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Using electrochemistry coupled to high resolution mass spectrometry for the simulation of the environmental degradation of the recalcitrant fungicide carbendazim

Introduction

The knowledge of the metabolic pathways and the biotransformation of xenobiotics (drugs, pesticides, dyes, heavy metals…etc.) are crucial for elucidation of degradation routes of new active compounds and potentially toxic substances, as well as for the determination of the stability of environmental pollutants [START_REF] Portychová | Instrumentation and applications of electrochemistry coupled to mass spectrometry for studying xenobiotic metabolism: A review[END_REF]. Among xenobiotics, pesticides have been widely used in the agricultural field to address food shortages, by eliminating undesired pests and weeds, thereby increasing food availability and lowering price [START_REF] Ecobichon | Pesticide use in developing countries[END_REF]. Although they have numerous beneficial effects, their indiscriminate use constitutes a risk of environmental contamination and a threat for human health, due to the fact that even at minimum concentrations they are normally toxic for living organisms [START_REF] Bandžuchova | Voltammetric method for sensitive determination of herbicide picloram in environmental and biological samples using boron-doped diamond film electrode[END_REF]. Some of them undergo further chemical and/or microbial transformations after exposure to aquatic and/or terrestrial systems [START_REF] Boreen | Triplet-sensitized photodegradation of sulfa drugs containing six-membered heterocyclic groups: Identification of an SO2 extrusion photoproduct[END_REF]. Most agrochemicals are transformed into their by-products because of different multi-stress effects such as metabolism (in a living organism), photolysis (e.g., UV and sunlight), and/or manmade processes (e.g., waste treatment plants) [START_REF] Zabaleta | Biodegradation and Uptake of the Pesticide Sulfluramid in a Soil-Carrot Mesocosm[END_REF][START_REF] Gunten | Oxidation processes in water treatment: Are we on track?[END_REF]. Some may even transform into more toxic molecules than the parent compounds [START_REF] Macherey | biotransformations leading to toxic metabolites: chemical aspect[END_REF][START_REF] Masubuchi | Toxicological significance of mechanism-based inactivation of cytochrome P450 enzymes by drugs[END_REF]. Investigating biotic and abiotic transformation processes of existing or newly developed pesticides is thus crucial to understand their fate in the ecosystem.

Incubation of xenobiotic compounds in the presence of liver microsomes followed by liquid chromatography-mass spectrometry (LC-MS) analysis is the most used method for metabolism prediction/simulation [START_REF] Youdim | A review of LC-MS techniques and high-throughput approaches used to investigate drug metabolism by cytochrome P450s[END_REF]. However, this conventional method is hampered by the long-time of analysis and by the matrix complexity. Because of the demand for high throughput screening techniques for xenobiotic metabolism prediction and simulation, several simulation alternatives to biological materials have been introduced [START_REF] Portychová | Instrumentation and applications of electrochemistry coupled to mass spectrometry for studying xenobiotic metabolism: A review[END_REF][START_REF] Lohmann | Biomimetic modeling of oxidative drug metabolism[END_REF]. Electrochemistry coupled to liquid chromatography-electrospray mass spectrometry (EC-LC-MS) and electrochemistry coupled to mass spectrometry (EC-MS) have seen a renewed interest in recent years. EC-LC-MS and EC-MS couplings can provide rapid, reliable, and detailed information on possible transformation products, which are generated and identified in the same system [START_REF] Faber | Electrochemistry/mass spectrometry as a tool in metabolism studies -a review[END_REF][START_REF] Jurva | Electrochemistry on-line with mass spectrometry: instrumental methods for in vitro generation and detection of drug metabolites[END_REF]. A direct determination of intermediates and short-live, unstable degradation products is also possible [START_REF] Lohmann | Generation and identification of reactive metabolites by electrochemistry and immobilized enzymes coupled on-line to liquid chromatography/mass spectrometry[END_REF][START_REF] Büter | Adduct formation of electrochemically generated reactive intermediates with biomolecules[END_REF]. Although electrochemistry-based methods do not simulate yet every process identified in vivo, these techniques provide speed of analysis, versatility toward automation and accessibility (both financially and technically). Most efforts regarding EC-LC-MS development are devoted to the oxidative liver metabolism of pharmaceuticals [START_REF] Nowak | Simulation of drug metabolism[END_REF][START_REF] Bussy | Electrochemistry-mass spectrometry to study reactive drug metabolites and CYP450 simulations[END_REF]. Applications of EC-LC-MS to study the fate of environmental pollutants such as pesticides are rather scarce so far [START_REF] Lohmann | On-Line Electrochemistry/Liquid Chromatography/Mass Spectrometry for the Simulation of Pesticide Metabolism[END_REF][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][START_REF] Mekonnen | Glucosylation and Glutathione Conjugation of Chlorpyrifos and Fluopyram Metabolites Using Electrochemistry/Mass Spectrometry[END_REF][START_REF] Bussy | Phase I and phase II reductive metabolism simulation of nitro aromatic xenobiotics with electrochemistry coupled with high resolution mass spectrometry[END_REF][START_REF] Bussy | A quantitative assay for reductive metabolism of a pesticide in fish using electrochemistry coupled with liquid chromatography tandem mass spectrometry[END_REF][START_REF] Bussy | Metabolism of a sea lamprey pesticide by fish liver enzymes part A: identification and synthesis of TFM metabolites[END_REF][START_REF] Bussy | Metabolism of a sea lamprey pesticide by fish liver enzymes part B: method development and application in quantification of TFM metabolites formed in vivo[END_REF][START_REF] Temgoua | Simulation of the environmental degradation of diuron (herbicide) using electrochemistry coupled to high resolution mass spectrometry[END_REF]. For this purpose, the carbamate fungicide carbendazim (CBZ) was selected as model compound for electrochemical simulation of the oxidative metabolism.

