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Introduction

Within the class of agrochemical residues, pesticides are significant concern due to their various adverse effects on humans, animals and environmental systems [START_REF] Yadav | Pesticide Applications-Threat to Ecosystems[END_REF][START_REF] Mahmood | Effects of Pesticides on Environment[END_REF][START_REF] Moretto | Biochemical and toxicological evidence of neurological effects of pesticides: The example of Parkinson's disease[END_REF]. Once they entered the environment and eventually food, the parent compound can be transformed to metabolites which may have different toxicity profiles. Generally, biotransformation of pesticides proceeds in two distinct steps. During the first step (phase I), the xenobiotic compound is functionalized by oxidation, hydrolysis or less frequently reduction, leading to the introduction of, e.g. hydroxyl, amino, carboxyl or thiol groups into the molecule (primary metabolites). In a second step (phase II), these primary metabolites undergo conjugation reactions with endogenous agents to form secondary metabolites [START_REF] Levsen | Structure elucidation of phase II metabolites by tandem mass spectrometry: an overview[END_REF]. These biotransformations, in particular phase I reactions, do not always lead to inactivation (detoxification) of the agent but in some instances, may lead to more active (bioactivation) or even more toxic compounds (biotoxification). In addition to in vivo and environmental degradation, human activities like food cooking and waste water treatment (WWT) may lead to produce more toxic metabolites than the parent specifies [START_REF] Baumann | Online electrochemistry/mass spectrometry in drug metabolism studies: principles and applications[END_REF]. It is thus critical to predict these degradations, identify predominant metabolites and define representative marker for monitoring the fate of contaminants.

The most representative approach for the elucidation of metabolism pathways remains biological systems whether they are in vitro (incubation with microsomes) [START_REF] Brandon | An update on in vitro test methods in human hepatic drug biotransformation research: pros and cons[END_REF][START_REF] Nishimuta | Species differences in hepatic and intestinal metabolic activities for 43 human cytochrome P450 substrates between humans and rats or dogs[END_REF] or in vivo (live animals) [START_REF] Zhang | Drug metabolism in drug discovery and development[END_REF][START_REF] Lohmann | Electrochemistry meets enzymes: instrumental on-line simulation of oxidative and conjugative metabolism reactions of toremifene[END_REF]. Other approaches are available, including test tube experiments to cell cultures, animals, healthy human subjects [START_REF] Zhang | Preclinical experimental models of drug metabolism and disposition in drug discovery and development[END_REF]. Besides conventional in vivo and in vitro methods, synthetic alternatives have been proposed to simulate naturally occurring degradation. Photodegradation, heterocatalysis, hydrolysis, electrochemical oxidation and reduction have been the most reported. These techniques often show limitation in their representativity of naturally occurring reactions but offer the great advantage to produce targets in clean matrices with reaction parameters that are scalable to produce standard material. In addition, techniques like electrochemistry, can cover a wide range of reactions through the use of different electrode materials and allow rapid analysis via online/offline coupling to electrospray ionization mass spectrometry (EC-MS and EC-LC-MS) [START_REF] Johansson | Mimicry of phase I drug metabolism-novel methods for metabolite characterization and synthesis[END_REF][START_REF] Jurva | Comparison between electrochemistry/mass spectrometry and cytochrome P450 catalyzed oxidation reactions[END_REF][START_REF] Faber | Electrochemistry/liquid chromatography/mass spectrometry as a tool in metabolism studies[END_REF][START_REF] Nouri-Nigjeh | Electrochemistry in the mimicry of oxidative drug metabolism by cytochrome P450s[END_REF][START_REF] Bussy | Advances in the electrochemical simulation of oxidation reactions mediated by cytochrome P450[END_REF]. The synthetic nature of the EC(LC)/ESI-MS set-up enables the direct detection of highly reactive metabolites without interferences from biological matrices [START_REF] Lohmann | Generation and identification of reactive metabolites by electrochemistry and immobilized enzymes coupled on-line to liquid chromatography/mass spectrometry[END_REF]. The study of reactive metabolites by EC-MS has mostly been devoted to the metabolism of pharmaceuticals. Only few publications dealing with EC-MS or EC-LC-MS techniques have been dedicated to elucidating the oxidative degradation of pesticides. In 2009, Lohmann et al. simulated nucleophilic substitution of chloride, and amination of boscalid [START_REF] Lohmann | On-line electrochemistry/liquid chromatography/mass spectrometry for the simulation of pesticide metabolism[END_REF]. These authors were also able to simulated phase II conjugative metabolites (with glutathione). Mekonnen et al. [START_REF] Mekonnen | Electrochemistry coupled online to liquid chromatography-mass spectrometry for fast simulation of biotransformation reactions of the insecticide chlorpyrifos[END_REF][START_REF] Mekonnen | Prediction of biotransformation products of the fungicide fluopyram by electrochemistry coupled online to liquid chromatographymass spectrometry and comparison with in vitro microsomal assays[END_REF] simulated biotransformation processes of a fungicide and an insecticide using EC/MS. Several transformation products of fluopyram and chlorpyrifos via hydroxylation, P-oxidation, dealkylation (O-& N-), and nucleophilic substitution of halogens were identified by LC-MS/MS and HRMS.

Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea] is a selective herbicide, efficient in the control of a wide range of weeds and grasses in the culture of cotton, coffee, sugar cane and citrus [START_REF] Giacomazzi | Environmental impact of diuron transformation: a review[END_REF]. The compound acts as an herbicide because it is an efficient inhibitor of photosynthesis. It blocks the binding site of plastoquinone to the photosystem II, thus preventing the transfer of electrons to this intermediate [START_REF] Metz | Evidence for a dual function of the herbicide-binding D1 protein in photosystem II[END_REF]. This herbicide has toxic effects on humans and ecosystems due to its resistance toward biological and chemical degradation [START_REF] Tixier | Degradation products of a phenylurea herbicide, diuron: synthesis, ecotoxicity, and biotransformation[END_REF]. It is classified as a carcinogenic and genotoxic compound [START_REF] Ferrucio | Evaluation of Diuron (3-[3,4-dichlorophenyl]-1,1-dimethyl urea) in a Twostage Mouse Skin Carcinogenesis Assay[END_REF][START_REF] Saxena | Genotoxic Effects of Diuron Contaminated Soil on the Root Meristem Cells of Allium sativum: A Possible Mechanism of Chromosome Damage[END_REF]. The dissipation of diuron from the environment is thus mainly due to biotic processes, the aerobic microbial metabolism being the major form of diuron transformation. The main reactions involved are N-demethylation and hydrolysis of the amide bond. In most cases, mono-and didemethylated (DCPMU and DCPU) compounds and 3,4-dichloroaniline (DCA) appear as the main products of microbial metabolism. These metabolites accumulate in the environment and some of them are more toxic than diuron [START_REF] Giacomazzi | Environmental impact of diuron transformation: a review[END_REF][START_REF] Tixier | Degradation products of a phenylurea herbicide, diuron: synthesis, ecotoxicity, and biotransformation[END_REF].

Given the limited applications that demonstrate the use of electrochemistry/mass spectrometry for the elucidation of pesticide environmental fate, this work aimed to elaborate the application of the EC-LC-MS technique to investigate transformation products of agrochemicals. The phenylurea herbicide diuron (DIU) was selected as a relevant model compound to estimate the ability of electrochemistry to simulate environmental degradations.

Particular attention was paid to trapping and identifying highly reactive intermediates such as quinone imines, and to identify reaction mechanism and propose an oxidative degradation pathway. To the best of our knowledge, no study has yet reported the formation of reactive species such as a quinone imines during oxidative metabolism of diuron.

Experimental

Chemicals

All chemicals and reagents were of analytical grade and used as received. Diuron (Pestanal®, analytical standard), ammonium acetate (≥98%), glutathione (98-100%) and acetonitrile HPLC grade were purchased from Sigma-Aldrich (France). The pH of solutions was adjusted by aqueous ammonia (28% min., Prolabo) and formic acid (for LC/MS, Fisher Chemical). All the experiments were carried out at room temperature and ultra-pure water was used throughout.

Cyclic voltammetry (CV)

CV measurements were carried out via a VSP potentiostat driven by EC-Lab V10.40 software from Bio-Logic (Bio-Logic Science Instruments, France). A three-electrode system consisted of a glassy carbon working electrode (GC, disk diameter 2.0 mm, geometric area 0.031 cm 2 ), a metallic stainless-steel counter electrode and a saturated calomel reference electrode (SCE) was used. All experiments were performed in 0.1 M ammonium acetate solutions (pH 3.5, 7.4 and 10) as supporting electrolyte in water/acetonitrile (50/50, v/v), and cyclovoltammograms were recorded at a scan rate of 50 mV.s -1 . DIU was dissolved to reach concentrations of 1 mM. Additional experiments were carried out in the presence of 10 mM of glutathione (GSH). Although not present in the environment, the thiol function of glutathione can be used as a model for nucleophile addition/ trapping of electrophile entities.

