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A quantum-classical study of the OH + H 2 reactive and inelastic collisions

Keywords: Quantum-Classical methods, reactive probabilities, state to state non reactive probabilities, vibrational adiabaticity

We carried out a study of OH + H 2 scattering using a quantum-classical method, treating quantally vibrations and classically both translations and rotations. The good agreement between the state specific quantum-classical reactive probabilities and the corresponding quantum ones prompted the extension of the study to state to state probabilities for non reactive vibrational energy exchange. The study showed that H 2 reactive dynamics depends on the vibrational excitation, while the non reactive one is mainly vibrationally adiabatic. On the contrary, OH reactive dynamics is not affected by its vibrational excitation, whereas the non reactive one might produce some pumping up to higher vibrational states.

Introduction

The OH ( 2 Π) + H 2 ( 1 Σ + g ) → H 2 O (X 1 A 1 ) + H( 2 S) reaction together with its isotopic variants is an important case study of four atom elementary process because of the role played in combustion and atmospheric chemistry [START_REF] Warnatz | Rate coefficients in the C/H/O system[END_REF][START_REF] Clary | Theory of Reactive Collisions at Low Temperatures[END_REF]. This reaction represents, as well, one of the simplest and prototypical cases of four body processes, due to the fact that three out of the four intervening atoms are hydrogens with the consequent simplicity of electronic structure calculation and fitting to a reliable Potential Energy Surface (PES). Moreover, the lightness of H exalts quantum effects and makes the comparison of experimental work (based on flash photolysis [START_REF] Ravishankara | Kinetic study of the reaction of hydroxyl with hydrogen and deuterium from 250 to 1050 K[END_REF][START_REF] Tully | Flash photolysis-resonance fluorescence kinetic study of the reactions OH + H 2 → H 2 O + H and OH + CH 4 → H 2 O + CH 3 from 298 to 1020 K[END_REF] and crossed beams [START_REF] Alagia | The dynamics of the reaction OH + D 2 → HOD + D : Crossed beam experiments and quantum mechanical scattering calculations on ab initio potential energy surfaces[END_REF][START_REF] Strazisar | Mode-Specific Energy Disposal in the Four-Atom Reaction OH + D 2 → HOD + D[END_REF]) with theoretical studies [START_REF] Zhang | Full-dimensional time-dependent treatment for diatom-diatom reactions: The H 2 + OH reaction[END_REF][START_REF] Balakrishnan | Integral cross sections and rate constants for the reaction OH + H 2 → H 2 O + H: A semiclassical wave packet approach[END_REF][START_REF] Sierra | The OH + D 2 → HOD + D angle and velocity distribution: quasi-classical trajectory calculations on the YZCL2 and WSLFH potential energy surfaces and comparison with experiments at E t = 0.28 eV[END_REF] particularly interesting.