CBZ is a class IV toxic systemic fungicide that belongs to benzimidazole chemical group and can be used on plants, seeds or soil for control of a variety of diseases on fruits and vegetables. This compound is long-time persistent and its degradation occurs slowly [START_REF] Lucas | The evolution of fungicide resistance[END_REF].

CBZ is one of the major pollutant detectable in food, soil and water [START_REF] Singh | Toxicity, monitoring and biodegradation of the fungicide carbendazim[END_REF]. It has low acute toxicity, however, intake of residues at high concentrations can induce human to cancer among others diseases [START_REF] Hellman | Inhibitory effects of benomyl and carbendazim on the [ 3 H] thymidine incorporation in various organs of the mouse-Evidence for a more pronounced action of benomyl[END_REF]. It is also known to manifest embryotoxicity, germ cell apoptosis, teratogenesis, infertility in different mammalian species [START_REF] Carter | The Fungicide Methyl 2-Benzimidazole Carbamate Causes Infertility in Male Sprague-Dawley Rats12[END_REF][START_REF] Mantovani | Developmental toxicity of carbendazim: comparison of no-observed-adverseeffect level and benchmark dose approach[END_REF][START_REF] Minta | embryotoxicity of carbendazim in rat and hamster micromass cultures[END_REF][START_REF] Rama | Reproductive and possible hormonal effects of carbendazim[END_REF][START_REF] Yenjerla | Carbendazim inhibits cancer cell proliferation by suppressing microtubule dynamics[END_REF]. Generally, the degradation of CBZ results in the formation of 2-amino-benzimidazole, a highly toxic component, which binds to the spindle microtubules causing the nuclear division blockade [START_REF] Yenjerla | Carbendazim inhibits cancer cell proliferation by suppressing microtubule dynamics[END_REF]. In addition, it should also be noticed that CBZ is one of the transformation products of benomyl and thiophanate methyl pesticides under natural conditions, leading to the increased environmental occurrence of CBZ [START_REF] Singh | Toxicity, monitoring and biodegradation of the fungicide carbendazim[END_REF][START_REF] Teadoum | Square Wave Voltammetric Determination of Residues of Carbendazim Using a Fullerene/Multiwalled Carbon Nanotubes/Nafion /Coated Glassy Carbon Electrode[END_REF].

When applied in the fields, CBZ can be degraded via biological and abiotic processes, leading to the formation of residual products that are often even more toxic than the original compounds [START_REF] Tomlin | The pesticide manual: A world compendium[END_REF][START_REF] Tonle | Voltammetric analysis of pesticides, in: pesticides in modern world-trends in pesticides analysis[END_REF]. Considering their harmful effects as well as those of their potential transformation products, and the shortcomings of biological materials for metabolism simulation, this work aimed to develop a fast and reliable alternative method to simulate the environmental degradation of CBZ, and to identify corresponding transformation products.

