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2-mercaptobenzothiazole (MBT) is known as an efficient corrosion inhibitor for copper. In the present work, we performed quantum chemical DFT calculations of the interaction of MBT on Cu(111) surfaces covered by an ultrathin Cu 2 O(111) film, in order to bring atomic scale insight on the corrosion inhibition properties of MBT on oxidized copper surfaces. Thione and thiolate forms of MBT are found to interact strongly with the oxidized surfaces. The formation of a monolayer at full coverage is favored over single molecular adsorption at low coverage with the molecules adopting a perpendicular orientation. Thione binds strongly via covalent bonding between the exocyclic sulfur atom and the under coordinated Cu site, and additional H-bonding between the NH group and surface oxygen atoms (NH...O H-bond). Thiolate binds more strongly via a second covalent bond between the N atom and saturated Cu site. Bonding interaction is confirmed by the electronic structure analysis and charge transfer. The adsorption process leads to the reconstruction of the topmost oxide surface. The calculations suggest that both forms of MBT may substitute H 2 O and OH at the Cu 2 O film surface, and thus may form a protective layer on oxidized copper surfaces in aqueous environment.

Introduction

Corrosion of metals and alloys is an ubiquitous phenomenon with huge economic impact, which affects many industrial sectors. Its prevention is thus a crucial issue. One of the solutions to mitigate corrosion is the use of organic corrosion inhibitors [START_REF] Milošev | Contemporary modes of corrosion protection and functionalization of materials[END_REF][START_REF] Gangopadhyay | Recent developments in the volatile corrosion inhibitor (VCI) coatings for metal: A review[END_REF][START_REF] Raja | Natural products as corrosion inhibitor for metals in corrosive media -A review[END_REF], that are considered as promising candidates to replace chromate-based coatings [START_REF] Twite | Review of alternatives to chromate for corrosion protection of aluminum aerospace alloys[END_REF][START_REF] Kendig | Role of hexavalent chromium in the inhibition of corrosion of aluminum alloys[END_REF][START_REF] Sinko | Challenges of chromate inhibitor pigments replacement in organic coatings[END_REF]. Various organic compounds containing nitrogen, oxygen and sulfur heteroatoms, polar functional groups, and conjugated double bonds are used to prevent the corrosion of copper [START_REF] Qiang | Three indazole derivatives as corrosion inhibitors of copper in a neutral chloride solution[END_REF][START_REF] Li | Inhibition film formed by 2-mercaptobenzothiazole on copper surface and its degradation mechanism in sodium chloride solution[END_REF][START_REF] Tao | Electrochemical study of cyproconazole as a novel corrosion inhibitor for copper in acidic solution[END_REF][START_REF] Tian | Potent inhibition of copper corrosion in neutral chloride media by novel non-toxic thiadiazole derivatives[END_REF][START_REF] Finšgar | 2-mercaptobenzimidazole as a copper corrosion inhibitor: Part II. surface analysis using X-ray photoelectron spectroscopy[END_REF][START_REF] Tan | Effects of ring substituents on the protective properties of self-assembled benzenethiols on copper[END_REF][START_REF] Subramanian | Effect of adsorption of some azoles on copper passivation in alkaline[END_REF][START_REF] Xue | The formation of an effective anti-corrosion film on copper surfaces from 2-mercaptobenzimidazole solution[END_REF]. Among these organic molecules, 2-mercaptobenzothiazole (MBT) has been shown to improve the corrosion resistance of copper in various conditions. Indeed, MBT exhibits different active sites and may have different types of interaction with the surface (H-bonding, electrostatic, covalent bonding). Still, the question of the detailed interaction and monolayer formation of MBT in its various forms (thiol, thione, anionic) on copper surfaces in metallic or oxidized or passivated states, remains opened.

