to discuss here the possible implications on the reaction dynamics arising from 

the differences between the CASPT2 and the analytical 13A' PES properties. But before doing this it 

will be useful to take into account the QCT results obtained here employing the LEPS (London-

Eyring-Polanyi-Sato) model PES reported in Ref. 13, which was constructed using experimental 

data. In all we have calculated 400 000 trajectories on the LEPS PES for ET=0.075 and 2.0 eV and 

Tvr=300 and 1500 K. 

The LEPS cross section is much larger than that of the analytical 13A' PES one at ET=0.075 

eV, but both cross sections are similar at ET=2.0 eV. The higher LEPS reactivity, which is 

particularly evident at low ET, comes from its too small energy barrier.13 The LEPS vibrational 

distribution of the CO molecule produced in the reaction at T=300 K is similar although broader 

than the 13A' PES one (cf. section III.D). The LEPS vector properties are rather similar to the 13A' 

PES ones and, in addition, long- and short-lived OCS collision complexes are formed in the 

products valley of the LEPS surface at 0.075 eV (59 and 53% at 300 and 1500 K, respectively, and 

34 and 36% at 300 and 1500 K, respectively). At 2.0 eV the reaction mainly occurs in a direct way 
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(89 and 91% at 300 and 1500 K, respectively). These results on the microscopic reaction 

mechanism are on the overall similar to those obtained for the 13A' PES (cf. section III.F). 

Hence, although the shape of the LEPS model PES is quite different from that of the 

analytical 13A' PES (and leaving out the too small LEPS energy barrier), on the overall the dynamic 

results obtained from both PESs are similar. This suggests that the reaction dynamics at low-

moderate collision energies is mainly determined by the strong exothermic character of the reaction 

and by the heavy-heavy-heavy kinematics. 

From the results of the previous comparison and taking into account the differences between 

the analytical 13A' PES and the CASPT2 stationary points, we think than the main effects on the 

properties calculated using this PES will occur for the reactivity and the relative importance of the 

collision complexes in the reaction mode. 

The reaction energy on the analytical 13A' PES (-3.93 and -3.88 eV without including the 

ZPE and including it, respectively) is only somewhat larger (in absolute value) than the CASPT2 

one (-3.65 and -3.59 eV, respectively). Moreover, even though the energy barrier with respect to 

reactants is really small in both the analytical 13A' PES (3.69 10-3 and 1.56 10-2 eV without 

including the ZPE and including it, respectively) and the CASPT2 calculations (1.13 10-2 and 1.60 

10-2 eV, respectively), the QCT cross section on the former is expected to be larger than that 

resulting from a PES reproducing the CASPT2 barrier, especially at the lower ET values explored. 

A shift of the present QCT excitation function (cross section vs collision energy; cf. section III.C) 

of about 7.61 10-3 eV toward higher ET values can reasonably be expected. 

Moreover, the importance of the collision complexes (in particular the long-lived ones) in 

the microscopic mechanism on the analytical 13A' PES will probably be less than indicated (cf. 

section III.F), due to the presence of a barrier of 19.0 10-2 eV between the product valley minimum 

and the reaction products which does not appear in the CASPT2 calculations (Figure 1). 
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Furthermore, the products valley minimum on the analytical PES (-3.95 10-2 eV respect to products) 

is less deep than in the CASPT2 calculations (-5.81 10-2 eV respect to products). 

In spite of the differences found between the analytical 13A' PES and the CASPT2 

calculations and, as indicated above in the comparison with the LEPS model PES, in our view the 

dynamic properties at low-moderate energies are mainly controlled by the reaction exothermicity 

and kinematics. Hence, in our opinion the analytical PES 13A’ used here, which is the best available 

one to be used in dynamic calculations, is probably able to describe this system reasonably well 

under those reaction conditions. 

 

B. RATE CONSTANTS 

Before showing the results of the rate constants calculations, it should be noted than the 

transition states of the 13A’ and 13A” PESs, TS(13A’) and TS(13A”), respectively, really connect 

MIN1(13A’) with MIN2(13A’) and MIN1(13A”) with MIN2(13A”), respectively; and not the O + 

CS reactants with the CO + S products. Nevertheless as these shallow MIN1 and MIN2 minima are 

very close in geometry and energy to reactants and products, respectively, (Table I), the use of the 

TS(13A’) and TS(13A”) properties to calculate, according to TST, the O + CS → CO + S rate 

constants on the 13A’ and 13A” PESs, respectively, is a good approximation. 

From the CASPT2 reactants and transition state structure, harmonic vibrational frequencies 

and energy and according to equations (2)-(4), we calculated the rate constants of the ground and 

excited PESs (kTST(13A’) and kTST(13A”), respectively), and the total rate constant (kTST) (eq. (5)) in 

a wide interval of temperatures (T=100-2000 K). These results are presented in Table II and Figure 

2 (Arrhenius’s plots that show noticeable curvatures), together with the experimental data and other 

theoretical results. 

kTST(13A’) is greater than kTST(13A”) from T=100 to 250 K (kTST(13A’)/kTST(13A”) ratio of 

2.69 and 1.07, respectively), they are nearly identical at T=275 K, and kTST(13A”) is greater than 
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kTST(13A’) from T=300 to 2000 K (kTST(13A”)/kTST(13A’) ratio of 1.04 and 1.61, respectively). 