Particular attention was paid to the trapping and identification of highly reactive intermediates, and to the elucidation of the electrochemical degradation mechanism. To the best of our knowledge, no data are available concerning the formation of reactive nitrenium ion or quinone-imine structures produced via the oxidative metabolism of CBZ. In this context, DFT (conceptual density functional theory) is combined with electrochemistry and mass spectrometry, the interdisciplinary proposed research in this work may systematically be used to simplify and accelerate the elucidation of environmental degradation

Experimental

Chemicals

All chemicals and reagents were of analytical grade and used as received. Carbendazim, CBZ (Pestanal®, analytical standard), ammonium acetate (≥ 98%), glutathione (98-100%) and acetonitrile HPLC grade were purchased from Sigma-Aldrich (France). One of the main known degradation products of CBZ, namely 2-aminobenzimidazole, 2-AB (99%), was purchased from Acros Organics. 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), a metallic stainless-steel counter electrode and a saturated calomel reference electrode (SCE) was used. All experiments were performed in a 0.1 mol.L -1 ammonium acetate solution pH 7.4 as supporting electrolyte in water/acetonitrile (50/50, v/v). Measurements were done in the potential range 0 to 1.2 V, at a scan rate of 50 mV.s -1 . CBZ and 2-AB were dissolved to reach concentrations of 1 mmol.L -1 . Additional experiments were carried out in the presence of 10 mmol.L -1 of reduced glutathione (GSH).

To elucidate the mechanism pathways of oxidative transformations, GSH is used as a model for trapping electrophile entities and identifying nucleophile addition reactions.

Controlled potential electrolysis

Controlled potential electrolysis was performed on a VSP potentiostat with a three-electrode system with crucible graphite as a working electrode (surface area: 9.5 cm 2 ), a saturated calomel reference electrode (SCE) reference and a metallic (stainless-steel) auxiliary electrode placed in a separated cathode compartment. The electrolysis was performed in a 0.1 mol.L -1 ammonium acetate solution pH 7.4 in water/acetonitrile (50/50, v/v) at a potential value of 0.85 V. The value of 0.85 was chosen according to the I = f(E) curve obtained in cyclic voltammetry. Additional experiments were carried out in acidic (0.65 V) and basic (1.0 V) media. A solution of CBZ (1 mmol.L -1 ) was electrolyzed in a stirred solution in a total volume of 10 mL for 6 h, in the absence and in the presence of 10 mmol.L -1 of GSH. The samples were collected in vials and store at -18 °C until analysis.

Offline LC-HRMS (Liquid Chromatography-High Resolution Mass Spectrometry) and

LC-HRMS 2 (Liquid Chromatography-High Resolution Tandem Mass Spectrometry) analyses

MA, USA). The separation was carried out at 25 °C using an Acquity UPLC BEH-C18 column (2.1 x 50 mm, 1.7 µM). The samples were eluted from the LC column using the following linear gradient (curve number 6) : 0 -0.4 min, 5 % B ; 0.4 -4 min, 5 to 60 % B ; 4 -5 min, 60 % B ; 5 -6 min, 60 to 100 % B ; 6 -6.5 min, 100 to 5 % B ; 6.5 -8 min, 5 % B. 

Online EC-MS analysis: Mass voltammetry

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 were used for the oxidation of the fungicide CBZ. The outlet of the electrochemical cell was connected directly to the electrospray source of a Xevo G2-XS Q-TOF mass spectrometer. Typically, a 0.1 mmol.L -1 CBZ solution in a 20 mmol.L -1 ammonium acetate solution pH 7.4 in water/acetonitrile (50/50, v/v) is pumped through the electrochemical cell at a flow rate of 25 µL/min, using a syringe pump (gas tight syringe 549-0538, VWR Collection, France). The cell potential was ramped 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 (Randhoeve, The Netherlands). The electrochemical method used was linear sweep voltammetry. Performing a scan allows the mechanistic study; one can distinguish the different degradation products by their oxidation potentials and propose a plausible degradation mechanism.

Quantum mechanical calculations

All calculations have been performed with the Gaussian 16 program using default algorithms, procedures, and thresholds. The structural parameters have been fully optimized using the Boese-Martin for kinetics (BMK) functional 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 considered using the solvation model density (SMD) continuum model, which provides valuable estimates of the impact of the interactions between the solute and the solvent. 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) have been used to analyze the SMD-BMK/6-311++G(d,p) densities in terms of of (i) condensed-toatom values of spin-density, and (ii) condensed-to-atom values of electrophilicity index, according to the conceptual density functional theory (DFT).

