Mohamed Jorfi 
  
Pascal Honvault 
email: pascal.honvault@univ-fcomte.fr
  
Béatrice Bussery-Honvault 
  
Luis Bañares 
  
Niyazi Bulut 
email: nbulut@firat.edu.tr
  
  
  
  
  
  
  
  
Influence of ro-vibrational and isotope effects on the dynamics of the C( 3 P )+ OD(X 2 Π) → CO(X 1 Σ + ) + D( 2 S) reaction

Keywords: reaction dynamics, gas phase reactions, quantum dynamics, reactive collisions

Influence of ro-vibrational and isotope effects on the dynamics

The reaction of open-shell C atoms with OH radicals is of fundamental importance in the production of carbon monoxide in various chemical environments and, particularly, in astrophysics and interstellar clouds [1][2][3][4]. Quantum mechanical (QM) reactive scattering studies of reactions involving open-shell species require the availability of a high level global three dimensional ab initio potential energy surface (PES). In addition, this type of reaction usually involves PESs characterized by the presence of a deep potential well and heavy atoms, which makes QM calculations very challenging since many channels have to be considered to get well converged results [3].

The first global ab initio PES for the C( 3 P )+OH(X 2 Π) reaction was built by Zanchet et al. [1]. This PES is based on about 2000 ab initio points computed at the multireference (MR) internally contracted single and double configuration interaction level plus Davidson correction using Dunning aug-cc-pVQZ basis sets [1]. The MR space was taken to be a complete active space (CAS). The ab initio points were fit using the reproducing kernel Hilbert space (RKHS) methodology [5].

Theoretical studies of reactive collision between open-shell and halogen atoms with H 2 molecule and hydroxyl radical, OH, has been extensively studied [6][7][8][9]. In theoretical studies on interaction between open-shell atoms with OH molecules, several electronic states participate in the dynamics. These several electronic states many times responsible for non-Born-Oppenheimer effects [9]. Approach of the OH molecule to the C atom split the degeneracy of the 3 P state. As shown and described in Table 1 and Figure 1. in [1] the entrance channel of the C( 3 P )+OH(X 2 Π) reaction gives to six doublet states and six quarter states which are correlated in C ∞ v to 2 , 4 Σ + , 2 , 4 Σ -, and 2 , 4 ∆ states. Each Π and ∆ state will split into one A ′ and A ′′ state in the C s symmetry group while the Σ + state leads to one A ′ and the Σ -state to one A ′′ state. So, in C s , the title reaction will lead to three 2 A ′ and three 2 A ′′ states and most of these states present considerable higher in energy and energetically inaccessible. C( 3 P )+OH(X 2 Π) reactant correlate adiabatically with the ground state of the products CO(X 1 Σ + g )+H( 2 S) due to the nondegenerate states. The C( 3 P )+OH(X 2 Π) →CO(X 1 Σ + )+H( 2 S) reaction is highly exothermic (≈6.4 eV) and barrierless relative to the entrance channel, while three minima and five potential barriers are located on the surface. The three minima correspond to the formation of HCO and The first theoretical cross sections and rate coefficients on this PES were calculated by Zanchet et al. employing the quasiclassical trajectory (QCT) method [2]. Total and state-specific integral cross-sections were calculated as a function of collision energy. The calculated thermal rate coefficients were found to be practically temperature independent at high enough temperatures and almost invariant on the ro-vibrational state of the OH reagent.

Employing this same PES, Zanchet et al. [3] performed QCT calculations of differential cross sections (DCS) and product energy distributions in a wide range of collision energies, and the influence of the reagent diatom ro-vibrational excitation on these quantities was explored.

It was found that ro-vibrational excitation of OH has no effect on the product vibrational, rotational and translational distributions, but DCSs show a weak dependency on the initial rotational state of the reagent molecule. An analysis of the results was performed in terms of the lifetimes of the intermediate complexes and on the kinematic constraints associated with the mass combination.

Lin et al. performed the first exact wave packet calculations on the same PES for total angular momentum J = 0 using a flux analysis method [4]. These calculations were carried out using reactant Jacobi coordinates. The total reaction probability as a function of collision energy was calculated without resolving the final states of the products. It was found that the dynamics of the title reaction is dominated by the capture of the reactants and calculations at J ≥ 0 were carried out using a capture model. The reported integral cross sections and rate coefficients were found in good agreement with the earlier QCT results except at low collision energies and low temperatures, respectively.

