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This article presents a new reactive potential in the ReaxFF formalism. It aims to include the chlorine element, and opens up the fields of use of ReaxFF to the whole class of organochloride compounds including conjugated or aromatic groups. Numerous compounds in this family raise global awareness due to their environmental impact, and such a reactive potential will help investigate their degradation pathways. The new force field, named CHONCl-2022_weak, belongs to the aqueous branch. The force field parameters were fitted against high-level quantum chemistry calculations, including CASSCF/NEVPT2 calculations and density functional theory calculations, and its accuracy was evaluated using a validation set. The root means square deviation against quantum mechanics energies is 0.38 eV (8.91 kcal mol -1 ). From a structural point of view, the root means square deviation is about 0.06Å for the bond lengths, 11.86 • for the angles and 4.12 • for the dihedral angles. With CHONCl-2022_weak new force field, we successfully investigated the regioselectivity for nucleophilic or electrophilic attacks on polychlorinated biphenyls (PCB), which are toxic and permanent pollutants. The rotation barriers along the bond linking the two benzene rings, which is crucial in the toxicity of these compounds, are well reproduced by CHONCl-2022_weak. Then our new reactive potential is used to investigate the chlorobenzene reactivity in the presence of hydroxyl radicals in atmospheric condition or in aqueous solution. The reaction pathways computed with ReaxFF agree with the quantum mechanics results. We showed that, in the presence of dioxygen molecules, in atmospheric condition, the oxidation of chlorobenzene likely leads to the formation of highly oxygenated compounds after the abstraction of hydrogen radicals. In water the addition of an hydroxyl radical leads to the formation of chlorophenol or phenol molecule, as already predicted from plasma-induced degradation experiments.

I. INTRODUCTION

Computational chemistry provides powerful methodologies in order to investigate chemical systems, including classical molecular mechanics approaches, the fastest and quantum mechanics (QM) methodologies, the most accurate. Considering the investigation of the chemical reactivity of complex systems, a methodology accurate enough to describe bonds breaking and formation is needed at an atomic resolution. Bridging the gap between molecular mechanics and a more sophisticated approach such as quantum chemistry, ReaxFF is a reactive potential based on the socalled bond order. It allows chemical reactions to be considered in molecular dynamics simulations of large systems. ReaxFF, developed since 2001 by van Duin et al. 1 , has proven its efficiency in describing reactive systems of various domains and different phases, including a wide variety of elements 2 . It was initially designed to study organic compounds with carbon and hydrogen atoms to focus on combustion reactions 1 . However, it rapidly increased its field of application since the CHO reactive force field publication by Chenoweth et al. 3 in 2008. Many variations appear from this new force field, and a wide variety of force fields were published divided into two main branches called the aqueous branch and the combustion branch 2 .

One of these force fields called Protein-2013, coming from the aqueous branch, was a step forward when it was published 4 . Indeed it allows for the first time to investigate the reactivity of biomolecules through molecular dynamics simulations, including water as a solvent. All the elements needed to consider amino acids were parameterized, including, in particular, nitrogen, sulfur and counter ions. This force field has been updated twice in 2017 5 and 2018 6 with a better description of the weak forces and has become the well-none force field CHON-2017_weak force field used in numerous works [7][8][9] . This new version of ReaxFF can be implemented to investigate the degradation pathways of organic molecules. One point of particular interest in the nowadays environmental context would be the ability to consider the chlorine element. Indeed, organochlorides are compounds widely used in the last half-century in an industrial or pharmaceutical context [10][11][12] . Because of their chemical stability, these organochlorides are measurable in different environments 13 , such as soil 14 , water 15 , the atmosphere 16 , living-organism 11 and food 17 . Among the organochlorides, organochloride pesticides and PCBs (polychloride biphenyls) raise global awareness due to their environmental impact and their hight toxicity [START_REF]AMAP Assessment 2002: The Influence of Global Change on Contaminant Pathways to, within, and from the Arctic[END_REF]19 . The DDT (dichlorodiphenyltrichloroethane) and TCDD (2,3,7,8-Tétrachlorodibenzo-p-dioxin) are both organochloride pesticides with high toxicity and 2 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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CHONCl-2022: A novel reactive potential for organochloride compounds persistence [START_REF] Singh | [END_REF][21][22] . Even if they were identified as toxic, persistent compounds and prohibited since 2001 by the United Nations Environment Program 19 , they are still used in some countries 10,13 .

PCBs were highly produced with around 1,325,810 tons 23 since 1930 in different manufacturing products. Their worldwide presence was proven in all environments and capable of biomagnifying along the trophic chain [START_REF] Mackay | Multimedia Environmental Models: The Fugacity Approach[END_REF][START_REF] Ododo | [END_REF] . It was identified that 12 of the 209 PCBs were particularly toxic with an important TEF (toxicity equivalent factor) 26 due to a low torsional angle between the two cycles allowing them to arrange their structures easily 27 .