Results and discussion

Redox behavior of CBZ

The redox behavior of CBZ was first investigated by cyclic voltammetry on a glassy carbon working electrode (Fig. 1A). The electrochemical response of CBZ on the glassy carbon electrode surface gave rise to a well-defined anodic peak at potential around 0.8 V vs SCE at the first scan, the backward scanning then resulted in two cathodic peaks at potential near 0.5 V and 0.3 V with significantly lower intensities. During the repeated scanning, a second anodic peak appeared at a potential near 0.3 V having yet less intensity than the signals observed previously. The peaks O1 and R1 are related, which suggests a quasi-reversible redox system. The reversible couple O2/R2, located at less positive potentials than the parent molecule (O1/R1), corresponds to the redox pattern of a molecule more easily oxidized than CBZ. Similar electrochemical behavior of CBZ was reported in the literature [START_REF] Teadoum | Square Wave Voltammetric Determination of Residues of Carbendazim Using a Fullerene/Multiwalled Carbon Nanotubes/Nafion /Coated Glassy Carbon Electrode[END_REF][START_REF] Ashrafi | Trace Determination of Carbendazim Fungicide Using Adsorptive Stripping Voltammetry with a Carbon Paste Electrode Containing Tricresyl Phosphate[END_REF].

Additional experiments were performed in acidic and basic media, the same behavior was observed, except in basic medium where the R1 peak was absent. It is worth noting that the increase of pH leads to the shift of both oxidation and reduction potential peaks for lowest values (Fig. 1B). This indicates that the electrochemical oxidation reaction of CBZ is pH dependent suggesting that the oxidation mechanism of CBZ involves a protonation step. It can be attributed to the presence of nitrogen atoms at CBZ molecule [START_REF] Ribeiro | Electroanalytical determination of carbendazim by square wave adsorptive stripping voltammetry with a multiwalled carbon nanotubes modified electrode[END_REF]. Complementary information about the electrochemical oxidation pattern/mechanisms of CBZ fungicide in different media is obtained when performing EC-LC-MS and EC-MS analyses. 

Identification of degradation products of CBZ

The electrolysis of CBZ have been performed as described in sections 2.3 and 2.5. The analysis of oxidized solutions of CBZ at different media was done and LC-HRMS were recorded (Fig. S1). After 6 h of electrolysis, CBZ (Rt = 1.96 min) is still strongly present in solution (slow degradation). Degradation was also slow when the experiment was carried out for 12 h (Fig. S2). However, there is a clear difference when comparing LC-HRMS of electrolyzed and non-electrolyzed solutions of CBZ (Fig. S1). The appearance of new signals (although weak) after the electrolysis of the CBZ solution is due to the presence of the transformation products. Since pH had only an influence on ion intensity, not whether certain entity where produced or not, all the structural elucidation work was carried after oxidation at neutral pH. The objective being not to degrade the CBZ until mineralization, but rather to produce and identify its main degradation products (stable and unstable) and to propose an electrochemical degradation mechanism, 6 h is appropriate for generating sufficient oxidative degradation products of CBZ. LC-HRMS analyses allows the identification of six stable degradation products. The corresponding molecular weights are gathered in Table 1. LC-HRMS, LC-HRMS 2 

Table 1

Formation of COP1, COP2 and COP3 compounds

COP1 and COP2 are degradation products of CBZ formed before electrolysis, they are present in the solution analyzed by LC-HRMS at t0 (E = 0 V vs SCE). The high purity of the used pesticide does not allow us to attribute these degradation products to impurities. A purity test was carried out for this purpose on silica gel thin layer chromatography, using a mixture of dichloromethane-ethanol (1: 1) as eluent, and the results regarding the purity were conclusive.

These degradation products could therefore be formed, either by chemical reactions such as hydrolysis (COP2), or by ionization within the electrospray source of the mass spectrometer (COP1, same retention with CBZ).

At Rt = 1.96 min, the mas spectrum showed a protonated molecular ion peak at m/z 192 (CBZ) and a characteristic ion fragment at m/z 160 (COP1). This fragment is attributed to the molecular peak after the CH3OH loss, yielding an isocyanate function. COP1 probably forms in the electrospray source of the mass spectrometer, given its retention time identical to that of CBZ. Monitoring by EC-MS shows that COP1 and CBZ have the same behavior in mass voltammetry. Fig. 2.A shows that the mass voltammograms of both m/z 192 and 160 decreases (at around 0.85 V vs Pd/H2) with the increase in potential at the working electrode, thus confirming their presence before electrolysis, but also their electrochemical degradation.

We can also note in Fig. 2.A the low electrochemical conversion of CBZ (~ 30%). This could give information on the environmental persistence of CBZ. It is known that CBZ is a recalcitrant fungicide in the environment, due to its benzimidazole ring which resists degradation [START_REF] Singh | Toxicity, monitoring and biodegradation of the fungicide carbendazim[END_REF]. EC-MS and EC-LC-MS could then be used as a method to predict the persistence of chemicals/pollutants in the environment, based on oxidation/reduction potential, electrochemical conversion and even the electrolysis time (high/low oxidation/reduction potential, low electrochemical conversion and high time electrolysis for the most persistent).