Controlled potential electrolysis (CPE)

CPE was performed on a VSP potentiostat with a three-electrode system with crucible graphite as a working electrode (surface area: 9.5 cm 2 ), the SCE reference and a metallic (stainless steel) auxiliary electrode placed in a separated cathode compartment. The electrolysis was performed at various values of constant potential in ammonium acetate solutions of different pH (3.5, 7.4 and 10) in water/acetonitrile (50/50, v/v). The potential values of 0.85 V, 1.0 V and 1.15 V were chosen for pH 3.5, 7.4 and 10, respectively. DIU was dissolved to reach concentration of 1 mM, and all samples (at different pH) were electrolyzed in stirred solutions in a total volume of 10 mL, for 6 h. Additional experiments were carries out in the presence of 10 mM of glutathione in neutral medium.

LC-HRMS and LC-HRMS 2 analyses

LC-HRMS and LC-HRMS 2 experiments were carried out on a Waters Acquity UPLC H-Class (Waters, Guyancourt, France) coupled with a quadrupole time-of-flight (QTof) mass spectrometer (Xevo G2-XS QTof, Waters, Guyancourt, France), through an electrospray ionization interface (ESI).

Chromatographic separations were carried out on an Acquity BEH C18 reversed-phase column (130 Å, 1.7 µm, 2.1 mm x 50 mm, Waters, Guyancourt, France) at a temperature of 25°C.

Mobile phase was supplied at 0.4 mL/min and consisted of water + 0.1% formic acid (solvent A) and acetonitrile + 0.1% formic acid (solvent B). Gradient elution conditions were used as follows: initial conditions (95 % of A) were kept for 0.4 min, then solvent A decreased to 40 % over a period of 3.6 min, kept at 40% for 1 min and decreased from 40 to 0 % in 1 min.

The system returned to initial conditions within 0.5 min and was kept for 1.5 min to allow column equilibration. Injection volume was set to 2 µL for all samples.

Electrospray parameters in the positive ionization mode were set as follows : capillary voltage 0.5 kV, cone voltage 3 V, source temperature 120 °C, source offset 80 V, desolvation temperature (N2) 350 °C, cone gas flow (N2) 80 L/h, desolvation gas flow (N2) 600 L/h. Leucine Enkephalin at a concentration of 50 pg/µL ([M+H] + at m/z 556.2771) was used as a lockmass compound on the lockspray channel at the flow rate of 10 μL/min and acquired for 0.5 sec every 5 sec. MS data were acquired in the range m/z 50 to 800 in the centroid mode. A scan time of 0.5 sec was using during LC-HRMS and LC-HRMS 2 experiments. LC-HRMS 2 experiments were performed with a collision energy ramping from 10 to 40 V. Mass traces were extracted for each targeted molecule with an absolute window of 0.01 Da, and data were processed using MassLynx 4.1 software (Waters).

Mass voltammetry: EC-MS

EC oxidation was carried out using an electrochemical thin-layer cell (µPrepCell TM , Antec, Zoeterwoude, The Netherlands) equipped with a boron-doped diamond working electrode (BDD, Magic Diamond, Antec), a HyREF TM (Pd/H2) pseudo reference electrode and a titanium auxiliary electrode. A solution of DIU (0.1 mM, in a 20 mM ammonium acetate solution pH 7.4 in water/acetonitrile (50/50, v/v)) was pumped through the cell at a flow rate of 25 µL/min using a syringe pump (gas tight syringe 549-0538, VWR Collection, France), and the outlet of the cell was connected directly (online) to the ESI source of the mass spectrometer (Xevo G2-XS QToF from Waters). Experiments were performed by linear ramping of the working electrode potential from 0 V to 2 V versus Pd/H2 pseudo reference electrode at the rate of 2 mV/s, using an EmStat portable potentiostat driven by PSTrace software from PalmSens instruments (PalmSens, Randhoeve, The Netherlands).

Quantum mechanical calculations

All calculations have been performed with the Gaussian 16 program using default algorithms, procedures, and thresholds [25]. The structural parameters have been fully optimized using the Boese-Martin for kinetics (BMK) functional [START_REF] Boese | Development of density functionals for thermochemical kinetics[END_REF] and the 6-31G(d) atomic basis set. In a second step, analytic vibrational frequencies have been computed in order to ascertain the nature of the optimized geometries (minimum), as well as to compute Gibbs free energies.