Several experimental works showed that MBT exhibits corrosion inhibition efficiency on copper. Chadwick and Hashemi [START_REF] Chadwick | Electron spectroscopy of corrosion inhibitors: Surface films formed by 2-mercaptobenzothiazole and 2mercaptobenzimidazole on copper[END_REF] studied the corrosion inhibition of copper by MBT and MBI (2-mercaptobenzoimidazole) in different experimental conditions (pH, immersion time and presence of Cl and copper ions) using X-ray photoelectron spectroscopy (XPS) and X-ray induced Auger spectroscopy (X-AES). They found that the formation of a Cu-MBT film is possible under all conditions and that the organic film thickness depends on the pH of the treatment solution, which reflects the stability and thickness of the Cu 2 O passivating surface oxide. In the Cu 2 O stability domain (pH>4), the thickness of organic films cannot exceed the monolayer without copper ions in the solution, whereas, in the Cu 2 O instability domain (pH<3), the thickness of the organic film may be increased to any desired value. Ohsawa and Suetaka [START_REF] Ohsawa | Spectro-electrochemical studies of the corrosion inhibittion of copper by 2-mercaptobenzothiazole[END_REF] used various spectroscopy techniques in order to clarify the mechanism of corrosion inhibition of Cu by MBT and showed the formation of a surface film that acts as barrier isolating the metal from the corrosive media. The mechanism would consist of the surface reaction of cuprous ions with adsorbed MBT and not of a complex precipitated from bulk solution and involving the ionized thiol form and copper ions in ethanol solution [START_REF] Marconato | A spectroelectrochemical study of the inhibition of the electrode process on copper by 2-mercaptobenzothiazole in ethanolic solutions[END_REF]. Because corrosion processes are highly sensitive to pH, Ramírez-Cano et al. [START_REF] Ramírez-Cano | SECM study of the pH distribution over Cu samples treated with 2mercaptobenzothiazole in NaCl solution[END_REF] imaged in situ the pH distributions produced in the surrounding electrolyte by the interaction of MBT with copper by using scanning electrochemical microscopy (SECM) in potentiometric mode. They concluded that the presence of an adsorbed MBT film on Cu shifts the pH towards more alkaline values in a small volume of NaCl solution.

Some studies also investigated the adsorption sites and film formation in different experimental conditions. Finšgar and Merl [START_REF] Finšgar | An electrochemical, long-term immersion, and XPS study of 2-mercaptobenzothiazole as a copper corrosion inhibitor in chloride solution[END_REF] showed using electrochemical techniques that in chloride media MBT acts as mixed-type (i.e. anodic and cathodic) inhibitor on copper. The surface layer thickness was estimated to be 1.5 ± 0.5 nm and the adsorption of the thione form (MBTH) via the N and exocyclic S atoms to Cu was concluded from XPS measurements. Kazansky et al. [START_REF] Kazansky | Adsorption of 2-mercaptobenzothiazole on copper surface from phosphate solutions[END_REF] determined similar adsorption mechanism of MBT in neutral phosphate media. However, Woods et al. [START_REF] Woods | A SERS spectroelectrochemical investigation of the interaction of 2-mercaptobenzothiazole with copper, silver and gold surfaces[END_REF] investigated by Surface Enhanced Raman Spectroscopy (SERS) the interaction of MBT with copper, silver and gold surfaces. They found that MBT chemisorption on all three metals involves bonding between the exocyclic S and metal atoms. They concluded using XPS, that the surface layer is of monolayer thickness. In contrast, Shahrabi et al. [START_REF] Shahrabi | Corrosion inhibition of copper in sulphuric acid by some nitrogen heterocyclic compounds[END_REF] reported that the adsorption of inhibitors (MBT, MBI and MBO) on copper in sulphuric acid solution is physical via electrostatic interaction and that no covalent bonding between inhibitor molecule and metal surface is established.