Hence, the ground PES is more reactive than the excited PES only below T=250 K. kTST increases 

with T, as expected for a reaction with barrier. Thus, in the T=100-300 K interval kTST increases a 

factor of 16.4, while in the T=300-2000 K interval it increases a factor of 12.8. This moderate 

growth arises from the small barriers found on the ground and excited PESs. 

The tunnel effect influence on reactivity is small, with the only exception of what happens at 

the lowest temperature investigated (T=100 K), as can be anticipated for a three heavy atoms 

reaction. This low tunneling contribution is due to the small value of the modulus of the imaginary 

frequency of the transition state in both the ground and excited PESs. The maximum tunnel effect 

occurs at T=100 K, as expected, where it contributes as 11% and 18% for kTST(13A’) and 

kTST(13A”), respectively. At T=300 K the tunneling contribution becomes smaller (4% and 7% for 

the ground and excited states) and, finally, at T=1000 K it reaches a percentage of only 1 % and 2 

%, respectively. The larger contribution of tunneling to kTST(13A”) in comparison to kTST(13A’) 

comes from the larger imaginary frequency of TS(13A”) in comparison to that for TS(13A’) (378.5i 

cm-1 vs 214.4i cm-1, respectively (cf. CASPT2 values in Table I)). 

Before comparing the TST results with the experimental data it is worth remembering here 

that the recommended values for the O + CS → CO + S rate constant18 are based on a single set and 

rather old experimental data,17 where the rate constant was measured in the T=150-300 K interval. 

The TST rate constant, kTST, is close (or very close) to the experimental rate constant, kexp, in 

the full interval of temperature where measurements were made, if we take into account the 

experimental error margins (Table II and Figure 2). Leaving out the error bars, the kTST/kexp ratio 

takes the following values 2.06, 1.48, 1.18, 1.00, 0.88, 0.81, and 0.75 at the temperatures of 150, 

175, 200, 225, 250, 275 and 300 K, respectively. The CASPT2 TST rate constant values are the 

best theoretical results available and show a much better agreement with the experiment than 

previous investigations (VTST calculations based on the analytical PES employed here21 and QCT 
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calculations on a MNDO/CI based analytical PES (13A’)19); cf. Table II and Figure 2. 

The Arrhenius plot shows curvature and because of this we considered separately the 100-

300 K and 300-1000 K temperature intervals, for which we obtained the following pre-exponential 

factor (A) and activation energy (Ea) results: A=3.62´1013 cm3·mol-1·s-1 and Ea= 3.59 10-2 eV, and 

A=10.8´1013 cm3·mol-1·s-1 and Ea= 6.53 10-2 eV, respectively. The recommended experimental 

values in the 150-300 K temperature range are A=16.26 ´ 1013 cm3·mol-1·s-1 and Ea= 6.55 10-2±2.17 

10-2 eV.18 

Regarding the QCT rate constant calculations performed here, which also include the 

electronic factor of eq. (3), these results are in general very similar to the TST results determined on 

the same analytical ground PES21 (Table II). This can be understood on the basis of the little 

influence of tunneling and recrossing on reactivity already mentioned. 

 

C. CROSS SECTIONS 

The dependence of the cross section (s) as a function of collision energy and for selected 

values of Tvr (300, 1000 and 1500 K) is shown in Figure 3. The QCT cross section strongly 

increases with ET in the 0.0388-0.1 eV range, a moderate increase is obtained in the 0.1-0.5 eV 

interval, and, finally, the increase becomes rather less intense above 0.5 eV. Furthermore, a plateau 

is reached at about 2.0 eV. 

The raise of s with ET mainly results from the increase of the average reaction probability, 

<Pr>, with ET, as b2max is independent of ET from 0.5 to 2 eV (s(QCT) = p b2max<Pr>, where bmax 

and <Pr> are the maximum impact parameter and the reaction probability averaged over the range 

of impact parameters, respectively). Moreover, from 0.0388 to 0.5 eV bmax decreases from ≈4 Å to 

≈3 Å. Differing from what happens in the case of collision energy, the thermal rovibrational 

excitation of CS has a slight effect on the cross section (Figure 3). 
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The cross section behavior can be rationalized on the basis of the characteristics (early 

barrier) of the transition state of the ground PES (early barriers are expected for strongly exoergic 

reactions like the one studied here). This makes the relative translational energy (collision energy) 

to be particularly efficient for the reactants to overcome the barrier and evolve into the products 

valley and, in addition, reactants relative translational energy tends to be transformed into 

vibrational energy of products (Polanyi’s rules).41 The energy distribution in CO + S products will 

be considered below. 