As a matter of fact, for this system a certain number of ab initio PES's have been produced over the years [START_REF] Bradley | A Quasi-Classical Trajectory Study of Product Energy and Angular-Distributions in OH + H 2 /D 2[END_REF][START_REF] Wu | A new potential surface and quasiclassical trajectory study of H 2 O + H → OH + H 2[END_REF][START_REF] Yang | Ab initio potentialenergy surfaces for the reactions OH + H 2 → H 2 O + H[END_REF][START_REF] Chen | A global potential energy surface for the H 2 + OH → H 2 O + H reaction using neural networks[END_REF]. Full quantum techniques have also been applied to dynamical studies of this process both for J = 0 and for J > 0 [START_REF] Zhang | Full-dimensional time-dependent treatment for diatom-diatom reactions: The H 2 + OH reaction[END_REF][START_REF] Chen | A global potential energy surface for the H 2 + OH → H 2 O + H reaction using neural networks[END_REF][START_REF] Bhattacharya | Cross sections and rate constants for OH + H 2 reaction on three different potential energy surfaces for ro-vibrationally excited reagents[END_REF][START_REF] Zhao | State-to-state differential cross sections for a four-atom reaction: H 2 + OH H 2 O + H in full dimensions[END_REF] and for its isotopic variants [START_REF] Xiao | Experimental and theoretical differential cross sections for a four-atom reaction: HD + OH H2O + D[END_REF][START_REF] Zhao | State-to-state differential cross sections for D2 + OH D + DOH reaction: Influence of vibrational excitation of OH reactant[END_REF]. Full quantum calculations at J > 0 demand an increasingly heavier amount of both compute time and memory resources as the total angular momentum J increases, making them very costly. A way of carrying out a full dimensional study without sacrificing the possible quantum features of vibrational energy exchanges and maintaining, at the same time, reasonable time and resources expense is to adopt a mixed Quantum-Classical (QC) technique [START_REF] Balakrishnan | Integral cross sections and rate constants for the reaction OH + H 2 → H 2 O + H: A semiclassical wave packet approach[END_REF][START_REF] Balakrishnan | A mixed quantal/classical study of the reaction OH + H 2 → H 2 O + H[END_REF][START_REF] Billing | The Quantum Classical Theory[END_REF]. In the QC method the quantum and classical treatments deal separately with different degrees of freedom whose coupling is ensured via an effective Hamiltonian formulated in terms of the expectation value of the semiclassical Hamiltonian, computed using the quantal wavefunction.

As discussed in this paper the recent publication of an ab initio potential energy surface of the title system by Chen et al. [START_REF] Chen | A global potential energy surface for the H 2 + OH → H 2 O + H reaction using neural networks[END_REF] and of the related full quantum estimates of state specific probabilities has allowed us both to test the accuracy of the QC treatment [START_REF] Coletti | Quantum-classical calculation of cross sections and rate constants for the H 2 + CN → HCN + H reaction[END_REF] and to extend the study to the state to state exchange of vibrational energy. Accordingly, the paper is organized as follows: in Section 2 the adopted QC method is described; in Section 3 details on the performed calculations and the computational benefits obtained from the parallelization of the code are illustrated; in Section 4 results obtained for the title process and the rationalization of its dynamical features are discussed; in Section 5 some conclusions are drawn.

Method

A full description of the quantum-classical method and of the code used has been reported elsewhere [START_REF] Balakrishnan | Integral cross sections and rate constants for the reaction OH + H 2 → H 2 O + H: A semiclassical wave packet approach[END_REF][START_REF] Coletti | Quantum classical methods: a quantumclassical approach to diatom-diatom reactive scattering and VV energy transfer[END_REF] and here we outline only its application to the OH + H 2 system. The considered quantities are the detailed (state specific, for the reactive process, and state to state, for inelastic collisions) 40 properties for colliding diatom-diatom systems by solving the related time dependent Schrödinger equation as formulated below:

ih ∂Ψ ∂t = Ĥ Ψ, (1) 
The nuclear arrangement is defined in a space fixed Jacobi coordinate system via the three vectors R 1 (O-H c ), R 2 (H a -H b ) and R 3 (OH c center of mass-H a H b center of mass) (see Fig. 1). In this coordinate system the Hamiltonian can be expressed in terms of the cartesian coordinates of the three i-th r vectors (collectively indicated as {x, y, z}), obtained by mass scaling the R vectors:

Ĥ = - 3 i=1 h2 2µ i ∂ 2 ∂x i 2 + ∂ 2 ∂y i 2 + ∂ 2 ∂z i 2 + V ({x, y, z}) (2) 
where µ 1 and µ 2 are the reduced mass of diatoms OH c and H a H b , respectively and µ 3 is the overall reduced mass of the system:

µ 1 = m Hc m O m Hc + m O , (3) 
µ 2 = m Ha m H b m Ha + m H b , (4) 
µ 3 = (m Ha + m H b )(m Hc + m O ) m Ha + m H b + m Hc + m O = (m Ha + m H b )(m Hc + m O ) M (5) 
Using the corresponding spherical polar representation x i , y i , z i can be expressed as:

x i = r i sin θ i cos φ i (6) y i = r i sin θ i sin φ i z i = r i cos θ i
where r i is the radial coordinate and θ i and φ i represent the associated polar and azimuthal angles, respectively. In these coordinates Eq.2 can be reformulated as:

Ĥ = - 3 i=1 h2 2µ i ∂ 2 ∂r i 2 + 1 r i 2 ∂ 2 ∂θ i 2 + cot θ i ∂ ∂θ i + 1 sin 2 θ i ∂ 2 ∂φ i 2 + V ({r, θ, φ}) (7)
where {r, θ, φ} = r 1 , θ 1 , φ 1 , r 2 , θ 2 , φ 2 , r 3 , θ 3 , φ 3 and Ĥ = r 1 r 2 r 3 Ĥ (r 1 r 2 r 3 ) -1 , 45 once that the wavefunction transformation Ψ = ψr 1 r 2 r 3 is adopted in order to eliminate first derivatives in r i . The hallmark of the method is the already mentioned different treatment of classical and quantal degrees of freedom (in the present case, vibrations are treated quantally while translations and rotations classically). For this reason, use has to be made of the semiclassical 50 Hamiltonian that, once replaced the momentum operators with their classical counterparts, takes the form (see eq. 6 of Ref. [START_REF] Coletti | Quantum classical methods: a quantumclassical approach to diatom-diatom reactive scattering and VV energy transfer[END_REF]):

ĤSC = TQ + 3 i=1 1 2µ i r 2 i p 2 θ i + 1 sin 2 θ i p 2 φ i + p 2 r 3 2µ 3 + V ({r, θ, φ}), (8) 
where TQ represents the purely quantum kinetic energy operator defined as:

TQ = - 2 i=1 h2 2µ i ∂ 2 ∂r 2 i . (9) 
In order to couple the different degrees of freedom one has to consider the effective semiclassical Hamiltonian expectation value:

H ef f SC = ψ| ĤSC |ψ ψ|ψ , (10) 
where the brackets denote integration over the variables r 1 and r 2 . More in detail, H ef f SC can be written also as

H ef f SC = ψ| TQ |ψ ψ|ψ + p 2 r 3 2µ 3 + 1 2µ 3 r 2 3 p 2 θ 3 + 1 sin 2 θ 3 p 2 φ 3 + 2 i=1 ψ|1/r 2 i |ψ ψ|ψ 1 2µ i p 2 θ i + 1 sin 2 θ i p 2 φ i + ψ| V |ψ ψ|ψ . (11) 
In order to follow the time evolution of the system, the time integration of classical degrees of freedom and the wavepacket propagation need to be performed simultaneously. For the latter one we can rewrite the time dependent Schrödinger equation by considering only the quantal part of the Hamiltonian:

ih ∂ψ ∂t = 2 i=1 - h2 2µ i ∂ 2 ∂r i 2 + 1 2µ i r i p 2 θ i + 1 sin 2 θ i p 2 φ i + V (r 1 , r 2 ; t) ψ. (12) 
and integrate it using a grid of internuclear distance values. To this end a twodimensional discrete grid in the quantum variables r 1 and r 2 is adopted and the initial wavefunction is formulated as the product of two Morse oscillator wavefunctions representing the vibrations of the two molecules,

ψ(r 1 , r 2 , t = 0) = ϕ υ 1 (r 1 )ϕ υ 2 (r 2 ). ( 13 
)
The time propagation of the wavepacket is performed using the split operator. On the contrary, the classical variables are integrated using the predictor corrector method. The reactive probability is computed when a trajectory is completed by evaluating the wavefunction flux before its absorption by an imaginary absorbing potential [START_REF] Neuhauser | The time-dependent Schroedinger equation: Application of absorbing boundary conditions[END_REF] located in the product channel, while the non reactive one is obtained by analysing the remaining non reactive wavepacket. To this end the final wavefunction is projected onto the reactants basis functions to evaluate the final population distribution of the vibrational levels.