The synergistic effect of MBT with other species has been established. He et al. [START_REF] He | Real-time bulk acoustic wave studies of the inhibition behavior of mercaptobenzothiazole on copper[END_REF] investigated the corrosion inhibition of MBT with and without the presence of halide ions on copper in sulfuric acid solution. They concluded that the growth kinetics of the Cu-MBT film depends on the concentration of ions and that I -promotes the synergistic formation of the protective film. Bao et al. [START_REF] Bao | 2-mercaptobenzothiazole doped chitosan/11-alkanethiolate acid composite coating: Dual function for copper protection[END_REF] used MBT to develop antibacterial coatings, aiming to solve microbiologically influenced corrosion (MIC) problems. MBT doped chitosan/11-alkanethiolate acid composite coating was found to improve copper protection (anticorrosion and antibacterial) in NaCl solution and in the presence of sulphate reducing bacteria (SRB). Moreover, the MBT molecule inhibited both anodic and cathodic reactions [START_REF] Marconato | A spectroelectrochemical study of the inhibition of the electrode process on copper by 2-mercaptobenzothiazole in ethanolic solutions[END_REF][START_REF] Ramírez-Cano | SECM study of the pH distribution over Cu samples treated with 2mercaptobenzothiazole in NaCl solution[END_REF][START_REF] Shahrabi | Corrosion inhibition of copper in sulphuric acid by some nitrogen heterocyclic compounds[END_REF][START_REF] Bao | 2-mercaptobenzothiazole doped chitosan/11-alkanethiolate acid composite coating: Dual function for copper protection[END_REF].

The surface state of copper has an impact on MBT adsorption. Chadwick and Hashemi [START_REF] Chadwick | Electron spectroscopy of corrosion inhibitors: Surface films formed by 2-mercaptobenzothiazole and 2mercaptobenzimidazole on copper[END_REF] demonstrated the influence of the oxidation state on MBT adsorption. Kazansky et al. [START_REF] Kazansky | Adsorption of 2-mercaptobenzothiazole on copper surface from phosphate solutions[END_REF] suggested that a thin Cu 2 O layer is required for the formation of the MBT layer, which thickness would depend on the immersion time in neutral phosphate media. Recently, Chen and Erbe. [START_REF] Chen | The multiple roles of an organic corrosion inhibitor on copper investigated by a combination of electrochemistry-coupled optical in situ spectroscopies[END_REF] reported using in situ infrared and Raman spectroscopy that in reducing con-ditions in alkaline electrolyte, MBT forms a monolayer on the oxide free Cu surface and prevents oxide formation. The inhibiting effect of a pre-adsorbed monolayer of MBT on oxide fomation is also found from studies of adsorption from the gas phase on surfaces prepared in well-controlled conditions under ultra low pressure [START_REF] Wu | Adsorption and thermal stability of 2-mercaptobenzothiazole corrosion inhibitor on metallic and pre-oxidized Cu(111) model surfaces[END_REF][START_REF] Wu | 2-mercaptobenzothiazole corrosion inhibitor deposited at ultra-low pressure on model copper surfaces[END_REF]. Thus, it appears that the oxidation state of the Cu surface (metallic or covered by an oxide layer) is a determining factor in the interaction of MBT with copper.