The influence of the solvent was taken into account using the solvation model density (SMD) continuum model, which provides valuable estimates of the impact of the interactions between the solute and the solvent [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF]. Single point calculations have been performed on the optimal geometries using the same functional and a larger basis set, namely 6-311++G(d,p).

The atomic electronic populations computed within the natural population analysis model (NPA) [START_REF] Reed | Intermolecular interactions from a natural bond orbital, donor-acceptor viewpoint[END_REF] have been used to analyze the SMD-BMK/6-311++G(d,p) densities in terms of (i) condensed-to-atom values of spin-density, and (ii) condensed-to-atom values of electrophilicity index, according to the conceptual density functional theory (DFT) [START_REF] Geerlings | Conceptual density functional theory[END_REF].

Results and discussion

Redox behavior of the herbicide diuron (DIU)

The redox behavior of DIU (1 mM) was first investigated by cyclic voltammetry at a glassy carbon working electrode (Fig. 1).

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0. During the first scan, a well-defined profile with one anodic peak (O1 = 0.87 V vs SCE) and one cathodic peak (R1 = 0 V vs SCE) was obtained. The second scan led to the appearance of a second anodic peak O2 = 0.4 V vs SCE, and the same cathodic peak (R1) already observed.

O2/R1 therefore constituted a quasi-reversible redox system, which appeared after the irreversible oxidation of DIU. The presence of this system could indicate the formation of a stable metabolite in solution after oxidation of DIU, or reflect a particular redox behavior.

Additional experiments were performed in acidic and basic media, the same behavior was observed. It is worth noting that the pH increase (Fig. 1b) led to the shift of both of oxidation and reduction potential peaks for lowest values, indicating that the electrochemical oxidation reaction of DIU is pH dependent [START_REF] Mugadza | Facile electrocatalytic oxidation of diuron on polymerized nickel hydroxo tetraamino-phthalocyanine modified glassy carbon electrodes[END_REF].

Controlled potential electrolysis and LC-HRMS analysis of DIU oxidation products

Controlled potential electrolysis

Electrolysis conditions were determined so that a unique electrochemical reaction (oxidation in our case) takes place. The controlled potential values suitable for exhaustive electrolysis were selected according to DIU cyclic voltammograms recorded at each pH (0.85 V, 1.0 V and 1.15 V for pH 3.5, 7.4 and 10, respectively). A series of experiments were then performed with controlled potential electrolysis of DIU on a large surface graphite electrode in a 0.1 M of ammonium acetate solutions in water/acetonitrile (50/50, v/v). The electrolysis was stopped when the decay of the current was close to 90% (6 h, Fig. 2). 
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Identifications of oxidation products of DIU

The determination of structures, as well as their formation was made possible thanks to tandem analyzes (HRMS 2 ), mass voltammetry (EC-MS) and theoretical calculations (DFT). adduct in positive ionization mode [START_REF] Levsen | Structure elucidation of phase II metabolites by tandem mass spectrometry: an overview[END_REF][START_REF] Ma | Detecting and characterizing reactive metabolites by liquid chromatography/tandem mass spectrometry[END_REF]. The elementary analysis showed an excellent agreement between the experimental and theoretical masses for the conjugation compound (Δm = -1.2 ppm; C19H27ClN5O8S). The formation of quinones imines during the electrochemical oxidation of DIU highlights the reactivity of its degradation products and possibility of in vivo toxicity. Indeed, quinones and quinone imines are known for their strong interaction with biomolecules such as DNA or proteins [START_REF] Bolton | Role of quinones in toxicology[END_REF][START_REF] Klopčič | Chemicals and drugs forming reactive quinone and quinone imine metabolites[END_REF].

In order to obtained complementary information about the electrochemical oxidation pattern, cyclic voltammetry of DIU was carried out in the absence and presence of glutathione at pH 7.4 (Fig. 5).