Fig. 2.

Our results show that CBZ partially hydrolyzes in an aqueous medium to form 2-AB (COP2).

The retention time (Rt = 1.42 min) of COP2 is different from that of CBZ (Rt = 1.96 min), which suggests that the latter does not form in the ionization source. The degradation seems to be initiated by an initial attack of water molecule at the carbamic ester bond to release methyl hydrogen carbonate (C2H4O3) (Fig. 3A). The injection of analytical standard of 2-AB and HRMS 2 (Fig. S3) confirmed the presence of COP2 as a degradation product of CBZ. COP2 being electroactive (Fig. 2B), its electrochemical degradation product found was COP3 (compound resulting from the aromatic hydroxylation of COP2, Fig. 3B). Obtaining HRMS 2 (Fig. S4) and the elementary composition on the mono isotopic peak makes it possible to attribute COP3 to the hydroxylated form of COP2.

Fig. 3.

Although the electrochemical behavior of COP2 is quite interesting, we were not interested during this work on the study of its oxidative degradation. The reason here was to find the degradation products resulting directly from the parent molecule, given the very low use of COP2.

Formation of COP6: dimer

The analysis of CBZ solution by LC-HRMS after electrolysis allowed the identification of about five isomers corresponding to m/z 381. These dimers arise from the coupling of reactive intermediates formed during oxidation reaction of CBZ. The formation of dimers is dependent on the presence of radicals, and therefore confirms that the reactions are initiated by single electron transfer (SET). The determination of the elementary composition and the data collected from HRMS 2 spectra allowed the identification dimer of CBZ-CBZ type. Mass voltammetry (Fig. S5.A) shows that the formation of CBZ-CBZ dimer is at lower potential than others COP. Radicals formed on the surface of the electrode immediately diffuse towards the solution to dimerize, this with the increase in potential oxidation. We can hypothesize that after deprotonation of CBZ, the EC2 mechanisms is the one that predominates (electron transfer is followed by a second order reaction). In agreement with HRMS 2 (Fig. S6) data and works done in the literature [START_REF] Hernandez | Determination of Carbendazim with a Graphite Electrode Modified with Silicone OV-17[END_REF] on the oxidation of CBZ, we have proposed the structure of Fig. S5.B as the most predominant for the dimer CBZ-CBZ.

In order to assess the structure of the predominant CBZ-CBZ dimer, DFT calculations have been performed in order to locate and to quantify the main reactive sites of deprotonated CBZ radical (-e -, -H + ). The geometry of the studied species was optimized from the structure of crystallized CBZ (SEDZUW01 refcode in the Cambridge Structural Database, version 5.40).

Using the α-and β-electron densities, we obtained the spin density that allows us to locate the single electron in deprotonated CBZ radical, as displayed in Fig. 4A. The probability of finding the single electron is especially high at the deprotonated nitrogen atom (atomic spindensity of 0.25e), and at another nitrogen atom and two aromatic carbons (atomic spindensities between 0.21e and 0.24e). Hence, the deprotonated nitrogen atom is particularly potent for radical attacks involved in the formation of dimers, supporting the proposed structure of Fig. S5.B. The great number of isomers for this dimer suggests the delocalization of the radical electron on the intermediate species formed through electrochemical oxidation of CBZ. Considering that the formation of dimeric structures is largely powered by high concentration, it is unlikely to observe dimerization of CBZ during environmental degradation. Therefore, the presence of about five dimers was noticed during electrochemical oxidation of CBZ but their structural elucidation doesn't represent a significant interest. 

Formation of COP4 compound

According to the litterature, the most important chemical reactions found to be occurred in the transformation of CBZ are hydrolysis and hydroxylation. Aryl hydroxylation of the benzimidazole ring is one of the first steps in the biological transport of pesticides [START_REF] Mahdavi | Dissipation of carbendazim and its metabolites in cucumber using liquid chromatography tandem mass spectrometry[END_REF]. In this study, the chemical species at m/z 208 (COP4) has been detected as an oxidative degradation product of CBZ. COP4 is formed by the insertion of an oxygen atom. Based on HRMS 2 fragmentation and in accordance with litterature, COP4 was attributed to aromatic hydroxylated species (Fig. S7) [START_REF] Mahdavi | Dissipation of carbendazim and its metabolites in cucumber using liquid chromatography tandem mass spectrometry[END_REF][START_REF] Jia | Carbendazim: Disposition, cellular permeability, metabolite identification, and pharmacokinetic comparison with its nanoparticle[END_REF].