Note that in this case the evaluation of reactive and inelastic probabilities is performed simultaneously. This is somewhat different from the mixed quantum classical method introduced by Billing [START_REF] Billing | Rate constants for vibrational transitions in diatom-diatom collisions[END_REF] and recently extended by Babikov (see [START_REF] Babikov | Recent Advances in Development and Applications of the Mixed Quantum/Classical Theory for Inelastic Scattering[END_REF] and references therein) which is focused on inelastic scattering.

Computational Details

For the calculations to be reliable, convergency tests aimed at optimizing the simulation parameters have been performed. The parameters obtained from the optimization procedure are summarized in Table 1. As to the extension of the internuclear distance grid, simulations at different upper and lower grid limits for both r OHc and r HaH b (r 1 and r 2 in the notation of the equations of Section 2) have been performed. Tests have been carried out at 0.3, 0.4, 0.5 and 0.6 Å to set the minimum value of r OHc (r OHc min ) and at 1.5, 2.0, 2.5, 3.0, 4.0 Å to set its maximum value (r OHc max ). Similarly for r HaH b min and r HaH b max tests have been performed at r HaH b equal to 0.15, 0.20, 0.3, 0.4 and 0.5 Å and at 3.0, 4.0 and 5.0 Å, respectively. The initial value of the diatoms centers of mass distance, r 3 , was also tested. However, it seems that the potential energy surface is accurate up to r 3 = 8 Å ca., as also suggested by the fact that fitting points in ref. [START_REF] Chen | A global potential energy surface for the H 2 + OH → H 2 O + H reaction using neural networks[END_REF] extend up to ca. 15 bohr. Thus, the value of r 3 = 7 Å was chosen as initial parameter for all simulations.

Different ∆t values have also been used (0.01, 0.02, 0.04, 0.08, and 0.1 fs) to the end of evaluating the convergence of the treatment within the integration time step. The number of trajectories has also been optimized at the lowest energy of 0.1 eV by checking the convergence of the results. Table 1 shows the adopted values of the various parameters. In order to gain computing efficiency we have parallelized the Fortran code using the shared memory paradigm in its OpenMP implementation. The parallel distribution of the workload was performed by assigning different trajectories to the various threads. As expected, this coarse grain parallelization leads to performances close to ideal (solid line) upon an in-105 crease of the number of processors (see Figure 2 for the related speedup plot when increasing the number of processors up to 8). 