In a recent work, Bulut et al. [25] carried out real wave packet (RWP) and QCT calculations for the C( 3 P )+OH(X 2 Π) reaction on the PES of Zanchet et al. [1] at the state-to-state level. The wave packet calculations were performed using product Jacobi coordinates at zero total angular momentum, J = 0, in order to obtain state-to-state reaction probabilities. State-to-state integral cross sections were computed using a capture model [4,11]. The corresponding state-selected rate coefficients were calculated by Boltzmann averaging of the In the present work, the real wave packet (RWP) and QCT methods have been applied to study the dynamics of the C( 3 P )+OD(X 2 Π) isotopic variant of the reaction on the same PES at the state-to-state level. Integral cross sections and rate coefficients have been evaluated using the same methodologies as in Ref. [25]. Detailed comparisons between the two methods and for the two isotopic variants have been carried out.

The organization of the paper is as follows: in section II we will briefly review the RWP and QCT theoretical methods employed in this work, section III will present the results and discussion and finally section IV will close with the conclusions.

II. THEORY A. Real wave packet method

The real wave packet (RWP) calculations have been performed using the method developed by Gray and Balint-Kurti [10]. As the RWP method has been well documented in the literature [10,12,13] and in our previous work [25]for the C+OH reaction, we summarize here only the most relevant details for the present study.

For the present calculations, the initial wave packet is located in the asymptotic reactant channel, where there is no influence of the interaction potential, and the propagation grid scheme is defined using the product Jacobi coordinates. The calculations have been carried out over a broad range of collision energies. The properties of the initial wave packet and the parameters used for the calculations are given in Table I.

RWP integral cross sections and rate coefficients have been evaluated using the same methodologies as in Ref. [25]. RWP calculations have been performed for total angular momentum J = 0. A variant of the standard J-shifting method has been applied to estimate reaction probabilities for J > 0 and integral cross sections as a function of collision energy and rate coefficients have been calculated from the state-to-state reaction probabilities. The QCT code developed by Halvick and Rayez [22] has been used for the calculation of reaction probabilities, cross sections and rate coefficients [1][2][3]25] and we summarize here only the most relevant details for the present study.

The QCT calculations employ a standard Monte Carlo sampling of the initial conditions and the step adaptive Adams method for the integration of the set of Hamilton equations.

Conservation of both total energy and angular momentum has been checked for each trajectory. At each integration step, a relative precision of 10 -9 for distances and momenta have been required, which yields a conservation of total energy and total angular momentum with an average error of 10 -5 eV and 10 -6 , respectively. The high number of trajectories (N t =100000) together with the high efficiency of the trajectories (number of reactive trajectories/N t = 3/5) gives a statistical Monte Carlo error of 0.15%. The carbon atom is initially separated from the center-of-mass of OD by 12 Å for the highest collision energies and 21 Å for the lowest ones. The trajectories are stopped when the recoil distance is larger than 10 Å and the recoil speed is quasi constant. These values have been chosen in order to have negligible long range interactions. Preliminary batches of 500 trajectories were performed for each collision energy with a large maximum impact parameter. Then batches of 100000 trajectories have been run with the appropriate value of the maximum impact parameter which varies from 10.5 to 3.5 Å as energy increases. To check the validity of the number of trajectories chosen in our study, calculations of cross sections for C+OD(v = 0, j = 0) at a few translational energies have been carried out by running 200000 trajectories in order to reduce statistical errors. The results obtained with 100000 trajectories are coincident and quasi-identical to those obtained with 200000 trajectories.

The quantum numbers v ′ and j ′ of the diatomic CO product have been assigned using the usual histogrammatic binning method, which consists in rounding the vibrational and rotational classical actions to the nearest integer. This procedure is one of the major shortcomings of the QCT method. However, significant errors are only observed when the number of open rovibrational channels of the products is small. The title reaction is not very much concerned by this drawback as long as we are interested in the D+CO reactive channel and not in the O+CD channel.