The investigation of these compounds' reactivity in different environments is of great interest to understand their degradation, which will allow the development of new treatment processes and a better understanding of the toxic effect on the environment and health. In the last decade, the reactivity of organochlorides and in particular the different enantiomers of the DDT, TCDD and PCBs, have been investigated through computational approach [28][29][30][31][32][33][34] . The degradation processes were investigated from molecular dynamics simulation on the DDT in a water-sediment environment, and several studies have implemented atmospheric reactions initiated by radicals such as OH, CH or molecules such as O 3 and H 2 O 2 .

ReaxFF parameters for the chlorine element were first provided in the Protein-2013 force field where chlorine was included as a counter ion 4 . It was also parameterized in two different force fields to deal with oxidative degradation of organic matter in geological formations 35 and explosive compounds 36 . In both cases, the parameter set is not transferable enough to consider organochloride compounds, particularly for conjugated or aromatic molecules. 

II. COMPUTATIONAL METHODS

A. A novel ReaxFF reactive potential

ReaxFF is a force field based on the bond order (BO), which makes that quantity the key point that tunes the various energy terms. The main consequence is that ReaxFF is able to describe bond dissociation and enable the investigation of large reactive systems 3 . The following equation represents the complete equation with all energy terms which contribute to the total energy:

E system = E bond + E l p + E over + E under + E val + E pen + E coa + E C2 + E triple + E tors + E con j + E Hbond + E vdW + E Coulomb (1)
All these energetic terms are divided into two main groups: intramolecular interactions (11 terms) and intermolecular interactions (3 terms). The common factor in intramolecular interactions are their dependence upon the BO. Following the terms in equation ( 1), the intramolecular terms describe the bond, lone pair, overcoordination, undercoordination, valence angle, correction of double bonds angle valency issues, correction for NO 2 group stability, correction to destabilize triple bond for carbon, a particular correction for carbon monoxide, torsions and conjugation energies. On the other hand, the intermolecular interactions include the Van der Waals, Coulombic and hydrogen-bond interactions. More details are available in the literature, and we invite the reader to look at the article of Chenoweth et al. 3 for further information.

The CHON-2017_weak version was used as the initial force field by including the chlorine atoms and the associated bond, angle and torsion parameters. A total of 68 parameters have been parameterized including parameters associated to valence and non-bonded terms of the equation (1). Even for a single element, this represents a huge number of parameters to optimize, leading to a complex optimization procedure, particularly due to correlations between parameters. In the following, we give some hints by describing the steps we followed during this optimization.

As done in previous works 3 , the required parameters are optimized against quantum mechanics (QM) reference calculations. The computational details associated with the different methods used to implement these calculations are presented in the following sections. Primarily, a training set and a validation set were made. They include a set of molecules and small reaction pathways representing all the internal coordinates as bonds, angles, and torsions necessary to mimic the reactivity of organochloride. For example, the potential energy surface 4 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. The stochastic optimizer CMA-ES (Covariance Matrix Adaptation Evolution Strategy) 37 , implemented in the REAX module of Amsterdam Modeling Suite (AMS) 38 , was used to optimize the parameters. This algorithm considers the correlation between the parameters thanks to the implementation of covariance behaviour. Like all the evolutionary algorithms, CMA-ES is partly based on biological evolution and tends to obtain the optimal population iteratively by minimizing an error function, the fitness, defined as followed:
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Fitness = n ∑ i=1 x i,train -x i,ReaxFF σ i 2 (2)
where the differences between the reference values, x i,re f and the ReaxFF values, x i,ReaxFF , are weighted by σ i values. These σ i weights are manually chosen depending on the accuracy of the reference or its utmost importance. For example, the weight of the accurate CASSCF calculations can be higher than that made with DFT. Moreover, it is necessary to consider the number of points in each PES in order to avoid overfitting this coordinate.

One crucial step before the CMA-ES optimization is to build an initial set of parameters and their individual boundaries. Thus, the parameter values were chosen by mimetism with the same parameters of a different element in the CHON-2017_weak force field or compared with the values of identical parameters in different force fields containing chlorine. For the first boundaries, broad limits were chosen. However, in order to manage the correlation between the parameters, the optimization was split with no more than 25 parameters optimized simultaneously, starting by optimizing C-Cl and Cl-H bond parameters with the angle and torsion parameters containing these bonds, then Cl-O and finally Cl-Cl.

It leads to a process of optimization of the parameters in three successive parts. Starting from the previous set of parameters, we proceed as follows in each part. Several cycles of hundreds of CMA-ES optimizations were produced with broad boundaries, leading to sets of one hundred optimized parameters. Then, from this set, we analyzed the distribution of each parameter in order to narrow the boundaries and avoid bimodal distributions. Moreover, we also investigated the distribution of all the different fitness obtained, which helps identify groups of force fields that are not well optimized. On the other hand, we analyzed the correlation between the parameters 5 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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CHONCl-2022: A novel reactive potential for organochloride compounds in the population of optimized force fields. We used it as an indicator of well-defined boundaries for the parameters by reducing the correlation between them as much as possible. Considering the parameter distributions, the fitness distribution and the correlation analyzes, the parameter boundaries were manually improved in each cycle of CMA-ES optimization runs until we stabilize a set of parameters.