 

D. PRODUCT STATE DISTRIBUTIONS 

The average fractions of translational, vibrational and rotational energy in products (<fT´>, 

<fV´>, and <fR´>, respectively) are useful to obtain an overall perspective of the energy partitioning 

in products, and they are given in Table III for ET=0.075, 0.3, 1.0 and 2.0 eV and Tvr=300 and 1500 

K. The <fV´> fraction is always larger than <fT´> + <fR´> and <fV´> decreases from ≈81% of the 

available energy (Eav) at the lowest ET (0.075 eV) up to ≈55% of Eav at the highest ET (2.0 eV); i.e., 

even at high collision energies, the reaction is a source of CO molecules with vibrational excitation, 

and, in addition, the rovibrational temperature of CS has a minor influence on the average energy 

fractions. By the contrary, both the <fT´> and <fR´> fractions increase with collision energy, as 

expected and as it was also found in the experiments.10
 The lowering of <fV´> with collision energy 

increasing comes from the progressively higher difficulty for the O + CS system to evolve into the 

CO + S products following the minimum energy path. 

The data reported in Table III were calculated taken into account the ZPE of CO. If this 

energy is not considered essentially the same average fractions are obtained. It goes like this 

because the ZPE represents a small amount of energy compared to the available energy of products 

and the CO product molecule is formed with a very high vibrational excitation. Thus, e.g., the 
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largest difference observed between both sets of results (i.e., with and without including the ZPE of 

CO) for <fV´> is below 2.0 % (0.54 vs 0.53 for ET=2.0 eV and Tvr=1500 K). 

More detailed information on the energy distribution of products can be obtained from the 

vibrational populations of CO (P(v')). The QCT vibrational distributions for selected ET values 

[0.075, 0.3, 1.0 and 2.0 eV] and Tvr values of CS (300, 1000 and 1500 K) are shown in Figure 4. In 

all cases the vibrational distributions are inverted, with the more populated levels placed in the 

interval v'=11-13. The most populated vibrational level of CO is v'=13 except for the highest 

collision energy, ET =2.0 eV, where the vibrational levels in the range around 10 ≤ v' ≤ 13 present 

similar populations. The vibrational inversion observed is a necessary condition to consider the title 

reaction as a convenient laser medium. Furthermore, the generation of vibrational excited products 

is likely to occur in a reaction that takes place on a PES with an early barrier.41 

When ET increases the distribution becomes broader, as expected. Thus, e.g., in the case of 

ET =2.0 eV all vibrational levels within the interval 4 ≤ v' ≤ 20 are populated. The influence of the 

CS rovibrational temperature in the CO vibrational distributions is really small, and the 

distributions are very close to each other for all Tvr explored. 

To compare with the experiments, we also calculated the vibrational distribution of CO 

arising from thermal O + CS reactants at T=300 K (Figure 5). The QCT distribution is presented in 

this figure together with the experimental data3 and the results of a previous QCT investigation 

using an empirical analytical PES.10 The agreement is rather good with the maximum of the present 

QCT and experimental P(v') distributions peaking at v'=13, as it happens in most of the ET and Tvr 

conditions analyzed in this work. Similar results were also reported in earlier QCT calculations of 

our own based on a semiempirical MNDO/CI analytical PES.19 

The QCT P(v') distribution obtained here at T=300 K is narrower than the experimental one 

and the origin of this difference is unclear, although, in principle, it could be attributed to the PES. 

We should note, however, that broader QCT P(v') distributions are found when higher energies are 
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involved (cf. Figure 4) and, on the other hand, LIF measurements of vibrational distributions have 

larger uncertainties than those based on IR (infrared) techniques. 

For the more populated vibrational levels of CO (v' =12-14) we determined the rovibrational 

distributions (P(v',j')) at selected values of ET and Tvr. The most populated j' value becomes smaller 

as v' is greater. This is the expected behavior for a triatomic reaction, where more vibrational 

excitation correlates with less rotational excitation and vice versa. The increase of ET keeping 

constant Tvr increases <j'> for each vibrational level, in agreement with the experiments,10 and the 

increase of Tvr keeping constant ET also increases <j'>. 

Figures 6a and 6b show the comparison between the QCT P(v',j') results obtained here at 

T=300 K (i.e., both ET and Tvr correspond to a thermal distribution of O + CS at T=300 K), and the 

experimental values for v'=12 and 14.10 The agreement is rather good for v'=12 but a shift toward 

higher j' values is observed in the QCT distributions for v'=14 (and this also happens for v'=13). 

Furthermore, in Figures 6c and 6d, we present the experimental results at Tvr=300 K and a higher 

translational energy10 (ET distribution with peaks at 0.13 and 0.26 eV) with the QCT values found at 

Tvr=300 K and two different collision energies (ET= 0.1 and 0.2 eV). The QCT distributions at 0.1 

and 0.2 eV are rather similar to each other for both CO vibrational levels and similar to the 

experimental data. 

Thermal rotational distributions of CO plotted in Figures 6a-6b were derived taken as a 

reference the most populated QCT j' value and obtaining the “associated” temperature value from 

equation (5) (rigid rotator model), where the equilibrium rotational constant Be is given in wave 

numbers: 

  (5) 2
1

2max -=
hcB
Tkj
e

B
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E. TWO- AND THREE-VECTOR CORRELATIONS 

After the QCT study of the scalar properties of O + CS → CO + S on the ground PES, we 

investigated its vector properties (stereodynamics), considering the two-vector angular distributions 

kk’, kj’ and k’j’ (where k and k’ correspond to the initial and final relative velocity vectors, 

respectively, and j’ refers to the rotational angular momentum vector of CO), and the three-vector 

angular distribution associated to the kk’j’ dihedral angle. 