The calculations of state-to-state integral cross sections and rate coefficients have been 

III. RESULTS AND DISCUSSION

A. Total and state-to-state reaction probabilities at J = 0 Total reaction probabilities as a function of collision energy calculated using the RWP and QCT methodologies for the C+OD(v = 0, j = 0, 1, 5) reactions at total angular momentum J = 0 are depicted in Figure 1. As for the C+OH reaction [25], the reaction probabilities show no threshold, as expected for a barrierless reaction, reaching values around 1 just above the lowest collision energies calculated (steplike behavior). This reveals that the reaction is dominated by the capture of the reagents due to the large exothermicity and barrierless character of the PES. Some oscillatory behavior is observed in the RWP reaction probabilities over the whole range of collision energies, although the amplitude of the structures decreases with increasing collision energy. To check the effect of a fine grid bases on these oscillatory some tests calculations have been performed with large ro-vibrational basis and with large dimension of radial grid and Legendre basis. After many test, we converged the reaction probabilities at zero total angular momentum,J = 0, with the parameters and basis of the Table 1. The origin of these structures cannot be attributed to real resonances but to the incomplete damping of the outgoing wave packet [4]. It is found that both RWP and QCT probabilities slightly decrease with increasing collision energy for all j values considered and the QCT probabilities reproduce the overall shape of the RWP results, but the former are somewhat smaller than the latter. This behavior is more marked for this isotopic variant than for the C+OH reaction and the influence of the initial rotational excitation of the OD reagent is very minor and without a clear tendency, as in the C+OH case [25].

Figure 2 shows RWP and QCT reaction probability product vibration distributions calculated at J = 0 and selected collision energies (0.01, 0.05, 0.1, 0.5 eV) for the C+OD(v = 0, j = 0) reaction. As can be seen, the state-resolved reaction probabilities show a similar structure and a substantial product vibrational excitation is observed with a clear population inversion. As collision energy increases, the RWP vibrational distributions are hotter, becoming wider and peaking at higher v ′ values. The QCT vibrational distributions reproduce the overall shape of the RWP distributions at all collision energies, except at 0.05 eV where the RWP distribution is colder. Surprisingly, all QCT vibrational distributions calculated at the three lowest collision energies are highly peaked at v ′ = 14 -15.

In contrast, the RWP distributions show some bimodality at some of the collision energies calculated. The agreement between the RWP and QCT distributions for the title reaction is of a similar quality as for the C+OH reaction [25].

RWP final rotational distributions for a given product vibrational quantum state (v ′ = 14, which is one of the most populated product vibrational state) at the various collision energies are depicted in Figure 3. The RWP product rotational distributions for the C+OD reaction display less oscillatory behavior than those for the C+OH system [25]. No clear tendency is observed for both C+OH and C+OD reactions as collision energy increases. In general, the distributions for the C+OD system are hotter than those for the C+OH reaction. The corresponding QCT rotational distribution at 0.1 eV collision energy is also plotted in Figure 3 to compare with the RWP results. At all collision energies, the QCT distribution is colder than the RWP one. The agreement between the two results is not very good, except at 0.5 eV.

B. Excitation functions and state-resolved integral cross sections

Excitation functions for several initial j states for the title reaction calculated using the capture model from the RWP J = 0 reaction probabilities and the corresponding QCT results are plotted in Figure 4. As can be seen, all excitation functions have a similar shape, with decreasing cross sections as collision energy increases. In addition, rotational excitation of the OD molecule has no significant effect on reactivity, with the exception of the very low collision energies. At very low collision energy, the RWP cross section decreases as the collision energy goes to zero, while the QCT cross section shows no maximum, as expected for a barrierless reaction. The discrepancy observed in the RWP method at very low collision energy might come from an incomplete damping of the slowly moving components of the wave packet. These results are very similar to those found for the C+OH reaction [25] and correspond to a typical behavior for a reaction with no barrier and similar, among others, to the radical-radical OH+O [23], OH+N [24] and ion-molecule [26] reactions.

Figure 5 shows a comparison between RWP and QCT excitation functions for the C+OH(v = 0, j = 0) and C+OD(v = 0, j = 0) reactions. As can be seen, the QCT integral cross-sections for both C+OH and C+OD reactions are slightly smaller than the RWP ones in the whole range of collision energies. It is interesting to notice that the QCT and RWP cross-sections for the C+OD reaction are smaller than those obtained for the C+OH reaction in the whole collision energy range, which indicates an isotope effect (defined as Γ = σ CO+H /σ CO+D ) larger than one. This result is in contrast with that found for the insertion barrierless S( 1 D)+H 2 /D 2 reaction, where no significant isotope effect was found [27]. No isotope effect would be expected for a typical statistical insertion reaction.

The fact that a positive isotope effect is found for the C+OH/OD reactions indicates that this system deviates from a statistical behavior.