MBT also interacts with other metal and metallic alloy surfaces and can be used for the protection against corrosion of aluminum and its alloys [START_REF] Denissen | Reducing subjectivity in EIS interpretation of corrosion and corrosion inhibition processes by in-situ optical analysis[END_REF][START_REF] Xhanari | The corrosion inhibition of AA6082 aluminium alloy by certain azoles in chloride solution: Electrochemistry and surface analysis[END_REF][START_REF] Zadeh | Synergetic active corrosion protection of AA2024-T3 by 2D-anionic and 3D-cationic nanocontainers loaded with Ce and mercaptobenzothiazole[END_REF][START_REF] Visser | On the importance of irreversibility of corrosion inhibitors for active coating protection of AA2024-T3[END_REF][START_REF] Balaskas | Two-shell structured PMAA@CeO 2 nanocontainers loaded with 2mercaptobenzothiazole for corrosion protection of damaged epoxy coated AA2024-T3[END_REF][START_REF] Maia | Corrosion protection of AA2024 by sol-gel coatings modified with MBT-loaded polyurea microcapsules[END_REF][START_REF] Roussi | Anticorrosion and nanomechanical performance of hybrid organosilicate coatings integrating corrosion inhibitors[END_REF], steel [START_REF] Cen | 2-mercaptobenzothiazole as a corrosion inhibitor for carbon steel in supercritical CO 2 -H 2 O condition[END_REF][START_REF] Mirzakhanzadeh | Enhanced corrosion protection of mild steel by the synergetic effect of zinc aluminum polyphosphate and 2mercaptobenzimidazole inhibitors incorporated in epoxy-polyamide coatings[END_REF][START_REF] Kartsonakis | A comparative study of corrosion inhibitors on hot-dip galvanized steel[END_REF][START_REF] Rahmani | Evaluation of inhibitors and biocides on the corrosion, scaling and biofouling control of carbon steel and copper-nickel alloys in a power plant cooling water system[END_REF][START_REF] Gholami | Correlated ab initio and electroanalytical study on inhibition behavior of 2mercaptobenzothiazole and its thiole thione tautomerism effect for the corrosion of steel (API 5L X52) in sulphuric acid solution[END_REF][START_REF] Zhang | Inhibition performance of 2-mercaptobenzothiazole derivatives in CO 2 saturated solution and its adsorption behavior at Fe surface[END_REF], brass [START_REF] Kazansky | XPS study of adsorption of 2-mercaptobenzothiazole on a brass surface[END_REF][START_REF] Ramji | Synergistic inhibition effect of 2mercaptobenzothiazole and Tween-80 on the corrosion of brass in NaCl solution[END_REF] and nanocomposite [START_REF] Xing | Preparation, release and anticorrosion behavior of a multi-corrosion inhibitors-halloysite nanocomposite[END_REF]. Others studies investigated the corrosion and lubrication properties of MBT on bronze [START_REF] Li | The corrosion and lubrication properties of 2-mercaptobenzothiazole functionalized ionic liquids for bronze[END_REF] and self-healing coatings properties on magnesium and its alloys [START_REF] Liu | Enhancing the self-healing property by adding the synergetic corrosion inhibitors of Na 3 PO 4 and 2mercaptobenzothiazole into the coating of Mg alloy[END_REF][START_REF] Xie | Nanocontainers-enhanced self-healing Ni coating for corrosion protection of Mg alloy[END_REF]. The adsorption geometries of MBT monolayers on zinc [START_REF] Yang | 2mercaptobenzothiazole monolayers on zinc and silver surfaces for anticorrosion[END_REF], silver [START_REF] Woods | A SERS spectroelectrochemical investigation of the interaction of 2-mercaptobenzothiazole with copper, silver and gold surfaces[END_REF][START_REF] Grekulović | Electrochemical behavior of AgCu50 in alkaline media in the presence of clorides and 2mercaptobenzothiazole[END_REF][START_REF] Yang | 2mercaptobenzothiazole monolayers on zinc and silver surfaces for anticorrosion[END_REF] and gold [START_REF] Woods | A SERS spectroelectrochemical investigation of the interaction of 2-mercaptobenzothiazole with copper, silver and gold surfaces[END_REF][START_REF] Cui | In situ STM evidence for the adsorption geometry of threen-heteroaromatic thiols on Au(111)[END_REF][START_REF] Shervedani | Application of 2mercaptobenzothiazole self-assembled monolayer on polycrystalline gold electrode as a nanosensor for determination of Ag(I)[END_REF][START_REF] Bharathi | Potential-dependent "opening" and "closing" of self-assembled 2-mercaptobenzthiazole on gold substrates[END_REF] surfaces and gold nanoparticules (AuNPs) [START_REF] Parham | Resonance rayleigh scattering method for determination of 2-mercaptobenzothiazole using gold nanoparticles probe[END_REF] were also investigated by various experimental techniques.