The kk’ angular distribution was given in terms of the differential cross section per unit of 

solid angle, d2s/dW (DCS), and using its dimensionless form (2p/s times the d2s/dW value; relative 

DCS); and the kj’ and k’j’ angular distributions were specified in terms of the probability density 

function [P(kj’) and P(k’j’), respectively].42 Typical examples of these distributions for the title 

reaction are given in Figures 7a-7f. Moreover, the kk’j’ dihedral angle distribution was expressed 

in terms of the probability density function P(kk’j’)42 (Figures 8a-8b). 

The kk’ angular distribution is rather isotropic, particularly at ET=0.075 eV, and with some 

tendency towards forward scattering, this behavior being more evident as collision energy increases 

(Figures 7a-7b). Of course, in spite of the presence of a peak at very small scattering angles, this 

does not correspond to a stripping-like mechanism for the C atom transfer from the CS molecule to 

the attacking O atom, because backward scattering is also important. The forward/backward 

scattering ratio, expressed as DCS(0-90o)/DCS(90-180o), is equal to 0.91, 1.49, 1.80, and 1.72 for 

ET=0.075, 0.3, 1.0, and 2.0 eV (Tvr=300 K), respectively; and similar but less forward results are 

obtained at Tvr=1500 K (0.83, 1.32, 1.68, and 1.67, respectively). The results for ET=0.075 and 0.3 

eV and Tvr=300 K are consistent with the superthermal experimental data (where the ET distribution 

peaks at 0.13 and 0.26 eV and Tvr=300 K),13 which show a small propensity of the CO product to be 

forward or backward scattered. 

The trend to a rather isotropic kk’ distribution (leaving out the peak at very small scattering 

angles mentioned above) probably comes from the low barrier and moderate anisotropy of the 
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PES,21 together with the heavy-heavy-heavy (H-H-H) kinematics of the system and the large 

amount of energy that appears as internal energy of products, which make easier for the system to 

remain during sometime around the shallow minimum structure of the products valley (cf. reaction 

mode in section F). The formation of collision complexes will also probably affect the other vector 

properties examined, although its influence has not been investigated here because it is not an 

objective of this study. 

The kj’ angular distribution (Figures 7c-7d) is symmetric around 90º, as it must be as a 

result of the invariance of the distribution of the CO product molecular axis by reflection on the kk’ 

plane.42 This distribution is rather broad and presents different shapes, which mainly depend on ET 

and to a less extent on Tvr. While a maximum of P(kj’) occurs at 90º for ET=0.075 and 0.3 eV, the 

situation is very different for ET=1.0 and 2.0 eV, where maximum P(kj’) values are achieved at 0º 

and 180º. The small correlation found between k and j’ for ET=0.075 and 0.3 eV at Tvr=300 K 

contrasts a bit with superthermal experimental data13 where, within the precision of the 

measurements, j’ is uncorrelated to k. 

Direct exam of the angular momentum vectors for reactive trajectories shows that 

contribution of l to the total angular momentum J (J = l + j = J’ = l’ + j’) is larger or much larger 

than the contribution of j (<|l|>/<|j|> = 2.2 and 11.9 for ET = 0.075 and 2.0 eV, respectively; 

Tvr=300 K), while the contribution of l’ to J is larger than that of j’ (<|l’|>/<|j’|> = 1.8 and 3.1, 

respectively), with l and l’ being similar (<|l|>/<|l’|> = 0.8 and 1.0 and <ll’> = 40.7 and 19.2o, 

respectively). 

Furthermore, there is a weak correlation between j’ and l and between j’ and l’, with the 

exception of what happens at 0.075 eV where there is a preference for large l’j’ angles. At 2.0 eV 

there is a smaller trend to populate large and small l’j’ angles, but the associated solid angles lead to 

the peak at 90o observed for P(k’j’) at 0.075 and 2.0 eV that will be discussed below. Regarding the 

lj’ angle there is a somewhat less tendency to obtain small and large values when evolving from 
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0.075 to 2.0 eV, decreasing in this way the importance of P(kj’) at 90o as ET increases. 

To understand the P(kj’) distribution is probably better to investigate the correlation 

between the kj’ and kk’ angles. In fact, at ET=0.075 eV and Tvr=300 K there is a weak correlation 

between both angles, although for kk’<60o and kk’>120o there is a progressive preference for kj’ 

being around 90o, as kk’ decreases and increases, respectively. However, at ET=2.0 eV and Tvr=300 

K for kk’<40o the kj’ angle is rather peaked around 90o, while for 40o<kk’<120o there is a 

progressive tendency to produce kj’ at small and high angles, as kk’ increases; and the intensity of 

this behavior is amplified in P(kj’) due to the associated kj’ solid angles. 

The k’j’ angular distribution (Figures 7e-7f) has a symmetric shape around 90o, as it must 

be due to the reflection symmetry in the scattering plane (kk’ plane).42 This distribution is less 

broad than the kj’ one and presents somewhat different shapes, mainly depending on ET. A 

maximum of P(k’j’) occurs at 90º essentially for all reaction conditions investigated, this being 

particularly evident for ET=0.075 and 0.3 eV at Tvr=300 K. This result is consistent with 

superthermal experimental data,13 where the CO product is observed to be formed with j’ 

preferentially perpendicular to k’. This behavior has been interpreted above in terms of the l’j’ 

distribution, and the simpler evolution of P(k’j’) with ET as compared to that for P(kj’) is easy to 

understand. Thus, at ET=0.075 and 2.0 eV and Tvr=300 K the kj’ angles are peaked at 90o for all the 

kk’ angular interval. 