The computed vibrationally state-resolved integral cross-sections at selected collision energies for the C+OD(v=0,j=0) reaction are plotted in Figure 6. The RWP vibrational distributions peak at high values of v ′ showing population inversion. It is clear that the RWP plots of ICSs at constant collision energies as a function of product vibrational quantum number show a bimodality at low collision energies of 0.01 eV, 0.05 eV and 0.1 eV while the QCT ICSs display a monomodal behavior at all collision energies. The agreement found between the RWP and QCT vibrational distributions is rather good at 0.01 eV collision energy. However, at the higher collision energies (0.05, 0.1 and 0.5 eV), the QCT vibrational distribution peaking at lower rotational quantum numbers. As collision energy increases, more and more low vibrational states are populated in the QCT distributions and the peak of the distributions is shifted toward lower v ′ values. This behavior has been observed in our previously for the C+OH reaction [25].

C. Rate coefficients

Initial rotational state-selected rate coefficients in the temperature range 0-500 K have been calculated from the corresponding RWP and QCT excitation functions using Eq.( 6) and considering Eq. ( 7) in Ref. [25] for the electronic partition function and are depicted in Figure 7. As can be seen, both RWP and QCT state-selected rate coefficients first increase at the lowest temperatures up to 20 K and 7 K respectively. Then they decrease slightly with increasing temperature reaching an almost constant value at 150 K. Similar findings have been reported for the C+OH isotope variant of the reaction [25]. The QCT rate coefficients are slightly lower than the RWP ones in the studied range of temperatures. The RWP and QCT state-selected rate coefficients for the title reaction are only slightly dependent on the initial rotational quantum number of the reagent molecule. The agreement found between RWP and QCT rate coefficients is good at temperatures above about 100 K.

The corresponding RWP rate constants obtained by statistically averaging over the rotational states j = 0 -5 have been calculated using Eq.( 8) in Ref. [25] and are displayed in Figure 8 for both the C+OH and C+OD reactions. The corresponding QCT rate coefficients for the C+OD reaction are also depicted in the figure. As found for the integral cross sections, a positive isotope effect is found for the C+OH/C+OD reaction, the C+OH rate coefficients being somewhat larger than those for the C+OD reaction. In any case, both RWP and QCT k(T ) values are almost independent on temperature for T > 200 K.

In general, the QCT rate coefficients are smaller than those obtained by the RWP method.

The agreement is increasingly better at temperature increases.

IV. CONCLUSIONS

Initial state selected total reaction probabilities, product state-resolved integral cross sections at selected collision energies (0.01, 0.05, 0.1, 0. The integral cross-section values for C+OD obtained from RWP and QCT calculations are nearly the same at high collision energies. It has also been found that the dynamics is not very sensitive to the choice of initial j values considered, except at very low energy or temperature. Some interesting discrepancies between the QCT methodology and RWP calculations have been found. Of course, the QCT method is ambiguous in the treatment of the ZPE in the product channel. In addition, this classical method ignores possible tunneling effects, which are fully accounted for in the QM calculations. For the RWP side, errors can be appear at very low collision energy because of the incomplete damping of the slowly moving components of the wave packet. Finally, the RWP cross sections and rate constants have been calculated using the J-shifting approximation. A first necessary improvement is the removal of such an approximation. Work in these directions is underway in our groups. [26] N. Bulut, J. F. Castillo, F. J. Aoiz, and L. Bañares, Phys. Chem. Chem. Phys. , 10, 821-827 (2008).

[27] L. Bañares, J. F. Castillo, P. Honvault and J.-M. Launay, Phys. Chem. Chem. Phys., 7, 627 (2005). Figure 3 Final j ′ state-resolved reaction probabilities at J = 0 for the C+OD(v = 0, j = 0 -5)→CO(v ′ = 14, j ′ )+D reactions at selected collision energies (0.01, 0.05, 0.1, 0.5 eV) obtained with the RWP method (black circles) and QCT method (red squares). We submit a new revised version of the manuscript "Influence of ro-vibrational and isotope effects on the dynamics of the C(^3P)+OD(X^2\Pi) ---> CO(X^1\Sigma^+)+D(^2S)reaction". We thank the referee for his/her comments and remarks that have helped us to improve the presentation of the paper and helped the reader to a better understanding.
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The C + OH reaction (and its isotopic variants) is known to take place (leading to formation of CO which is a key species) in interstellar medium, especially in cold and dense interstellar clouds (temperature around 10 K). This reaction is included in the international data bases such as UMIST, OSU, KIDA,… However crude (and often wrong) estimates of its rate constants are used in these data bases [see for instance Introduction in J. Chem. Phys. 126, 184308

]. Furthermore, no experimental data are available on this system (very difficult system for experiments). So the rate constant at low temperature has to be computed using theoretical methods, such as quantum mechanical or quasi-classical trajectory methods.