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0. The voltammogram of DUI solution in the presence of GSH displays two overlapped anodic peaks (Fig. 5a andb). The comparison of voltammograms of DUI obtained in the presence and absence of GSH leads to hypothesize that the overlapping therefore leads only to the addition of the intensity of the oxidation current of GSH species to the oxidation current of DIU. Thus, the first peak may be assigned to the oxidation of GSH and the second one to the oxidation of DUI. This is supported by the results obtained with mass voltammetry technique where the ionic intensity associated to m/z 309.09 (GSH) is plotted against the applied potential (Fig. 6a). At 0.5 V vs Pd/H2, the ionic intensity of GSH begins to decrease and reaches a plateau at about 1 V vs Pd/H2. The increase at the same time of the ionic intensity of m/z 613.13 associated to GSSG indicates that the first peak corresponds thus to the electrochemical oxidation of GSH to glutathione disulfide (GSSG). It worth noting that the voltammogram of DUI obtained with GSH also indicates that electrochemical peaks attributed to redox couple O2/R1 becomes ill-defined and barely observed. In the whole, we assume that in the range of potential [0.5 -1.0 V vs Pd/H2], GSH is not totally depleted in the vicinity of the electrode surface and the electrochemical formation of both quinone-imine structures is convenient to the formation of GSH-adduct species (Fig. 6b) , m/z 520.112 and 554.09, respectively. This information confirms that GSH quickly traps oxidized DIU species in solution. The profiles of cyclic voltammograms (Fig. 5), then displays that in the presence of an excess of GSH, hydroxylation is observed to a lesser extent, in agreement with EC-LC-MS interpretations. Based on these results, the appearance of the redox couple O2/R1 can be attributed to the hydroxylated DIU derivatives oxidized to quinone imine structure, with the hydroxyl group preferably located on the ring, which facilitates the formation of the quinone imine structures.

DFT calculations have been performed in order to locate and to quantify the main radical and electrophilic sites, with the aim of proposing a plausible degradation mechanism of DIU. For this purpose, the geometries of the studied species were optimized from the structure of crystallized DIU [START_REF] Pfefer | Experimental and theoretical morphologies of diuron, N'-(3, 4dichlorophenyl)-N, N-dimethylurea[END_REF]. Using total electronic densities computed on the oxidized DIU (-2e -, -H + ), we obtained the f + Fukui function that reveals two main electrophilic sites. 

Compound at m/z 249 (DOP3) [M+H] +

There is a difference in elementary composition (Δm = 16 Da) between DIU molecule and the DOP3 compound, which corresponds to the insertion of an oxygen atom. The presence of this oxygen atom is due to the hydroxylation of one of the aromatic positions, with two isomers, as shown in the chromatographic profile (Fig. 3). HRMS 2 spectrum of DOP3 is given in Fig. SI 2c. The behavior in mass voltammetry (Fig. 9a) of DOP3 provides useful information on DIU's electrochemical oxidation mechanism. The oxidation process is not fast enough as in the case of dimers (Fig. 11). The time taken at the electrode surface can cause subsequent chemical and/or electrochemical reactions. Indeed, the presence of phenol function in the structure of this compound makes possible a second oxidation process. Theoretically, anodic dehydrogenation can be considered, where DOP3 loses two hydrogen atoms to form compounds like quinone-imines, as in the case of some pharmaceutical active compounds such as acetaminophen [START_REF] Lohmann | Simulation of the detoxification of paracetamol using on-line electrochemistry/liquid chromatography/mass spectrometry[END_REF], amodiaquine [START_REF] Johansson | Novel metabolites of amodiaquine formed by CYP1A1 and CYP1B1: structure elucidation using electrochemistry, mass spectrometry, and NMR[END_REF], phenacetin [START_REF] Nouri-Nigjeh | Electrochemical oxidation by square-wave potential pulses in the imitation of phenacetin to acetaminophen biotransformation[END_REF] and diclofenac [START_REF] Faber | Simulation of the oxidative metabolism of diclofenac by electrochemistry/(liquid chromatography/) mass spectrometry[END_REF]. One would expect for DOP3 the compounds with a m/z 247.0036 [M+H] + . Additional experiment was carried out whit GSH and the elementary analysis shows an excellent agreement between experimental and the theoretical mass for the conjugate compound (Δm = 0.2 ppm; C19H26Cl2N5O8S). Fig. 9b shows the spectrum obtained after the dissociation of the m/z 554.09 ion [M+H] + , induced by collision during the experiment, as well as the attribution of the different fragments observed that confirm the structure [START_REF] Levsen | Structure elucidation of phase II metabolites by tandem mass spectrometry: an overview[END_REF]. It is worth noting that the previously computed f + Fukui function for the deprotonated DIU cation (-2e -, -H + ), also reveals noticeable electrophilicities for two aromatic carbon (Fig. 7c), not bound to chlorine atoms (the condensed-to-atom indices are 0.15 e). Hence, the DFT calculations support noticeable hydroxylations at these two aromatic carbon atoms, according to the mechanism for the formation of hydroxylated compounds shown in Fig. 10. m/z 455, the presence of the fragment at m/z 400 (fragment resulting from the loss of the -C2H6N group) suggests that the bond is not established between two methyl groups of the urea function during the formation of dimers DOP4. As for the ion at m/z 463, HRMS 2 spectra the isomers show two peaks at m/z 417 and 373 (just for some isomers), which correspond to the fragments resulting from the loss of one -C2H6N group, and two -C2H6N groups respectively.