Giving that the objective of this work was to identify oxidation products and to propose a plausible electrochemical degradation mechanism of CBZ, DFT calculations have also been performed in order to locate and quantify the electrophilic sites. Using total electronic densities computed on the oxidized CBZ cation (-2e -, -H + ), we obtained the f + Fukui function that reveals four main electrophilic sites. As shown in Fig. 4B, the computed f + Fukui function for the deprotonated CBZ cation reveals noticeable electrophilicities for two aromatic carbon, the largest condensed-to-atom index (0.15e) being for the one carrying an hydrogen atom. Furthermore, it is more favorable to attach the hydroxyl group at this aromatic carbon since it is easily possible to recover the aromaticity of the molecule. Hence, the DFT calculations support noticeable hydroxylation at this aromatic carbon atom, according to the mechanism for the formation of the hydroxylated compound shown in Fig. 3C.

Moreover, the behavior in mass voltammetry (Fig. S8.A) of COP4 provides useful information on CBZ's electrochemical oxidation mechanism. Indeed, the presence of phenol function in the structure of this compound makes possible a second oxidation process, which can lead to the formation of a reactive intermediate. In order to obtain complementary information about the electrochemical oxidation pattern, cyclic voltammetry (Fig. S8.B), mass voltammetry and controlled potential electrolysis (t = 2 h and t = 4 h when necessary) of CBZ were carried out in the presence of glutathione. A high time is not necessary because the idea is just to trap the reactive intermediate species during the electrochemical degradation of CBZ.

As shown in (Fig. S8.A), the mass voltammogram of the m/z 192 associated to the monoisotopic peak of CBZ decreases significantly (at around 0.85 V vs Pd/H2) with the increase in potential at the working electrode, confirming its oxidation. The appearance of oxidation product COP4 in correlation with the drop of signal intensity of CBZ suggested a correlation between its formation and the electrochemical oxidation of CBZ. However, we could not exactly determine the nature of the peak which forms around 0.75 V.

In the presence of GSH (Fig. S8.B), the reduction peaks R1 and R2 previously observed in Fig. 1.A can be made to gradually disappear by increasing the GSH concentration. These peaks almost completely disappear in the presence of a ten-fold excess of GSH. For this cyclic voltammetry profile, it appears 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/R2 (Fig. 1A) can be attributed to the hydroxylated CBZ derivatives oxidized to quinone imine structure (Fig. 3C), with the hydroxyl group preferably located on the ring, which eases the formation of the quinone imine structure after re-aromatization. The elementary analysis shows an excellent agreement between experimental and the theoretical mass for the conjugate compound (Δm = 1.6 ppm; C19H25N6O9S). Fig. S10 shows the HRMS 2 spectrum obtained after the dissociation of the [M+H] + 513.14 ion, induced by collision during the experiment, as well as the attribution of the different fragments observed that confirm the structure. The analysis of Fig. S10 demonstrates losses of neutral molecules such as γ-glu-ala-gly (-274), glycine (-75), glutamine (-145) as well as pyroglutamic acid (-130), which are characteristics of MSMS fragmentation of a glutathione 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].

Interestingly, upon raising the GSH concentration, a new peak (marked by the arrow in Fig. S8.B) appears at a more positive potential than O1 (0.86 V vs SCE). This peak likely corresponds to the oxidation of a thioadduct of oxidized CBZ identified by online EC-MS. O1/R1 (Fig. 1A) could then be attributed to the quasi-reversible oxidation of CBZ to give the nitrenuim cation (Δm = -1.6 ppm; C19H25N6O8S). The mass voltammograms (Fig. S11) displays the [M+H] + 513.14 and 497.14 ions, as well as the high-resolution mass spectra recorded at different times (7.5 min for 0.7 V and 11.80 min for 1.1 V).

The increase of potential leads to the appearance of two new signals at m/z 513.14 and 497.14 (Fig. S11). These signals are not present when the experiment is carried out in the absence of the GSH. This observation confirms the formation of the conjugation products associated with quinone imine (Fig. 3.C) and nitrenium ion (Fig. 3.D) structures. A similar observation was made by Van Leeuven et al. [START_REF] Van Leeuwen | Prediction of clozapine metabolism by on-line electrochemistry/liquid chromatography/mass spectrometry[END_REF] during their study on the prediction of clozapine metabolism by online EC-MS. To further confirm the presence of the nitrenium ion, controlled potential electrolysis of CBZ was carried out in the presence of GSH at a potential fixed to 0.75 V vs SCE.