Up to now the results obtained suggest that the reaction mode of the title reaction is mainly 

of direct type, and this is also corroborated by the P(kk’j’) data (Figures 8a-8b). The f angle (or 

kk’j’ angle) is the dihedral angle arising from the plane defined by vectors k’ and j’ with respect to 

the plane defined by vectors k and k’. Its interest in reaction dynamics was revealed in the pioneer 

work of Herschbach and coworkers on statistical long-lived complex-forming reactions.43 Figures 

8a-8b show that there is a preference of the rotational angular momentum vector of CO to be 
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perpendicular to the scattering plane (f=90o and 270o) at low-moderate ET (0.075 and 0.3 eV) and 

especially at the lower Tvr (300 K), where there is also a significant symmetry around 180o. 

 

F. MICROSCOPIC REACTION MECHANISM 

 The reaction mode of O + CS → CO + S on the ground PES was analyzed for low and high 

collision energies (ET=0.075 and 2.0 eV, respectively) at rovibrational temperatures of CS of 300 

and 1500 K. To do this, for each initial condition selected, we considered representative samples of 

reactive trajectories; and for each one of them we analyzed the time evolution of the O-C, C-S and 

S-O internuclear distances. 

 The different types of reactive trajectories found are shown in Figure 9, where the collision 

complexes are formed around the structure of the products valley minimum of the PES.21 The long-

lived collision complexes have a lifetime equal or larger than »0.3 ps and values up to »2 ps were 

found at ET=0.075 eV and Tvr=300 K. The short-lived collision complexes have smaller lifetimes 

than the long-lived ones and values up to »0.04 ps were found at ET=2.0 eV. 

 At low collision energy (ET=0.075 eV) the formation of long- and short-lived collision 

complexes is by far the preferred microscopic mechanism of the O + CS reaction. Thus, the 

percentage of reactive trajectories occurring through long-lived collision complexes (Figure 9c) are 

44 and 30% for Tvr=300 and 1500 K, respectively; whereas the formation of short-lived collision 

complexes (Figure 9b) corresponds to 40 and 31% for 300 and 1500 K, respectively. Finally, the 

percentage of reactive events that take place via a direct microscopic mechanism (Figure 9a) is 16 

and 39% at Tvr=300 and 1500 K, respectively. 

 At high collision energy (ET=2.0 eV) the O + CS reaction mainly occurs in a direct way for 

all temperatures studied (86 and 85% for Tvr=300 and 1500 K, respectively). However, a 

competitive mechanism, involving the formation of short-lived collision complexes, has a small but 

not negligible contribution to reactivity (14 and 15% for Tvr=300 and 1500 K, respectively). 
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 Hence, as collision energy increases the implication of collision complexes in the reactivity 

decreases, as expected. The effect to the rovibrational temperature of CS is very small at the higher 

collision energy investigated, while is playing a role at the lower one. Thus, the participation of 

collision complexes in the reactive processes tends to diminish as Tvr increases. 

 The formation of collision complexes may be somewhat enhanced by the presence of a 

barrier connecting the products valley minimum with products on the analytical ground PES, which 

is not present in the CASPT2 calculations (cf. section III.A and Table I). However, the influence of 

the products valley minimum in what refers to the formation of collision complexes appears to be 

clear. 

 The types of trajectories found in the case of the reactive scattering are also found in the 

non-reactive one (see, e.g., Figure 9d), but the relative weight of each type is different. Thus, e.g., 

for ET=0.075 eV and Tvr=300 K, ≈98% of the non-reactive trajectories are reflected into reactants 

with -0.03 < Vmin < 0.00 eV. Vmin is the minimum potential energy value observed during the 

evolution of the trajectories and the energies are given with respect to reactants, as usual. Only ≈2% 

of the non-reactive trajectories satisfy that -3.97 < Vmin < -3.03 eV, i.e., reach geometries around the 

products valley minimum (potential energy of -3.97 eV) before being reflected into reactants. By 

the contrary, the reactive trajectories (-3.97 < Vmin < -3.93 eV in all cases reach geometries around 

the products minimum, before leading to products. The results obtained for ET=0.075 eV and 

Tvr=1500 K are essentially coincident with the previously indicated. 

 For ET=2.0 eV and Tvr=300 K, ≈90% of the non-reactive trajectories are reflected into 

reactants with -0.17 < Vmin < 0.00 eV and ≈10% of them satisfy that -3.97 < Vmin < -2.05 eV before 

being reflected into reactants. The reactive trajectories (-3.97 < Vmin < -3.93 eV) in all cases reach 

geometries around the products minimum, as for ET=0.075 eV. The results obtained for ET=2.0 eV 

and Tvr=1500 K are essentially the same as those for ET=2.0 eV and Tvr=300 K. 
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IV. SUMMARY AND CONCLUSIONS 

The dynamics of the O(3P) + CS(X1S+) → CO(X1S+) + S(3P) reaction was studied as a 

function of ET (0.0388-2.0 eV) and Tvr of CS (300-1500 K), and also at T=300 K; besides, the 

kinetics was also analyzed at thermal conditions (T:100-2000 K). To the best of our knowledge, this 

is the first detailed theoretical study on this reaction and was made applying the QCT method on the 

best ab initio analytical ground PES available (PES3 of Ref. 21). 