We are therefore led to consider that dimers DOP5 formed without establishing connections with two methyl groups of the urea functions. All these results were supported by the DFT calculations on the oxidized DUI [(-e -) and (-e -, -H + )], which have allowed the location of the single electron (Fig. 7a,b). Indeed, the probability of finding the single electron is especially high at the nitrogen atom bound to the phenyl ring and at three of the aromatic carbons, including one bound to chlorine. Hence, the nitrogen atom bound to the phenyl ring (atomic spin-density between 0.30 e and 0.56 e) is particularly potent for radical attacks involved in the formation of dimers. Besides above mentioned dimers, further dimeric and trimeric structures were observed, e.g. with m/z 487 and 693 [M+H] + , mostly in basic and neutral solutions. Considering that the formation of dimeric structures is largely powered by high concentration, it is unlikely to observe dimerization of DIU during environmental degradation. Therefore, the presence of dimers was noticed during electrochemical oxidation of DIU but their structural elucidation doesn't represent a significant interest.

Although radicals are known for their high instabilities and their non-selective attacks, from the previously computed spin densities of the oxidized DUI (Fig. 7a,b), we can consider the formation of dimers mainly by the nitrogen atom bound to the phenyl ring and two aromatic carbons. Any attack involving the aromatic carbon carrying a chlorine atom being unlikely due to unfavorable intramolecular transfer of chlorine atoms, with respect to that of hydrogens released from carbon-hydrogen bond breaking. To date only the dimer 463 (with two isomers obtained by Fries rearrangement) has been reported in the literature by Macounova et al. [START_REF] Macounova | Ultrasound-assisted anodic oxidation of diuron[END_REF] during anodic oxidation of diuron assisted by ultrasound.

Mass voltammetry (Fig. 11) clearly shows that these two compounds do not form at the same oxidation potential, which justifies the slightly faster formation of homodimers (DIU-DIU), and subsequently that of heterodimers (DIU-DOP1). In addition, we can observe on mass voltammograms the formation of these dimers at lower potentials than others DOP. Radicals formed on the surface of the electrode immediately diffuse towards the solution to dimerize, this with the increase in potential oxidation. At this level, we can conclude that after deprotonation of DIU, the DIM (or EC2) mechanisms the one that predominates (electron transfer is followed by a second order reaction). As it was mentioned at the introduction, successive N-demethylation of DIU followed by hydrolysis leads to the formation of DCA, a very toxic compound. During this work, the hydrolysis reaction leading to DCA was mimicked, although it did not lead to significant proportions of this well-known metabolite of DIU. We carried out the electrolysis of DIU at different pH and we looked for this metabolite of chemo-degradation DCA. The variation of pH has highlighted the much-favored formation of this compound in an acidic medium, as indicated in Fig. SI 3. The hydrolysis of DIU is therefore more favorable in acid medium. We suggest that the formation of DCA is done by a chemical hydrolysis, not an electrochemical reaction. The generation of reactive species during electrolysis may catalyzed this reaction.

Laudien et al. report the mechanism of chemical hydrolysis of phenylureas in basic [START_REF] Laudien | Part 1. Mechanism of the basic hydrolysis of phenylureas[END_REF] and acidic [START_REF] Laudien | Part 2. Mechanism of the acid hydrolysis of phenylureas[END_REF] media.

Electrochemical degradation vs environmental degradation (biotic and abiotic)

In soil and aquatic environments, DIU herbicide can be transformed into metabolites or even fully mineralized through a range of abiotic (photodecomposition) [START_REF] Giacomazzi | Environmental impact of diuron transformation: a review[END_REF][START_REF] Tixier | Degradation products of a phenylurea herbicide, diuron: synthesis, ecotoxicity, and biotransformation[END_REF][START_REF] Hussain | Abiotic and biotic processes governing the fate of phenylurea herbicides in soils: a review[END_REF] and biotic (microbial, bacterial, fungal…etc.) [START_REF] Hussain | Abiotic and biotic processes governing the fate of phenylurea herbicides in soils: a review[END_REF][START_REF] Sørensen | Microbial degradation of isoproturon and related phenylurea herbicides in and below agricultural fields[END_REF][START_REF] Badawi | Metabolites of the phenylurea herbicides chlorotoluron, diuron, isoproturon and linuron produced by the soil fungus Mortierella sp[END_REF][START_REF] Ellegaard-Jensen | Strains of the soil fungus Mortierella show different degradation potentials for the phenylurea herbicide diuron[END_REF][START_REF] Ellegaard-Jensen | Fungal-bacterial consortia increase diuron degradation in waterunsaturated systems[END_REF] processes. LC-MS analysis of an electrochemically oxidized sample has made it possible to highlight the formation of metabolites. Some are common to those observed during environmental degradation, and others are newly observed during this work. Fig. 12 shows the main species obtained during the degradations of DIU. QI1, QI2a,b and heterodimers 444 were observed for the first time in this study. 