Thus, although corrosion inhibition is well established, the adsorption mechanisms of MBT, including the role of the surface oxide, are still subject to discussion and theoretical calculations are missing to clarify the MBTcopper interaction. Quantum calculations approach can help us to understand how inhibitors build up protective barriers against corrosion by investigating the interaction mechanisms on metallic and oxidized surfaces at the atomic and sub-atomic scales.

Very few quantum chemical studies adressed the MBT molecule and its adsorption. Theoretical calculations of the molecular properties showed that the molecule can exist in different forms in solution [START_REF] Gholami | Correlated ab initio and electroanalytical study on inhibition behavior of 2mercaptobenzothiazole and its thiole thione tautomerism effect for the corrosion of steel (API 5L X52) in sulphuric acid solution[END_REF] and suggested that the thione form is a better inhibitor for steel than the thiol form. Cen et al. [START_REF] Cen | 2-mercaptobenzothiazole as a corrosion inhibitor for carbon steel in supercritical CO 2 -H 2 O condition[END_REF] proposed that MBT adsorbs via N and exocyclic S atoms on carbon steel (Fe). The combined first-principles and experimental study of Zhang et al. [START_REF] Zhang | The influence of crystal faces on corrosion behavior of copper surface: First-principle and experiment study[END_REF] showed that MBT is more able to protect Cu(220) and not able to protect Cu(200) and Cu(111) surfaces in the metallic state at low Cl concentration. MBT was found to adsorb via physical bonding on Cu (200) and Cu(111), while it chemically bonds via two sulfur atoms on Cu(220).

The highest chemical activation of the (220) face would drive the better anti-corrosive ability than on the (200) and (111) faces. Vernack et al. [START_REF] Vernack | Theoretical studies of 2-mercaptobenzothiazole and 2-mercaptobenzimidazole as corrosion inhibitors for copper[END_REF] studied MBT (thiol, thione, thiolate) adsorption on Cu(111) surfaces in the metallic state. They found that the most stable configuration is that of a monolayer of the thiolate form in a perpendicular orientation and adopting a ( √ 7× √ 7) R19 • superstructure, the molecules being bonded to the Cu atoms via the exocyclic S atoms on Cu(111) surface. Bonding to Cu atoms via the S atoms was confirmed by an experimental study of the adsorption of MBT from the gas phase on oxide-free Cu(111) surfaces controlled at the atomic scale [START_REF] Wu | Adsorption and thermal stability of 2-mercaptobenzothiazole corrosion inhibitor on metallic and pre-oxidized Cu(111) model surfaces[END_REF][START_REF] Wu | 2-mercaptobenzothiazole corrosion inhibitor deposited at ultra-low pressure on model copper surfaces[END_REF].

From the examination of literature data, it thus appears that the adsorption of organic inhibitors on metal and alloy surfaces and the formation of protecting layers is well established. The affinity of MBT with the metallic Cu surface has been clearly demonstrated by experimental [START_REF] Wu | Adsorption and thermal stability of 2-mercaptobenzothiazole corrosion inhibitor on metallic and pre-oxidized Cu(111) model surfaces[END_REF][START_REF] Wu | 2-mercaptobenzothiazole corrosion inhibitor deposited at ultra-low pressure on model copper surfaces[END_REF][START_REF] Chen | The multiple roles of an organic corrosion inhibitor on copper investigated by a combination of electrochemistry-coupled optical in situ spectroscopies[END_REF] and theoretical [START_REF] Vernack | Theoretical studies of 2-mercaptobenzothiazole and 2-mercaptobenzimidazole as corrosion inhibitors for copper[END_REF] data. However, to the best of our knowledge, no theoretical studies of MBT adsorption on oxidized copper surfaces has been performed

to complement the experimental knowledge. Indeed, depending on pH and potential, the Cu surface will be oxidized or reduced [START_REF] Protopopoff | Potential-pH diagrams for hydroxyl and hydrogen adsorbed on a copper surface[END_REF].

Here In order to better understand the role of the oxide layer, two thicknesses were considered. On these models, the MBT molecule was adsorbed and the molecular coverage, molecular conformer and energies of adsorption were systematically investigated. The adsorption of MBT is compared to water and OH adsorption in order to investigate in which conditions MBT is adsorbed at the solid/liquid interface with the passivated surface.