Results and Discussion

State specific reactive QC probabilities were calculated for total angular momentum J = 0 and compared with the full quantum ones of Chen et 110 al. [START_REF] Chen | A global potential energy surface for the H 2 + OH → H 2 O + H reaction using neural networks[END_REF] at different initial translational energies (Figure 3). The Figure shows the good agreement of the two results which differ for less than 10%, with the QC probabilities slightly overestimating the full quantum ones in the vibrational ground state for the two diatoms. A further qualitative analysis can be made by comparing QC results with the experimental ones. The latter show a marked increase of the reaction rate constant when H 2 (note that hereinafter we drop the labelling of hydrogen atoms in H 2 and OH because we always refer to the arrangement of the reactants.) is vibrationally excited [START_REF] Zellner | Vibrational Rate Enhancement in the Reaction OH + H 2 → H 2 O + H[END_REF] (specifically for v H 2 = 1 with respect to v H 2 = 0), whereas no significant change in the reaction rate is observed upon vibrational excitation of OH [START_REF] Light | The effect of vibrational excitation in the reactions of OH with H 2[END_REF] (for v OH = 1 with respect to v OH = 0). Indeed, our results confirm the higher efficiency of the initial vibrational excitation of the reactant H 2 in promoting the reaction (see Figure 4). The plots of the QC reactive probability (compare crosses (v OH = 0, v H 2 = 0) with points (v OH = 0, v H 2 = 1) and solid circles (v OH = 0, v H 2 = 2)) of Figure 4) show a significant increase of the reactive probability of the system with v H 2 , that is from 0.1 to 0.2 larger than that of the neighbour lower vibrational state in the whole investigated collisional energy range. In contrast, the vibrational excitation of OH from v OH = 0 to v OH = 1 and v OH = 2 has no appreciable effect on the value of the reactive probability of the system: as shown in Figure 4, the reactive probability computed for different values of the vibrational quantum numbers of OH are in this case hardly distinguishable from that of v OH = 0, in agreement with the experimental results of ref. [START_REF] Light | The effect of vibrational excitation in the reactions of OH with H 2[END_REF] and the theoretical ones of refs. [START_REF] Zhang | Full-dimensional time-dependent treatment for diatom-diatom reactions: The H 2 + OH reaction[END_REF][START_REF] Zhao | State-to-State Mode Specificity: Energy Sequestration and Flow Gated by Transition State[END_REF]. In particular, our results also show a very small increase in the reaction probabilities for v OH = 1, with respect to v OH = 0, at small energies (not appreciable in Fig. 4). This difference in the reaction probabilities tends to vanish as the energy increases. The good agreement between QC and full quantum approaches for v OH = v H 2 = 0 and, qualitatively, between QC results and experiments is a signif-icant test for the present approach, taking into account that the computational effort of these calculations is only slightly larger than quasi-classical methods and that relevant quantum effects (like the zero point energy of the diatoms) are included in the treatment.

Once proven that QC calculations can provide reliable results, we focused our investigation on the understanding of the reaction mechanism. For this reason, we have analyzed the trajectories associated with the QC calculations performed using the same initial conditions of the quantum study. The product H 2 O molecule is formed by the binding to OH of one of the hydrogens in which H 2 breaks. This is in agreement with the fact that, as shown in Fig. 4, an increase of the vibrational excitation of the hydrogen molecule (and, therefore, the stretching of the related bond) is indeed the key factor in promoting reactivity.

Typically, the trajectories associated with the initial conditions of the reactants mimicking those of quantum calculations follow two qualitatively different paths to reactions. The first one (see Fig. 5, upper panel) is consistent with a direct mechanisms in which H 2 dissociates and one of the dissociated H sticks on the OH molecule while the remaining hydrogen atom flies away. The second one (see Fig. 5, lower panel) is typical of a long lived intermediate complex forming mechanism that leads to more effective energy redistributions among the various degrees of freedom.

Our calculations also allowed to single out an effect that only full quantum and QC calculations can spot, while it might go undetected in pure quasiclassical trajectory calculations due to their poor discretization method. This effect is the vibrational excitation of the non reacted OH molecule as a result of the already commented formation of an intermediate long lived complex. This is clearly shown in Figure 5, lower panel, where the quantum expectation value of r OH after collision becomes sensibly larger.

The possibility of producing vibrationally excited OH after collision is confirmed by the calculations of the probabilities for vibrational energy exchange process. An accurate quantitative evaluation of vibration-to-vibration and vibration-to-translation energy transfer cross sections and rate constants would require an initial distance of the centres of mass of the diatoms much larger than 8 Å, which, as already mentioned, seems to be the largest distance at which the PES is still reliable. Indeed the long range part of the potential is known to play a crucial role in these non reactive events, particularly when resonant or near resonant processes are concerned. Because of this, here we will only make qualitative considerations about the diatoms vibrational population distribution after non reactive collisions. Figure 6 shows the QC state to state non reactive probabilities corre- 

(v H 2 = 1, v OH = 0) → (v H 2 = 0, v OH = 1) than for (v H 2 = 0, v OH = 1) → (v H 2 = 1, v OH = 0
) process, and even more so for (v

H 2 = 2, v OH = 0) → (v H 2 = 1, v OH = 1) with respect to (v H 2 = 0, v OH = 2) → (v H 2 = 1, v OH = 1
) process. This might be an indication of a tendency to the depletion of excited H 2 and an increase of excited OH in the 195 final states. Furthermore, at higher translational energies vibrationally excited H 2 is more prone to react and, thus, is much less efficient in populating higher vibrational levels. 