Finally, at the end of the three parts of the last parameters optimization, the new CHONCl-2022_weak force field was chosen according to the one with the lowest fitness and by comparison with the validation set. The file, including the parameters, is provided in the supporting information in the format suitable for LAMMPS 39 .

B. Computational details, quantum chemistry methods

This part presents the computational details associated with the quantum chemistry methods implemented to build the training set and the validation set. These sets consist of PES, relative energies and geometrical data such as bond lengths, bending angles and dihedral angles.

One essential reference values associated with ReaxFF are the bond dissociation energies (BDE). In this work, we used complete active space self-consistent field (CASSCF) calculations 40 to compute the BDEs. Indeed, at the dissociation limit, the multireference character of the wavefunction needs to implement such high level methodologies to gather accurate results. [START_REF] Roos | Multiconfigurational Quantum Chemistry[END_REF] . Details about the CASSCF calculations are presented in the supporting information in the table S1 with the selected active spaces associated. Moreover, NEVPT2 42 calculations, including a perturbation theory correction at the second-order were considered. The calculations were done with ORCA software version 4.2.1 43 and the cc-pVTZ basis set 44 . Density functional theory (DFT) calculations were made apart from the BDE calculations to obtain the PES along bending angles and dihedral angles. The calculations were driven with Gaussian 16 [START_REF] Frisch | Gaussian~16 Revision C.01[END_REF] , using the B3LYP functional [START_REF] Becke | [END_REF][47][48][49] , the 6-31+g(d) basis set [50][51][52] and the GD3BJ empirical dispersion model 53 .

The training and validation sets include reaction pathway and transition states geometries obtained using an in-house Chain-of-States methodology 54 coupled to Gaussian 16 program. In order to keep the consistency with the PES calculations, the B3LYP functional with the 6-31+g(d) basis set and GD3BJ empirical dispersion were used. After the Chain-of-States process, the transition state geometry was optimized. The frequencies were computed, and we verified the presence of 6 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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CHONCl-2022: A novel reactive potential for organochloride compounds one single imaginary frequency. Moreover, using the same methodology, we computed transition states energies using the M06-2X DFT functional and the basis set 6-311++g(2df,2p) for further comparison with available results in the literature.

Bond lengths were computed at the MP2 [55][56][57][58][59] level with the cc-pVTZ basis set using the ORCA software version 4.2.1 43 . This calculation level is well known for its accuracy in reproducing this geometrical data.

C. Molecular mechanics and molecular dynamics

All the calculations at the ReaxFF level were done using either the Large-scale Atomic/Molecular Massively Parallel Simulator 39 code (LAMMPS) version October2021, or the REAX module of the AMS software 38 . For the comparison of BDE, all PES along internal coordinates and reaction pathways, the ReaxFF energies were computed on the geometries obtained at the QM level of calculations included in the training set or the validation set. Defaults LAMMPS cutoff parameters were used in all ReaxFF calculations, in particular nbrhood_cutoff equal to 5Å and hbond_cutoff equal to 7.5Å.

Considering molecular dynamics simulations in water or in atmospheric condition a timestep of 0.1 fs was used for all the simulations, in the NVT ensemble using the Nose-Hoover thermostat 60,61 .

In the atmospheric investigation, constant temperature simulations were implemented, whereas, in the water degradation, we used a ramp of temperature between 550 K and 750 K over a simulation time of 2 ns.

III. RESULTS AND DISCUSSIONS

A. Force field validation against QM calculations

The new CHONCl-2022_weak force field was validated by comparing the ReaxFF energies with energies obtained from high-level quantum chemistry calculations at the CASSCF/NEVPT2 level or calculations at the B3LYP/6-31+g(d) level. The root mean square deviations (RMSD) of the energy differences are 8.36 kcal mol -1 (0.36 eV) and 8.91 kcal mol -1 (0.39 eV in the training set and the validation set, respectively. For comparison, Hur et al. 35 obtained a RMSD of the energy of about 1.57 eV for their force field optimized to investigate the degradation of compounds with oxychlorine.
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CHONCl-2022: A novel reactive potential for organochloride compounds Considering references to molecular structures, the RMSD on bond lengths is about 0.06 Å and considering bending angles and dihedral torsions, the RMSD are 11.86 • and 4.12 • respectively.

The RMSD obtained on angles is surprisingly much higher than the one on torsion. This is mainly due to the Cl-C-H angle in chloroethane and chloroethanol. Indeed, this angle is highly overestimated by the CHONCl-2022_weak force field and represents more than 30% of the total error between the QM values against the ReaxFF ones.