Moreover, to improve the description of the minimum energy path of the two main PESs of 

the system (ground (13A') and first excited (13A'') surfaces), additional ab initio calculations at the 

CASPT2 level were performed, and the results were used to investigate the kinetics by means of the 

transition state theory, which can be satisfactorily applied to this system.21 

A wide set of dynamic observables were determined with the QCT method, including scalar 

properties (cross sections and product state distributions), vector properties (angle distributions 

involving the kk’, kj’ and k’j’ vectors and dihedral angle distribution of kk’j’), and the 

microscopic reaction mechanism. The behavior observed in both type of properties and the 

considerable formation of OCS collision complexes can be rationalized taking into account some 

characteristics of the 13A' PES (early barrier, shallow minimum in the products valley, and high 

exoergicity (-3.93 eV on the analytical PES, which is mainly channeled into CO vibration)) and the 

H-H-H kinematics of the system. 

The most remarkable property we can mention is the very high fraction of available energy 

that appears as vibration of CO. At Tvr=300 K <fV´>=0.81, 0.79, 0.70, and 0.55 for ET=0.075, 0.3, 

1.0, and 2.0 eV, respectively; and the results are essentially the same at Tvr=1500 K. This very high 

vibrational energy content is also reflected in the CO vibrational distribution which peaks at v’=13 

irrespective of the initial condition explored, although as translational energy increases the P(v’) 

distributions become wider, as expected. 
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The QCT vibrational and rotational populations of CO show a quite good agreement with 

the experiments,3,10 (although the QCT P(v’) distribution from the reaction at T=300 K is narrower 

than the experimental one), and the vector properties are consistent with the experimental 

evidences.13 However, the QCT rate constant values obtained on the ground PES suggest (taking 

into account the similarity of the ground and first excited PESs) that the calculations on both PESs 

should lead to lower rate constants than the experimental ones, which were measured in the 150-

300 K temperature range.17,18 

To better account for the main PESs and kinetics, we performed ab initio CASPT2/aug-cc-

pVTZ calculations to locate the transition states of the 13A' and 13A'' PESs. The resulting TST rate 

constants, taking into account the contributions of both surfaces, are quite close to the measured 

data. Thus, based on this good agreement, we believe that the TST data obtained here can be useful 

to describe the kinetics of the O + CS reaction in the wide T interval (100-2000 K). 

Even though the differences found between the ab initio analytical ground PES and the 

CASPT2 stationary points, we think that at low and moderate energies the dynamic properties are 

mainly governed by the large exothermicity of O + CS → CO + S and the kinematics and, due of 

this, the PES provides a reasonably good description of the reaction dynamics under these 

conditions. 

We expect that the present results on the main potential energy surfaces and on the 

dynamics and kinetics of this interesting chemical laser system will encourage further theoretical 

work, in particular on the O(3P) + CS and O(1D) + CS PESs and non-adiabatic couplings between 

them. Furthermore, experimental work on these reactions using molecular beam techniques and 

additional measurements on the dependence of the rate constant on the temperature are also 

desirable. 
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TABLES 

Table I. Ab initio and experimental results for the 13A' and 13A'' OCS PESs stationary points. 

 
Re(OC) / 

Å 

Re(CS) / 

Å 

<OCS / 
o 

ni / cm-1 a 
E / 

eV b 

O(3P)+CS(X1S+) 

PUMP4 c --- 1.5645 --- 1449.5  (8.99 10-2) 0.0 (0.0) 

CASPT2 --- 1.5446 --- 1273.9  (7.90 10-2) 0.0 (0.0) 

Analytical PES c --- 1.5645 --- 1448.4  (8.98 10-2) 0.0 (0.0) 

Experimental d --- 1.5349 --- 1285.1  (7.97 10-2) 0.0 (0.0) 

MIN1 (13A') f 

CASPT2 2.9592 1.5439 158.7 1293.5 54.87 72.72 (8.81 10-2) -3.56 10-2 (-2.65 10-2)  

Analytical PES c 3.6685 1.5645 85.9 1446.5 62.43 94.90 (9.94 10-2) -3.34 10-2 (-2.39 10-2) 

MIN1 (13A'') 

CASPT2 2.9375 1.5434 161.2 1296.3 62.20 87.90 (8.97 10-2) -3.73 10-2 (-2.65 10-2) 

TS (13A') 

PUMP4 c 2.0888 1.5566 126.6 479.0i 184.3 1299.5 (9.20 10-2)g 9.80 10-2 (10.0 10-2) 

CASPT2 2.2885 1.5452 128.0 214.4i  86.62 1262.2 (8.36 10-2) 1.13 10-2 (1.60 10-2) 