Table 1

Detected DIU oxidation products with their exact masses, retention times, mass deviation, molecular formulas and chemical transformations.

Graphical abstract

Fig. 1 .

 1 Fig. 1. (a) Cyclic voltammograms of 1 mM of DIU in H2O/MeCN 50:50 with 0.1 M ammonium acetate pH 7.4, scan rate 50 mV/s, and (b) Cyclic voltammograms of 1 mM of DIU at three different pH.
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 2423 Fig. 2. Charge vs time obtained during the controlled potential electrolysis after 6 h in neutral medium. Qcalc: theoretical charge; Qexp: experimental charge; efF: faradaic efficiency (Qexp/Qcalc).
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 314 Fig. 4. (a) 2D mass voltammograms of DIU and its oxidation products DOP1 and DOP2 in absence of GSH to confirm the presence of reactive species, using BDD WE (scanned 0 -2 V vs Pd/H2 pseudo reference electrode, 2 mV/s). (b) HRMS 2 fragmentation (in presence of GSH to confirm the quinone imine like structure and reactivity) of m/z 520.12 ion [M+H] + ion attributed to the oxidation product QID1.
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 115 Fig. 5. Cyclic voltammograms of 1 mM of DIU in the absence and in the presence of 10 mM of GSH, first scan (a) and second scan (b), in H2O/MeCN 50:50 with 0.1 M ammonium acetate pH 7.4, scan rate 50 mV/s.
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 6 Fig. 6. (a) 2D mass voltammograms of GSH and its oxidation product GSSG, and (b) 2D mass voltammograms of DIU and GSH-adduct species at m/z 520.112 and 554.09, respectively. BDD WE (scanned 0 -2 V vs Pd/H2 pseudo reference electrode, 2 mV/s).
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 78 Fig. 7. Computed spin densities of the (a) DIU radical cation (-e -), and of the (b) deprotonated DIU radical (-e -, -H + ), and computed f + Fukui function for the (c) deprotonated DIU cation (-2e -, -H + ). The atoms with the largest orange (blue) lobes are more prone to radical (respectively nucleophilic) attack.
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 9 Fig. 9. (a) 2D mass voltammograms of DIU and oxidation product DOP3 in absence of GSH, using BDD WE (scanned 0 -2 V vs Pd/H2 reference electrode, 2 mV/s). (b) HRMS 2
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 10 Fig. 10. Electrochemical mechanism of DOP3a,b and QID2a,b formation.
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 11 Fig. 11. 2D mass voltammograms of DIU and its oxidation products DOP4 and DOP5 using BDD WE (scanned 0 -2 V vs. Pd/H2 reference electrode, 2 mV/s).
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 34 Compound at m/z 161,99 (DCA) [M+H] +
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 1235 Fig. 12. Comparison between electrochemical and environmental degradation of DIU. DCPMU: Dichlorophenylmethylurea; DCPU: Dichlorophenylurea; CPDMU: Chlorophenyldimethylurea; CHPDMU: Chlorohydroxyphenyldimethylurea; DCHPDMU: Dichlorohydroxyphenyldimethylurea; DCA: Dichloroaniline.
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 131 Fig. 13. Proposed mechanism of the electrochemical oxidation of DIU.
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 2 Fig. 2. Charge vs time obtained during the controlled potential electrolysis after 6 h in neutral medium. Qcalc: theoretical charge; Qexp: experimental charge; efF: faradaic efficiency (Qexp/Qcalc).

Fig. 3 .

 3 Fig. 3. LC-HRMS chromatograms of DIU solutions (non-oxidized and electrochemically oxidized) at pH 7.4.

Fig. 4 .