Bond dissociation energy and bond lengths

This section compares the PES and BDE energies computed at the CASSCF/NEVPT2 level to ReaxFF results. In the figure 1, there are the four PES along the different bonds parametrized in the new force field. The PES of the dichloride (Cl 2 ) and the acetyl chloride (CH 3 OCl) molecules belong to the training set, while the chloromethanol (CHOHCl) and the hydrogen-chloride (HCl) molecules belong to the validation set. From a general point of view, the ReaxFF PES follow with acceptable accuracy the QM PES for the four molecules. Some differences appear at large distances. For chloroethane and chloroethanol, differences appear above 2.6Å, as the results obtained by Hur et al. 35 . This can be explained by the overestimation of the Cl-C-H angle. For the dichloride molecule, the ReaxFF PES seems to reach a plateau for distances larger than 3Å. This is due to the values of the BO that vanish at this distance, and thus only non-bonded interactions remain for such distance.

The BDE values are gathered in the table I. CHONCl-2022_weak's BDE complies with the BDE computed at the CASSCF/NEVPT2 level, both in the training and the validations set, even if the BDE tend to be slightly underestimated. For the C-Cl bond in chlorobenzene, chloromethane and chloromethanol, BDE differences between QM and ReaxFF are less than 0.15 eV. For the Cl-Cl bond, the difference is around 0.24 eV, and for the Cl-O bond, the difference is equal to 0.26 eV, which are acceptable values comparing other ReaxFF force fields in the literature. Concerning the C-Cl bond in chloroethane and chloroethanol, the differences in the BDE are 1.14 and 1.49 eV, respectively, which is larger than the RMSD. In H-Cl, the BDE is 0.68 eV which is also larger than the RMSD. Nevertheless, these differences are still lower than the energy RMSD of 1.57 eV of Hur et al. 35 This small error on the Cl-Cl bond is thus a compromise and is still tolerable.

PES along bending angles

Here , which is 11.86 • . In a non-conjugated system, the force field tends to overestimate the repulsion induced by the chlorine atom, leading to a shift of the PES of this bending angle. However, the difference coming from the table III is about 19 • , which is still acceptable for the force field.

From the table III, there is a good agreement between the angles obtained on the full optimized structure at the B3LYP/6-31+g(d) level and with CHONCl-2022_weak. Nevertheless, the C-C-Cl bending angle of the PCB101 with a chlorine atom in the ortho position is also overestimated 10 at around 17 • . This difference is due to the dihedral angle around the central bond between the two cycles, which is small in the case of CHONCl-2022_weak. This leads to higher repulsion between the chlorine atom with the opposite hydrogen in the ortho position. However, when the two aromatic cycles of the PCB101 become more tilted, this bending angle rapidly decreases 11

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. around 120 • , similar to the QM value.
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PES along dihedral angles

This section compares the PESs of torsions along dihedral angles obtained at the B3LYP/6-31+g(d)/D3BJ level against the CHONCl-2022_weak values. In the case of PCBs, the torsion around the biphenyl central bond is of high interest as it plays a significant role in their toxicity 27 .

12 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 

PLEASE CITE THIS ARTICLE AS

Charge distribution

In figure 4 

Validation against reaction pathways

Finally, we considered reaction pathways of small chlorinated molecules to compare the ReaxFF energies obtained with CHONCl-2022_weak with QM energies. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 17
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Investigation of the reactive pathway of chlorobenzene oxidation by hydroxyl radical in the presence of dioxygen

In this part, we consider the reactivity of chlorobenzene at the M062X/6-311++G(2df,2p) calculation level, consistently with the work of Wu, Wang, and Wang 68 ) and using ReaxFF calculations with the CHONCl-2022_weak force field. The atmospheric gas-phase oxidation of the chlorobenzene initiated by hydroxyl radicals is investigated and presented in the figure 6. In the figure 6 a), the diagram corresponds to the reaction between the hydroxyl radical and the chlorobenzene in the ipso position corresponding to the carbon linked to the chlorine atom. Panel b), c), and d) correspond to the reaction between the hydroxyl radical and the chlorobenzene in ortho, meta and para positions, respectively, followed by the addition of dioxygen. For each of the different reaction pathways, the initial point, in the middle of each scheme, is the chlorobenzene with a hydroxyl radical. ReaxFF energies were computed using the QM optimized geometries. CHONCl-2022: A novel reactive potential for organochloride compounds with the hydroxyl radical addition (left side), were reported from the work of Wu, Wang, and Wang 68 . Globally CHONCl-2022_weak reproduces well the relative values of the QM energies of the reactive pathways but tends to overestimate the energy barriers of the reactions with the radicals.

Concerning the reaction of the OH radical in the ipso position (figure 6 a), the addition exhibit the largest energy barriers of all the reactive pathways, with both ReaxFF (1.12 eV and 1.02 eV)

and QM levels of calculations (0.24 eV and 0.24 eV). These results agree with the conclusion of Wu, Wang, and Wang 68 and Bryukov et al. 69 that the ipso addition is, at ambient temperature, the least favoured reactive pathway. Moreover, the energy barrier of the reaction of the chlorine atom substitution (right side) is also a non-favoured pathway.