Analytical PES c 2.0760 1.5553 126.8 177.4i  252.4 1389.3 (10.2 10-2) 3.69 10-3 (1.56 10-2) 

TS (13A'') 

CASPT2 2.2934 1.5425 132.3 378.5i  47.28 1267.0 (8.15 10-2) 2.52 10-2 (2.78 10-2) 

MIN2 (13A') f 

CASPT2 1.1324 3.3579 168.9 2166.5  40.49 61.04 (14.1 10-2) -3.70 h (-3.64) 

Analytical PES c 1.1437 2.5960 123.7 2262.9  351.9 150.9 (17.1 10-2)  -3.97 (-3.89) 

MIN2 (13A'') 

CASPT2 1.1325 3.3435 171.5 2166.7  28.44  63.22 (14.0 10-2) -3.71 h (-3.65) 

S(3P)+CO(X1S+) 

PUMP4 c 1.1436 --- --- 2291.9  (14.2 10-2) -3.93 (-3.88) 

CASPT2  1.1328 --- --- 2162.7  (13.4 10-2) -3.65 (-3.59) 

Analytical PES c 1.1436 --- --- 2291.3  (14.2 10-2) -3.93 (-3.88) 

Experimental d,e 1.1283 --- --- 2169.8  (13.5 10-2)d -3.79 (-3.73)d 

-3.74 (-3.68)e 
a The second harmonic vibrational frequency corresponds to a bending motion. The ZPE is given in parentheses in eV. 
b The PUMP421 and CASPT2 ab initio calculations were performed using the 6-311G(2d) and aug-cc-pVTZ basis sets, 
respectively. Energies including the ZPE are given in parentheses and the zero of energy is taken in reactants. 
c Ref. 21. 
d Ref. 38. e Ref. 39 where the error in E can be estimated as ±0.38 eV, independently of the inclusion or not of the ZPE. 
f In Ref. 21 no attention was devoted to the shallow minima MIN1 and MIN2 (13A’) of the PES. Moreover, MIN2 
(13A’), which is placed -3.95 10-2 eV with respect to products, connects with them after overcoming a barrier of 19.0 10-

2 eV with respect to it (TS exit valley structure: Re(OC)=1.1436 Å, Re(CS)=3.5140 Å, and <OCS=180o; and vibrational 
frequencies of 93.4i, 90.61 (degenerate), and 2290.9 cm-1), which is not found at the CASPT2 level. 
g These frequencies were really calculated at the UMP4 level.21 
h The energies of the CASPT2 MIN2 (13A’) and MIN2 (13A”) with respect to products are -5.81 10-2 and -6.16 10-2 eV, 
respectively. 
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Table II. QCT and TST rate constants for O + CS → CO + S on the 13A' and 13A'' PESs, 
and TST and experimental total rate constants, expressed in units of 1012 cm3·mol-1·s-1. 
 

T / K 

k(13A') a k(13A'') a k k 

TST/Wigner b 
(CASPT2) 

QCT c 
(PUMP4 

Anal. 
PES) 

TST d 
(PUMP4 

Anal. PES) 

QCT e 
(MNDO/CI 
Anal. PES) 

TST/Wigner b 
(CASPT2) 

TST/Wigner b 
(CASPT2) 

      
Experimental f 

100 0.43 0.43 0.27 (0.45)  0.16 0.59  

150 1.29 0.74 0.70 (0.88)  0.80 2.10 1.02 

175 1.82 0.94 0.91 (1.15)  1.31 3.12 2.11 

200 2.37 1.13 1.13 (1.29)  1.90 4.28 3.64 

225 2.95 1.35 1.34 (1.55)  2.58 5.53 5.55 

250 3.54 1.58 1.55 (1.69)  3.32 6.86 7.77 

275 4.14 1.73 1.77 (1.96)  4.10 8.25 10.3 

300 4.75 1.95 1.98 (2.08) 0.12 (0.40) 4.93 9.68 12.9 g 

500 9.72 3.38 3.57 (3.61) 0.39 (1.20) 12.41 22.13  

800 17.27 5.38 5.88 (5.88) 1.02 (3.10) 24.74 42.01  

1000 22.31 6.52 7.42 (7.40) 1.52 (4.60) 33.22 55.54  

1500 34.94 8.93 11.25 (11.21)  54.75 89.69  

2000 47.57 11.39 15.07 (15.03)  76.46 124.03  
a The TST, TST/Wigner, and QCT rate constants on the different PESs are multiplied by the  
electronic factor fel, unless otherwise indicated. See eq. (3). 
b The TST/Wigner results of this paper are essentially coincident with the TST ones. See text. 
c QCT results of this paper. 
d TST results from Ref. 21 (where the same analytical ground PES used here was employed) 
modified with the electronic factor of eq. (3). In parentheses are showed the values according to 
Ref. 21, where fel = 1/3 was used. 
e QCT results from Ref. 19 modified with the electronic factor of eq. (3). In parentheses are 
showed the values reported in Ref. 19, where fel = 1 was used. 
f Recommended values given in Ref. 18, which are essentially coincident with those derived from 
the Arrhenius fit of the experimental data (Ref. 17). The experimental error margins are reported in 
the text and in Figure 2. 
g Experimental data at ~300 K appear to be well established (in cm3·mol-1·s-1): 13´1012 (298 K),14 
12.4±0.84 ´ 1012 (305 K),15 13.5±2.2 ´ 1012 (300 K),16 and 12.9´1012 (294 K),17 where the lowest 
and highest values measured at T=294 K in Ref. 17 were 9.6´1012 and 15.7´1012, respectively. 
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Table III. QCT average fractions of translational, vibrational, and rotational 

energy of the CO + S products on the 13A' PES.a 

 