The global fit of the potential energy surface is given in bond coordinates, and no problem was found.

The reaction probability is less than 1 because inelastic processes take place too, as found in other OH + atom systems.

The method used in Ref. 4 is a statistical quantum wave packet method, that is more accurate than the standard Clary-Henshaw capture model, but in general less accurate than the quasi- There is a discrepancy between the QCT and WP rotational distributions, already found in C+OH. The WP integral cross sections were obtained using a J-shifting method. Such an approximation may be appropriate for total or even vibrationally state-resolved cross sections, but the application of such a method to product rotationally state-resolved cross sections must be used with caution.

Page 4, section "II. Theory", subsection "A. Real wave packet method", after the last line (RWP integral cross sections and rate coefficients have been evaluated using the same methodologies as in Ref. [25].), we have added the following sentence: "WP calculations have been performed for total angular momentum J=0. A variant of the standard J-shifting method has been applied to estimate reaction probabilities for J>0 and integral cross sections as a function of collision energy and rate coefficients have been calculated from the state-tostate reaction probabilities".

We recall that the main goal of the paper is to present a comparison between WP and QCT results in order to exhibit some quantum effects, and a comparison between C+OH and C+OD. However, we agree with the referee and a complete analysis of the trajectories for both the C+OH/OD reactions will be done in a future study at several collision energies and for different rovibrational states of OH/OD. This QCT study (ICS, DCS, complex lifetime, ...) may help to understand (better than with capture models) the mechanisms involved in these reactions and the origin of differences found between the two isotopic systems.

We have also considered the "minor comments" enumerated by the referee and corrected the text accordingly. One exception: we agree with the referee about the definition of the "excitation function", but we keep the "excitation function" expression which is usually employed in the communiy. 

  to the CO+H products, with the COH complex being a metastable minimum relative to the product channel. The five saddle points correspond to potential barriers for both the dissociation/formation of HCO and COH into/from CO+H, to barriers for the isomerization of HCO into COH and to barriers for the inversion of HCO and COH through their respective linear configurations.

  cross sections. The RWP results were thoroughly compared with QCT calculations on the same PES.

  outlined in Refs.[2,3].

  5 eV), integral cross-sections as a function of collision energy and rate coefficients for the reaction C+OD→CO+D have been computed using a time dependent real wave packet method and the quasi-classical trajectory approximation on the ground PES of Zanchet et al. [J. Phys. Chem. A 110, 12017(2006)].
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 2 Figure 2 Final v ′ state-resolved reaction probabilities at J = 0 for the C+OD(v = 0, j = 0) →CO(v ′ )+D reaction at selected collision energies (0.01, 0.05, 0.1, 0.5 eV) obtained with the RWP (black squares) and QCT (open circles) methodologies.
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 4 Figure 4 Integral cross-sections as a function of collision energy for the C+OD(v = 0, j = 0 -5) reactions calculated by the RWP and QCT methods.
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 5 Figure 5 Integral cross-sections as a function of collision energy for the C+OD(v = 0, j = 0) and C+OH(v = 0, j = 0) reactions calculated by the RWP and QCT methods.
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 65 Figure 6 Final v ′ state-resolved integral cross sections for the C+OD(v = 0, j = 0 -5) →CO(v ′ )+D reactions at selected collision energies (0.01, 0.05, 0.1, 0.5 eV) calculated with the RWP method (black squares) and QCT method (open squares).
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 7 Figure 7 Rotationally state-specific rate coefficients as a function of temperature for the C+OD(v = 0, j = 0 -5) reaction calculated with the RWP method (top panel) and the QCT method (bottom panel).
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 814251234567815251225 Figure 8 Thermal rate constant as a function of temperature for the C+OD(OH) reaction calculated with the RWP method (red and black) and the QCT method (blue).
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  classical trajectory. Recently, we have published an article with a comparison of rate constants calculated using different capture methods [J. Phys. Chem. A 114, 7494 (2010)].
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