For the reactions in positions ortho, meta and para, figure 6 b, c andd, respectively, ReaxFF calculations reproduce the trends obtained at the QM level of calculation. The first tendency that we can notice, without considering the presence of dioxygen, is that both ReaxFF and QM calculations show that the addition of OH on the chlorobenzene (left side) is thermodynamically favoured. Indeed, in the three cases, the energies of products are lower than the energies of the products obtained after the hydrogen abstractions. However, we can observe a difference in the kinetic products obtained from ReaxFF and QM calculations. Considering the energy barriers, differences might be explained by the π-stacking arrangement of the hydroxyl radical above the benzene ring in the transition states geometries obtained from QM calculations which are not well described with ReaxFF due to the CHO parametrization. However, one specificity of these pathways is that the energy barriers on the two sides are closed to each other with differences at most about 0.1 eV in the range of the accuracy of the methodology. Our new ReaxFF potential well reproduces this point; thus, from a kinetic point of view, it is difficult to conclude on the most favoured pathway. Now, if we consider the presence of the dioxygen molecule, we observe a good agreement between ReaxFF and QM calculations on products' energies and energy barriers. On the left side, after OH addition, the final products are the chlorophenol molecule in ortho, meta or para positions and the HO 2 molecule as suggested by Wu, Wang, and Wang 68 . On the right side, both QM and ReaxFF calculation levels do not present energy barriers from the products of the hydrogen abstraction to the formation of HOM with a dioxygen molecule crafted on the chlorobenzene ring.

In the presence of dioxygen, ReaxFF with the new CHONCl-2022_weak force field predict that the formation of these HOM compounds are thus likely to happen 70 . These results complete the 21 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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Regioselectivity of the chlorobenzene oxidation

Bryukov et al. 69 investigated the kinetics of the OH additions and the hydrogen abstractions on the chlorobenzene molecule from a combination of experimental and computational approaches.

They agree with the QM conclusion of Wu, Wang, and Wang 68 by assuming that the primary reaction occurring at low temperatures are the OH addition and they showed that a shift appears around 450K, the hydrogen abstraction is becoming prominent. Moreover, they supposed that the hydrogen abstraction might occur at a lower temperature. To compare the values obtained by Bryukov et al. 69 with ReaxFF, the oxidation of the chlorobenzene molecule was investigated through reactive molecular dynamics simulations using the CHONCl-2022_weak force field.

In order to simulate atmospheric collisions, the chlorobenzene molecule was subjected to hydroxyl radical collisions coming from random positions sampled on a sphere centred on the centre of mass of the molecule. The initial velocity of the hydroxyl radical is oriented toward the centre of mass of the chlorobenzene molecule, and the velocity norm is sampled around the considered temperature. Then 8000 NVE simulations of 3 ps lengths were implemented to gather enough statistics using initial velocities at 80K, 250K, 300K, 350K and 800K. Most of the trajectories were inefficient and did not lead to any reaction, although, as expected, increasing the temperature leads to more reactions. Over the total of 8000 simulations for each temperature, branching ratio were computed over efficient trajectories, considering 108 reactions at 80K, 201 at 250K, 251 at 300K, 314 at 350K and 517 at 800K. Figure 7 presents an example of one trajectory along the abstraction of one hydrogen atom in ortho position. The results are presented in the table VI.

With ReaxFF, due to the lack of π arrangement description, the addition of the OH is rare. So, we compare the rate constant of the H-abstraction reactions and the chloride substitution computed by Bryukov et al. 69 with those obtained in our ReaxFF simulations. Bryukov et al. 69 computed the rate constant with different methods, but the IRTS (Isodesmic reactions for transition states)

shows the best capacity to reproduce the experimental results 71,72 .

The lowest temperature investigated by Bryukov et al. 69 is 251.68K. At this temperature, the rate constants scale is as follows: the smallest is the chlorine substitution; the H-abstraction in para and ortho positions are one order of magnitude larger, the H-abstraction in ortho being favoured;

finally, the H-abstraction in meta position is the kinetic product with a rate constant one order 23 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. of magnitude larger than the ortho and para cases. These results agree with the branching ratio presented in table VI. The H-abstraction in the meta position is the more probable, while the chlorine substitution is unlikely to occur. However, the efficiency of the H-abstraction in ortho and para positions is not well reproduced, although they are effectively less probable than the meta H-abstraction. These results might come from the geometry of the complex between the OH 24 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. CHONCl-2022: A novel reactive potential for organochloride compounds radical and the chlorobenzene molecule, far away from the transition state which are not included in the calculations done by Bryukov et al. 69 . From our QM calculations, the OH radical comes first between two carbon atoms before it reaches the transition state. Looking at the energy of the transition states on figure 6, the ortho position is favoured against the ipso position, the meta position is favoured against the para position, and the meta position is favoured against the ortho position. This is consistent with the branching ratio obtained in table VI. The calculations of the rate constants by including a two steps model with the approach of the hydroxyl radical may help to consider that point.
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Increasing the temperature leads to a balance shift between the reaction pathway on positions ortho and meta, the para position remaining disfavored and the chloride atom substitution being more and more likely to occur. Bryukov et al. 69 showed that increasing the temperature reduces the difference between the rate constants of the chloride atom substitution and the three reaction pathways associated with the H-abstraction. The chloride atom substitution becomes prominent above 2343.75 K 69 . Although our ReaxFF simulations with CHONCl-2022_weak slightly overestimate this substitution pathways they agree with the trend of this reaction pathway to become favoured by increasing the temperature. Moreover, these results are consistent with reaction pathways calculations, on figure 6, where the chloride atom substitution corresponds effectively to the thermodynamic product, whatever the QM or ReaxFF calculation level.