ET / eV 
 

Tvr = 300 K 
 

Tvr = 1500 K 

<fT´> <fV´> <fR´> <fT´> <fV´> <fR´> 

0.075 0.15 0.81 0.04 0.15 0.80 0.05 

0.3 0.16 0.79 0.05 0.16 0.78 0.06 

1.0 0.24 0.70 0.06 0.24 0.68 0.08 

2.0 0.33 0.55 0.12 0.33 0.54 0.13 
 

a The <fV´> fraction includes the ZPE of the CO molecule. 
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FIGURE CAPTIONS 

 

Figure 1 (color suggested). 

Schematic representation of the energy profile along the MEP of the O + CS → CO + S reaction for 

the CASPT2 13A’ and 13A” PESs and for the analytical 13A’ PES. The MIN and TS energies are 

not plotted at scale to make them more easily evident. 

 

Figure 2 (color suggested). 

Arrhenius’s plot of the O + CS → CO + S rate constants: a) CASPT2 kTST(13A’), kTST(13A”), and 

total kTST values including tunneling (solid lines in red, blue, and black, respectively); b) Total kVTST 

values including tunneling from the best data of Ref. 21 (dotted line in violet); c) Same as in b) but 

taking into account the electronic factor as described in eq. (3) (dotted line in green); d) 

Experimental data (circles), where empty and solid circles refer to measurements based on CO and 

CS detection, respectively,17 and the uncertainties are defined by the dashed points lines.18 The best 

total kVTST results of Ref. 21 were obtained using the analytical ground PES and estimating the 

contribution to reactivity of the first excited PES. 

 

Figure 3 (color suggested). 

QCT (13A') cross section for O + CS → CO + S as a function of collision energy and at several 

rovibrational temperatures of CS [300 K (squares), 1000 K (rhombus) and 1500 K (circles)]. 

 

Figure 4 (color suggested). 

QCT (13A') CO(v’) vibrational state distributions from O + CS → CO + S at several collision 

energies and rovibrational temperatures of CS [300 K (squares), 1000 K (rhombus) and 1500 K 

(circles)]. Populations are normalized to unity. 
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Figure 5 (color suggested). 

CO(v’) vibrational state distributions from thermal O + CS reactants at T=300 K: Present QCT 

(13A') results (black solid squares), QCT (13A') results on an empirical LEPS PES10 (red circles), 

and experimental data3 (blue circles). Population in the maximum of the distribution is taken as 

unity. 

 

Figure 6 (color suggested). 

QCT (13A') (black) and experimental (squares)10 CO(v’=12 and 14, j’) rotational state distributions 

from the reaction at T=300 K (a)-(b). QCT (13A') (black (ET =0.1 eV) and blue (ET =0.2 eV)) and 

experimental10 (squares; ET distribution with peaks at 0.13 and 0.26 eV) CO(v’=12 and 14, j’) 

rotational state distributions from the reaction at Tvr=300 K (c)-(d). The red curves in (a) and (b) 

correspond to the CO simulated rotational thermal distributions at 1507 and 2802 K, respectively; 

and the red curves in (c) and (d) correspond to a rotational distribution at 2802 K. Population in the 

maximum of the distributions is taken as unity. 

 

Figure 7 (color suggested). 

QCT (13A') angular distributions corresponding to the kk’ (a, b), kj’ (c, d), and k’j’ (e, f) angles, at 

several collision energies [0.075 eV (circles), 0.3 eV (rhombus), 1.0 eV (squares), and 2.0 eV 

(triangles)] and two rovibrational temperatures of CS (300 and 1500 K). 
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Figure 8 (color suggested). 

QCT (13A') angular distribution corresponding to the kk’j’ dihedral angle, at several collision 

energies [0.075 eV (circles), 0.3 eV (rhombus), 1.0 eV (squares), and 2.0 eV (triangles)] and two 

rovibrational temperatures of CS [300 K (a) and 1500 K (b)]. 

 

Figure 9 (color suggested). 

Internuclear distances (Rij) as a function of time [O-C (black), O-S (red), and C-S (blue) distances] 

for the types of reactive trajectories found for O + CS → CO + S on the 13A' PES: Direct (a), non-

direct (b), and complex (c). The types (b) and (c) lead to the formation of short-lived and long-lived 

collision complexes, respectively. The types of trajectories (a)-(c) can also be found in the non-

reactive case (see, e.g., a non-reactive long-lived collision complex in (d)).  

 



 33 

 

Figure 1 

 

 

 

 

 



 34 

 

Figure 2 

 

 

 

 

 



 35 

 

Figure 3 

 

 

 

 

 



 36 

 

Figure 4 

 

 

 

 

 

 

 

 

 

 

 



 37 

 

Figure 5 

 

 

 

 

 

 



 38 

Figure 6 
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