 4 Fig. 4. (a) 2D mass voltammograms of DIU and its oxidation products DOP1 and DOP2 in absence of GSH to confirm the presence of reactive species, using BDD WE (scanned 0 -2 V vs Pd/H2 pseudo reference electrode, 2 mV/s). (b) HRMS 2 fragmentation (in presence of GSH to confirm the quinone imine like structure and reactivity) of m/z 520.12 ion [M+H] + ion attributed to the oxidation product QID1.

Fig. 5 .

 5 Fig. 5. Cyclic voltammograms of 1 mM of DIU in the absence and in the presence of 10 mM of GSH, first scan (a) and second scan (b), in H2O/MeCN 50:50 with 0.1 M ammonium acetate pH 7.4, scan rate 50 mV/s.

Fig. 6 .

 6 Fig. 6. (a) 2D mass voltammograms of GSH and its oxidation product GSSG, and (b) 2D mass voltammograms of DIU and GSH-adduct species at m/z 520.112 and 554.09, respectively. BDD WE (scanned 0 -2 V vs Pd/H2 pseudo reference electrode, 2 mV/s).

Fig. 7 .

 7 Fig. 7. Computed spin densities of the (a) DIU radical cation (-e -), and of the (b) deprotonated DIU radical (-e -, -H + ), and computed f + Fukui function for the (c) deprotonated DIU cation (-2e -, -H +). The atoms with the largest orange (blue) lobes are more prone to radical (respectively nucleophilic) attack.

Fig. 8 .

 8 Fig. 8. Electrochemical mechanism of DOP1 and DOP2 (QID1) formation.

Fig. 9 .

 9 Fig. 9. (a) 2D mass voltammograms of DIU and oxidation product DOP3 in absence of GSH, using BDD WE (scanned 0 -2 V vs Pd/H2 reference electrode, 2 mV/s). (b) HRMS 2 fragmentation (in presence of GSH to confirm the quinone imine like structure and reactivity) of m/z 554.09 ion [M+H] + attributed to the oxidation product QID2.

Fig. 10 .

 10 Fig. 10. Electrochemical mechanism of DOP3a,b and QID2a,b formation.

Fig. 11 .

 11 Fig.11. 2D mass voltammograms of DIU and its oxidation products DOP4 and DOP5 using BDD WE (scanned 0 -2 V vs. Pd/H2 reference electrode, 2 mV/s).

Fig. 12 .

 12 Fig. 12. Comparison between electrochemical and environmental degradation of DIU. DCPMU: Dichlorophenylmethylurea; DCPU: Dichlorophenylurea; CPDMU: Chlorophenyldimethylurea; CHPDMU: Chlorohydroxyphenyldimethylurea; DCHPDMU: Dichlorohydroxyphenyldimethylurea; DCA: Dichloroaniline.
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	Table 1							
	Detected DIU oxidation products with their exact masses, retention times, mass deviation,
	molecular formulas and chemical transformations.		
	Compounds	m/zcalc (Da) [M+H] +	m/zexp (Da) [M+H] +	Rt (min)	Δm/z (mDa)	Δm/z (ppm)	Molecular [M+H] + formula	Chemical Transformations
	DIU	233.0248 233.0252 4.12	0.4	1.7	C9H11Cl2N2O	Parent
	Monomers							
	DOP1	215.0587 215.0590 2.60	0.3	1.4	C9H12ClN2O2	Hydrolytic dechlorination
	DOP2(QID1) 213.0431 213.0432 2.81	0.1	0.5	C9H10ClN2O2	Dehydrochlorination
	DOP3a DOP3b	249.0198	249.0205 2.96 249.0196 3.08	0.7 -0.2	2.8 -0.8	C9H11Cl2N2O2 Aromatic hydroxylation
	DCA	161.9877 161.9904 4.14	2.7	16.7	C6H6Cl2N	Hydrolysis
	Dimers (majority)						
	DOP4a DOP4b	445.0594	445.0592 4.06 445.0594 4.66	-0.2 -0.0	-0.4 0.0	C18H20Cl3N4O3	Dimerization (hetero)
	DOP5a		463.0258 4.74	0.2	0.4		
	DOP5b DOP5c DOP5d	463.0256	463.0258 5.03 463.0262 5.22 463.0256 5.35	0.2 -0.6 0.0	0.4 -1.3 0.0	C18H19Cl4N4O2	Dimerization (homo)
	DOP5e		463.0262 6.33	-0.6	-1.3		
	DOP = Diuron Oxidation Product; QID = Quinone Imine from Diuron; m/zcalc = m/zcalculated ; m/zexp =
	m/zexperimental ; Rt = Retention time					
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