The approach presented here, averaging molecular collisions using ReaxFF simulations, may help investigate atmospheric reactions using a few calculation times. ReaxFF results being reliable, such collision analyses may help probe the possible reactive pathways quickly and gather the possible reaction products. The energy barriers of the two considered pathways are very closed. The reaction on the ipso position exhibits the largest energy barrier but leads to the lowest energy products. Considering the presence of a dixoygen molecule, the new force field reproduces the formation of chlorophenol and highly oxygenated molecules. To further increase the accuracy of the calculations, it could be needed to consider a better description of the π-stacking interaction in order to improve the interaction between the aromatic ring and the OH radical.

C. Plasma-induced degradation of chlorobenzene in water

The regioselectivity associated with the reaction with an OH radical was also compared to rate constant calculations. Using an original approach, we simulated the atmospheric collisions between the chlorobenzene molecule and the OH radical and gathered statistical data to analyze the more probable reaction pathways. Again, the results obtained with the CHONCl-2022_weak force field agree with the literature, and we evidence the shift between the H-abstraction and the chloride atom substitution when increasing the temperature. This opens the possibility of probing reaction pathways and identifying reaction products quickly.

Finally, the degradation of chlorobenzene in water from the reaction with hydroxyl radicals was investigated using the CHONCl-2022_weak force field. The formation of phenol and chlorophenol molecules is obtained which agree with experimental investigation which identified these molecules as the major intermediates. This opens the filed of application of reactive molecular dynamic simulations using ReaxFF to the investigation of the degradation of organochloride compounds in water.
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  In this work, we describe the parametrization of a new reactive force field, named CHONCl-2022_weak, based on the CHON-2017_weak force field. It aims to include the chlorine element, and opens up the fields of use of ReaxFF to the whole class of organochloride compounds including conjugated or aromatic groups. We decided to start from the CHON-2017_weak as it was the last version of a CHON reactive force field in the aqueous branch. After a quick review of the ReaxFF methodology, we describe the training set and the validation set implemented in this work and the computational details linked to reference calculations. The parameters are obtained against the QM calculations. The comparison with the validation set is detailed, considering bonds, angles and dihedrals internal degrees of freedom along with charge distribution and reaction pathways. The validation set includes PCB molecules. Then the reaction pathways of the chlorobenzene oxidation are investigated from QM calculations and ReaxFF simulations, including the regioselectivity of the reaction with the hydroxyl radical.3 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI:10.1063/5.0120831 CHONCl-2022: A novel reactive potential for organochloride compounds

  DOI:10.1063/5.0120831 CHONCl-2022: A novel reactive potential for organochloride compounds (PES) of the bond dissociation of the C-Cl bond in the chlorobenzene, as well as the geometrical parameter of its optimized structure, were added to the training set for the C-Cl bond parametrization. The training set and the validation set files, including energy values and geometries of the compounds along PESs are given in the supplementary information.

  FIG. 1. Comparison between PES (in eV) along bond dissociations obtained with ReaxFF (blue circle) and at the QM CASSCF/NEVPT2 level (red square) as a function of the bond distance (in Å). a) Cl-Cl bond in dichloride molecule; b) Cl-C bond in chloromethanol; c) Cl-O bond in acetyl chloride and d) Cl-H bond in hydrogen chloride. The molecules are depicted on the different graphics with the chlorine atom in green, carbon in grey, hydrogen in white and oxygen in red.

  FIG. 2. ReaxFF (blue circle) and QM-B3LYP/6-31+g(d)/D3BJ (red square) comparison of the relative energy (eV) as a function of the angle (in degrees) for the Cl-C-C angle of the chloroethane, the Cl-C-H of the chloromethane, the Cl-C-O of chloromethanol and the Cl-C-C of the ortho-dichlorobenzene. There is a representation of these molecules on the different graphics with the chlorine atom in green, carbon in grey, hydrogen in white and oxygen in red. Black dotted points show the angle concerned by the PES.