Conclusions and Future Perspectives

In this paper we use a Quantum Classical technique in order to perform a detailed state to state study of the title process and to obviate the heavy computational demand associated with the use of full quantum approaches. Furthermore, we exploit the fact that we have been able to gain almost one order of magnitude in speed by running in parallel on a cluster of 8 processors. This has been made possible both by the largely decoupled nature of the classical mechanics component of the QC code and by the compactness of its quantum one that makes the code highly distributable.

Our calculations led to an excellent agreement between full quantum and QC results. The QC calculations provide a clear evidence for the fact that there exist two different reactive mechanisms for the OH + H 2 → H 2 O + H reaction: the first one proceeding through a direct attack of the H atom originating from the dissociation of H 2 and a second one forming a long lived complex in which the two H atoms play a longer living interchange of energy among the different degrees of freedom. The two mechanisms also offer a rationale for understanding why the behavior of non reacted H 2 is mostly vibrationally adiabatic (the largest fraction of vibrationally excited H 2 ends up by reacting, as shown also by the fact that vibrational excitation of H 2 significantly increases reactivity), while the final vibrational distribution of non reacted OH shows a tendency to give higher vibrational energy distributions.

Preliminary calculations on internal energy redistribution processes upon non reactive collisions have also demonstrated that the QC code can be effectively used to investigate quantum effects in inelastic scattering. However, in order to get reliable results in this sense, the potential energy surface has to take into account long range effects, which are essential to accurately evaluate the exchange of vibrational quanta of energy.

To this end future studies, beside being extended to include larger collision energies and higher vibrational excitations and to calculate averaged quantities so to allow the computation of the relevant rate constants, will be directed on the investigation of how the nature of the potential, and particularly the introduction of a long range tail to the present PES, affects both the reactive and inelastic energy exchange processes.
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 1 Figure 1: Sketch of the fixed Jacobi coordinates used for the OH c + H a H b system

  OHc 42 N r Ha H b 81 r OHc min , r OHc max , ∆r OHc ( Å) 0.40 2.5 0.05 r HaH b min , r HaH b max , ∆r HaH b ( of trajectories at each energy value 30,000 Table 1: Optimized parameters used for the simulations. N r OHc and N r Ha H b represent the number of grid points along r OHc and r HaH b coordinates, respectively; r 3 is the distance between the centers of mass of the diatoms.
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 2 Figure 2: Measured Speedup (crosses) of the QC code using up to 8 cores. The solid line shows the ideal behaviour.

Figure 3 :

 3 Figure 3: State specific (J = L = 0, v OH = v H2 = 0, j OH = j H2 = 0) OH + H 2 → H 2 O + H reactive probability plotted as a function of the translational energy (QC results in red, full quantum results in green)

Figure 4 :

 4 Figure 4: State specific (L = 0, j OH = j H2 = 0) OH + H 2 → H 2 O + H QC reactive probability plotted as a function of the translational energy at different initial vibrational levels of the reactants.

Figure 5 :

 5 Figure 5: Plot of a direct (upper panel) and intermediate forming (lower panel) trajectories for J=0, v OH =0, v H2 =0. Classical values of r OHa (dashed-dotted line), r OH b (double dashed-dotted line) and quantum expectation values of {r HaH b } = ψ|r Ha H b |ψ ψ|ψ (dotted

Figure 6 :

 6 Figure 6: Non reactive state (v OH , v H2 ) to state (v OH , v H2 ) probabilities plotted as a function of one of the product vibrational level at E tr =0.1 eV, solid line, E tr =0.3 eV, dotted line, and E tr =0.6 eV, dashed line.
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