The HRMS 2 spectrum (Fig. S12) obtained after the dissociation of the [M+H] + 497.14 ion (induced by collision during the experiment, as well as the attribution of the different fragments) confirm the structure of thioadduct of the nitrenium ion. It should be noted that the glutathione adduct of the nitrenium ion was not observed when the electrolysis was performed above 0.85 V vs SCE. It can therefore be concluded that high potential electrolysis leads to the degradation of the nitrenium ion (Fig. S8.B).

The formation of nitrenium ion was supported by the DFT calculations on the oxidized CBZ cation (-2e -, -H + ), since the previously computed f + Fukui function reveals noticeable electrophilicities for two nitrogen atoms (Fig. 4B). The condensed-to-atom indices are 0.15e for the one from the carbamate group, and 0.12e for the one of the benzimidazole ring. We have chosen to form the adduct from the nitrogen located on the ring, but the possibility of forming from the nitrogen atom of the carbamate group is not ruled out. All of the above information confirms that GSH quickly traps oxidized CBZ species in solution, resulting in conjugated forms. The formation of quinone imine and nitrenium ion during the electrochemical oxidation of CBZ highlights the reactivity of its degradation products and possibility of in vivo toxicity. Indeed, quinone, quinone imine, nitrenium ion, epoxides, arene oxides and alkyl halides are known for their strong interaction with biomolecules such as DNA or proteins [START_REF] Enoch | A review of the electrophilic reaction chemistry involved in covalent DNA binding[END_REF][START_REF] Enoch | A review of the electrophilic reaction chemistry involved in covalent protein binding relevant to toxicity[END_REF].

Formation of COP5 compound

COP5 showed a molecular ion peak at m/z 118 (M+H + ), a peak fragment at m/z 86 (which correspond to the loss of -OCH3 fragment) and another at m/z 101 (which correspond to the loss of -NH2 fragment). A short retention time (0.42 min) is compatible with the polarity of this product and the peaks fragments at m/z 86 and 101 are in agreement with the envisaged structure. The HRMS 2 spectrum of COP5 is given in Fig. S9. Abdou et al. [START_REF] Abdou | Photochemistry of pesticides, 3: Photolysis of methyl 2-benzimidazolecarbamate (Carbendazim) in the presence of singlet oxygen[END_REF] have proposed a mechanism with the radical or bi-radical species issued from cleavage of the benzimidazole ring, generating a molecule of benzene. The possibility of forming COP5 by the hydrolysis of quinone imine is not ruled out, provided that the subsequent oxidation takes place.

Electrochemical degradation vs environmental degradation of CBZ

Industrial production process and extensive use in agriculture and forestry facilitate the entry of CBZ in aquatic systems, soil and foods. CBZ can be transformed into transformation products or even fully mineralized through a range of abiotic (photolytic, Fenton) [START_REF] Abdou | Photochemistry of pesticides, 3: Photolysis of methyl 2-benzimidazolecarbamate (Carbendazim) in the presence of singlet oxygen[END_REF][START_REF] Mazellier | Photochemical behavior of the fungicide carbendazim in dilute aqueous solution[END_REF][START_REF] Da Costa | Degradation of carbendazim in water via photo-Fenton in Raceway Pond Reactor: assessment of acute toxicity and transformation products[END_REF][START_REF] Boudina | Photochemical behaviour of carbendazim in aqueous solution[END_REF][START_REF] Panadés | Photodecomposition of carbendazim in aqueous solutions[END_REF][START_REF] Yang | Effects of superabsorbent polymers on the fate of fungicidal carbendazim in soils[END_REF] and biotic (microbial, bacterial, fungal…etc.) [START_REF] Singh | Toxicity, monitoring and biodegradation of the fungicide carbendazim[END_REF][START_REF] Jia | Carbendazim: Disposition, cellular permeability, metabolite identification, and pharmacokinetic comparison with its nanoparticle[END_REF][START_REF] Bai | Rhamnolipid-aided biodegradation of carbendazim by Rhodococcus sp. D-1: characteristics, products, and phytotoxicity[END_REF][START_REF] Jing-Liang | Isolation and characterization of a carbendazim-degrading Rhodococcus sp. djl-6[END_REF][START_REF] Lei | Hydrolysis mechanism of carbendazim hydrolase from the strain Microbacterium sp. djl-6F[END_REF][START_REF] Wang | Biodegradation of carbendazim by a novel actinobacterium Rhodococcus jialingiae djl-6-2[END_REF] processes. EC-LC-MS and EC-MS analysis has made it possible to highlight the formation of transformation products of CBZ. Some are common to those observed during environmental degradation, and others are newly observed during this work. Fig. 5 shows the main transformation products obtained during the degradations of CBZ. Quinone imine and nitrenium ion were observed for the first time in this study. 