  FIG. 3. CHONCl-2022_weak ReaxFF (blue circle) and QM-B3LYP/6-31+g(d)/D3BJ (red square) PES (in eV) along several dihedral angles (in degrees). a) the Cl-C-C-H torsion of the p-dichlorobenzene, b) the Cl-C-O-H of the chloromethanol, c) the C-C-C-C torsion around the central bond of the PCB101 and the PCB169 (d). There is a representation of these molecules on the different graphics with the chlorine atom in green, carbon in grey, hydrogen in white and oxygen in red. Black arrows indicate the considered dihedral angle.

  we focus on the carbon charge distributions of PCBs 52, 101 and 22. Literature values obtained with the Mulliken approximation from DFT calculations 66 are compared against ReaxFF ones using CHONCl-2022_weak to determine potential centres of nucleophilic and electrophilic additions. The variations of the charges are consistent over the carbon atoms when comparing the two levels of calculation. For the PCB22, presented in the figure 4 a), ReaxFF and DFT show a large positive charge on the carbon atoms 2, 3 and 4', which might be considered the most favourable nucleophilic sites. Moreover, the carbon 5,6 and 6' for ReaxFF and DFT show 15 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI:10.1063/5.0120831 CHONCl-2022: A novel reactive potential for organochloride compounds a negative charge leading to a most favourable zone for electrophilic additions. Continuing this comparison for the PCB 52 in the figure 4 b), the carbon atoms 2 and 2' show the highest positive values for both methods, leading to the most favourable nucleophilic sites. Finally, for the PCB 101 figure 4 c), carbon atoms 4 and 5 exhibit the two highest positive charges for the two methods.

Figure 5

 5 displays four reaction pathways at the B3LYP/6-31+G(d)/D3BJ level using a chain of state approach: a) the reaction between chloromethane and dihydrogen CH 3 Cl + H 2 --→ CH 4 + HCl ; b) the reaction between hydrogen-chloride and formic acid HCOOH + HCl --→ HCOCl + H 2 O ; c) the recombination of the HOCl molecule in HClO and d) the dissociation of chloromethanol in formaldehyde and hydrogen-chloride CH 2 Cl -OH --→ H 2 CO + HCl. The energy barriers obtained using the CHONCl-2022_weak force field are in the same order of magnitude as those obtained at the QM level, the largest error being 0.54 eV for the dissociation of chloromethanol.Moreover, it shows similar energetic differences between reactants and products with the maximum deviation of 0.57 eV.In the case of the acid-base reaction presented in figure5 b), ReaxFF underestimate the energy barrier of the reaction and the energy of the products. The gap overestimation between the transition state and the product might be due to the BO calculations in the case of acyl chloride systems with a carbon atom bearing both a chlorine atom and a C-O double bond. Indeed, the BO of C-Cl being lower than the BO of the C-O bond, the BO of the C-Cl bond is weakened at the expense of the BO of the C-O double bond. However, the difference between the QM energies and ReaxFF is about 0.57 eV and is still tolerable.16 

  FIG. 4. Carbon atomic charges of several PCBs, a) PCB 22, b) PCB 52, and c) PCB 101, computed with ReaxFF CHONCl-weak_2022 (in blue) and DFT from the reference 66 (in red). Blue rectangles indicate the favourable carbon atoms for electrophilic additions and in red for nucleophilic.

  Two pathways were investigated by considering either the abstraction of a hydrogen atom leading to the formation of H 2 O (the right side of each diagram of figure6); or the addition of the hydroxyl radical on the aromatic rings (the left side of each diagram of figure6). The only exception is the ipso reaction, where the right side of the diagram corresponds to the substitution of the chlorine atom by the hydroxyl radical. For ortho, meta and para reaction pathways, after both the addition or the H-abstraction, an addition of an O 2 molecule is then implemented to obtain final products, usually named highly oxygenated organic molecules (HOM) or chlorophenols. The energy barriers are in electron-volt and relative to the initial reactants except for the last products. After adding a dioxygen molecule, the barriers are relative to the previous states. QM calculations associated 20 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.PLEASE CITE THIS ARTICLE ASDOI:10.1063/5.0120831

  FIG.6. Reaction pathways obtained at the M06-2X/6-311++g(2df,2p) level (orange from reference 68 or this work) and using ReaxFF with CHONCl-2022_weak (black). For all schemes, the initial reactants are chlorobenzene and hydroxyl radical in the middle. The left side corresponds to the addition of the hydroxyl radical, while the right side corresponds to the abstraction of a hydrogen atom of the phenyl ring. The reaction is done on the substituent in position a) ipso, b) ortho, c) meta and d) para. The final products are obtained after the reaction with dioxygen. The energy barriers are in electron-volt and relative to the initial reactants except for the last products, after the addition of dioxygen materialized by the blue vertical dashed lines, where in these cases, the barrier is relative to the previous state. There is a representation of all the different molecules on the different diagrams with the chlorine atom in green, carbon in grey, hydrogen in white and oxygen in red.

  FIG. 7. Representation of key snapshots along one reaction pathway leading to the abstraction of an hydrogen atom in ortho position. The molecules are depicted on the different graphics with the chlorine atom in green, carbon in grey, hydrogen in white and oxygen in red.

  DOI:10.1063/5.0120831

Finally, in order

  FIG. 8. Initial and last simulation boxes of the plasma-induced reactivity of chlorobenzene in water along with intermediate key snapshots of the reaction pathway and their corresponding timestep.

Figure 8 ,

 8 Figure 8, presents an example of a simulation box at the first time step and at the last one, along with key snapshots illustrating the reactivity along one simulation. Among the 35 simulations, the degradation of chlorobenzene only occur in two cases. One leads to the formation of a phenol molecule and the other one leads to a chlorophenol molecule, the hydroxyl radical being crafted on the ortho position. Figure 8 presents the formation of the chlorophenol molecule. These results agree with the conclusions of Liu and Jiang 73 who showed from plasma-induced experiments that the main intermediates products of the chlorobenzene decomposition are the three chlorophenols and the phenol compounds. This opens the field of application of CHONCl-2022_weak force field to the investigation of organochloride decomposition from plasma-induced degradation in water.
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	Molecule	Bond CASSCF/NEVPT2 ReaxFF set
	Dichlore	Cl-Cl	2.81	2.57 T
	Chlorobenzene	C-Cl	4.23	4.19 T
	Chloromethane	C-Cl	3.48	3.33 T
	Chloromethanol	C-Cl	3.56	3.44 V
	Chloroethan	C-Cl	3.63	2.18 V
	Chloroethanol	C-Cl	3.85	2.36 V
	Methyl hypochlorite O-Cl	1.92	1.66 T
	Hydrogen chloride H-Cl	4.63	3.95 V

and still acceptable.

Then we focus on the molecular geometry and compare the bond lengths obtained with ReaxFF and those obtained at several QM levels. The bond lengths are reported in the table II. The bond 8 TABLE I. Bond dissociation energies (in eV) associated with the parameterized bonds in the considered molecule at the QM CASSCF/NEVPT2 level and the ReaxFF CHONCl-2022_weak level. The last column indicates if the corresponding bond is in the training set (T) or the validation set (V).

lengths obtained with CHONCl-2022_weak well reproduced the QM values for bonds both in the training set and the validation set with a slight overestimation. The largest deviation is observed for the chloroethanol with 0.1Å. CHONCl-2022_weak overestimates the Cl-Cl bond distance with a maximum error of 0.2 Å.

Here, we reached the limitation of the optimization starting from a previous force field. Indeed, we could have improved the distances between the chlorine atom, but it has considerable repercussions. For example, shortening the Cl-Cl bond distance leads to high difficulties in reproducing the density of different chloride solvents. CHONCl-2022_weak reproduces well the densities of common chlorinated solvents, see table S2 in the supporting information. It also makes aromatic molecules with two chlorine atoms in ortho positions unstable, for example, in PCB structures.

  : Gorbunova et al.66 ; e : Dorofeeva et al.67 , or with the new reactive force field. Rotational barrier ∆E 0 (planar structure) and ∆E 90 (vertical structure) from QM are also compared with the ReaxFF values (in eV).

	Dihedral angles (degrees)
	PCBs QM		ReaxFF Exp.
	PCB15 39.3 b , 37.9 e	33.0 45.1 ± 1.5 a
	PCB52 95.5 c , 87.3 d , 81.3 e	76.8
	PCB77 38.7 c , 37.7 e	32.7
	PCB101 99.1 c , 77.2 d , 81.0 e	92.4
	PCB126 39.2 c , 37.9 e	37.7
	PCB169 38.9 c , 37.9 e	43.1
	Energy barriers (in eV)
	∆E 0		∆E 90
	PCBs QM	ReaxFF QM	ReaxFF
	PCB15 0.12 b , 0.09 a , 0.09 e	0.04 0.11 b , 0.09 a , 0.11 e	0.09
	PCB52 0.72 c , 1.24 e	1.55 0.003 c , 0.001 e	0.04
	PCB77 0.08 c , 0.08 e	0.05 0.09 c , 0.11 e	0.11
	PCB101 0.69 c , 1.23 e	0.49 0.002 c , 0.001 e	0.06
	PCB126 0.08 c , 0.08 e	0.04 0.09 c , 0.11 e	0.08
	PCB169 0.07 c , 0.08 e	0.08 0.09 c , 0.11 e	0.08

DOI:10.1063/5.0120831 CHONCl-2022: A novel reactive potential for organochloride compounds TABLE V. Dihedral angles (in degrees) of the central C-C-C-C torsion along the biphenyl bond at equilibrium geometries from the literature or B3LYP/6-31+g(d)/D3BJ calculation level. The energy barrier of the rotation around the biphenyl bond (in eV) between the equilibrium geometry and the planar geometry, ∆E 0 , or the perpendicular geometry ∆E 90 . The values in the ReaxFF columns are obtained with the CHONCl-2022_weak force field. a : Experimental value of Bastiansen and Samdal 64 ; b : this work B3LYP/6-31+g(d)/D3BJ ; c : Arulmozhiraja and Fujii 65 ; d
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SUPPLEMENTARY MATERIAL

Supplementary material is available and provides (i) computational details about CASSCF/CASPT2 calculations (ii) density of several solvents computed with ReaxFF (iii) the structure and nomenclature of PCBs and (iv) reaction energies used to obtain the parameters. An archive is provided including data files, in the usual format for parameters optimization with AMS, containing the energies and the structures used to build the training set and the validation set and the force field parameters in a suitable format for LAMMPS or AMS.