Proposed degradation pathways of CBZ

Electrochemistry in combination with analytical techniques such as mass spectrometry allowed during this study to propose a degradation mechanism of CBZ fungicide. Fig. 6 illustrates this mechanism. 

Conclusion

Through the online EC-MS and offline EC-LC-MS association, we have simulated the environmental degradation of the fungicide CBZ. The generation and identification of main transformation products of phases I and II, illustrates a certain mimicry with liver microsomes, and allowed us to confirm numerous data from the literature regarding the environmental degradation of CBZ. The most important chemical reactions found to occur in the transformation of CBZ were hydrolysis and hydroxylation. When performing online EC-MS in the presence of GSH, the mass spectrum shows a peak corresponding to an intermediate with a short half-life, which is especially difficult to evidence: the nitrenium ion. This highly reactive species towards thiol functions of small molecules and proteins, is very regularly held for major responsible for the toxicity of diverse molecules. The cyclic voltammetry performed on CBZ in the presence of glutathione suggest the distinctly formation of the nitrenium ion and a new species easily electro reduced, namely a quinone imine structure. The addition of GSH causes the disappearance of the CBZ reduction peaks. These behaviors in cyclic voltammetry corroborate the interpretations resulting from measurements by EC-LC-MS coupling. The method presented could be applied to the study of new developed pesticides and other bioactive compounds. It could also extend to synthesizing transformation product standards and as reference for investigation of CBZ and its transformation products residues in real samples. For environmental sciences, a rapid prediction of the transformation products of a suspected new contaminant, using an EC-MS approach, would make it possible to obtain a list of possible compounds resulting from oxidative transformations, facilitating detection during screening tests in a natural environment. 
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Table 1

Detected CBZ degradation products with their exact masses, retention times, mass deviation, molecular formulas and chemical transformations. 
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  Solvent A was water and solvent B was acetonitrile, both solvents containing 0.1 % formic acid. Injection volume was set to 2 µL and the chromatographic flow rate was set to 0.4 mL/min. A Xevo G2-XS Quadrupole-Time-Of-Flight (Q-TOF) mass spectrometer (Waters, Milford, MA, USA) equipped with an electrospray source (ESI) was used in the positive ionization mode. The source parameters were set as follows : capillary voltage 0.5 kV, sampling cone 3 V, source temperature 120 °C, source offset 80 V, desolvation temperature (N2) 350 °C, cone gas flow (N2) 80 L/hr, desolvation gas flow (N2) 600 L/hr. MS data were acquired in the range m/z 50 -800 at 2 Hz. The TOF analyzer was operated in sensitive mode. Lock mass standard (Leucine Enkephalin, 50 pg/µL, exact mass of 556.2771 Da [M+H] + ) was supplied at 10 µL/min. A spectrum of 0.3 s was acquired every 15 s and allowed exact mass determination 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).
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  and EC-MS results indicated the presence of benzimidazole-isocyanate (COP1, m/z 160), 2-aminobenzimidazole (COP2, m/z 134), hydroxy-2-aminobenzimidazole (COP3, m/z 150), hydroxycarbendazim (COP4, m/z 208), monocarbomethoxyguanidine (COP5, m/z 118) and about five isomers of the major dimer (COP6, m/z 381).
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 1 Fig. 1. (A) Cyclic voltammograms of 1 mmol.L -1 CBZ 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 mmol.L -1 CBZ at three different pH (Basic, B; Neutral, N and Acidic, A).

Fig. 2 .

 2 Fig. 2. (A) 2D mass voltammograms of CBZ and COP1 using BDD WE (scanned 0 -2 V vs Pd/H2 reference electrode, 2 mV/s); (B) Cyclic voltammograms of 1 mmol.L -1 of COP2 (2-AB) in H2O/MeCN 50:50 with 0.1 M ammonium acetate pH 7.4, scan rate 50 mV/s.

Fig. 3 .

 3 Fig. 3. (A) Chemical mechanism of COP1 formation, (B) Chemical mechanism of COP2 formation and its electrochemical oxidation to form COP3, (C) Electrochemical mechanism of COP4 and quinone imine (QI) formation and (D) Electrochemical mechanism of nitrenium ion formation.
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 4 Fig. 4. (A) Computed spin density for the deprotonated CBZ radical and (B) computed f + Fukui function for the deprotonated CBZ cation. The atoms with the largest green (purple) lobes are more prone to radical (respectively nucleophilic) attack, the most important site being differentiated by its computed index.
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 5 Fig. 5. Comparison between electrochemical and environmental degradation of CBZ.
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 6 Fig. 6. Main chemical species observed after the electrochemical oxidation of CBZ.
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