Computational details

All calculations were performed in the framework of DFT with the periodic plane-wave basis set code VASP (Vienna Ab initio Simulation Package) [START_REF] Sun | Performance of the vienna ab initio simulation package (VASP) in chemical applications[END_REF]62,[START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio totalenergy calculations using a plane-wave basis set[END_REF]. All results reported have been obtained with projector-augmentedwave potentials using a 450 eV plane-wave cut-off [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF][START_REF] Blöchl | Projector augmented-wave method[END_REF]. The Generalized Gradient Approximation (GGA) of Perdew-Burke-Ernzehof (PBE) functional was used for the exchange-correlation term [START_REF] Perdew | Atoms , molecules , solids , and surfaces: Applications of the generalized gradient approximation for exchange and correlation[END_REF][START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. We used a Methfessel-Paxton smearing [START_REF] Methfessel | High-precision sampling for Brillouin-zone integration in metals[END_REF]. Because of the large unit cell size used in calculations, the Brillouin-zone sampling was restricted to the Γ-point [START_REF] Monkhorst | Special points for Brillonin-zone integrations[END_REF].

Van der Waals contributions were considered in the local van der Waals density functional scheme proposed by Dion et al [START_REF] Dion | Van der Waals density functional for general geometries[END_REF] and Klimeŝ et al [START_REF] Klimeŝ | Chemical accuracy for the van der Waals density functional[END_REF][START_REF] Klimeš | Van der Waals density functionals applied to solids[END_REF][START_REF] Klimeš | Perspective: Advances and challenges in treating van der Waals dispersion forces in density functional theory[END_REF] and calculations were carried out using OptB86b-vdw level [START_REF] Klimeš | Van der Waals density functionals applied to solids[END_REF]. Atomic positions were relaxed with the conjugate gradient (CG) algorithm until forces on each moving atom were less than 0.02 eV Å-1 .

In the unit cell, the substrate is represented by four layers of copper metal having the (111) orientation and covered by a (111)-oriented Cu 2 O ultrathin oxide film with thickness of 5.89 or 11.07 Å. The detailed description (construction, optimisation, energetic and electronic properties and reactivity with water and OH groups) of the model will be presented in a separate article. Only a summary is given below. The MBT molecules were adsorbed on top of the oxide layer. The vacuum region was set at more than 18 Å to minimize the interactions in the z direction between periodic images of the system. We also investigated the adsorption of the molecules on the hydrated and hydroxylated surfaces. Indeed, in contact with an aqueous solution, the surface can be covered by a layer of water molecules or by OH groups.

Passivated surface model

On the hydrated surface, the water molecules bind on top of Cu cus sites via the oxygen atom and form H-bonds with adjacent O up oxygen. The adsorption energy is -1.10 eV/mol at saturation of the Cu cus sites . On the The supercell described here allows us to study MBT adsorption at low (0.37 mol/nm 2 ) and high coverage (3.27 mol/nm 2 ). The low coverage corresponds to one molecule per supercell and the high coverage to nine molecules per supercell, i.e. one molecule is adsorbed on each unsaturated copper site.

Molecules

The MBT molecule was modeled in thione (MBTH) and radical thiolate (MBT • ) forms (Fig. 3). The properties of the MBT molecule have been described in the literature. In the crystal structure, the molecules form centrosymmetric hydrogen bonded dimers [START_REF] Koch | Absorption spectra and structure of organic sulphur compounds[END_REF][START_REF] Chesick | The molecular and crystal structure of 2mercaptobenzothiazole[END_REF]. In dilute solution, MBT exists as thione monomer and cyclic dimer [START_REF] Rai | FTIR, raman spectra and ab initio calculations of 2-mercaptobenzothiazole[END_REF][START_REF] Mohamed | Reinvestigation of benzothiazoline-2-thione and 2mercaptobenzothiazole tautomers: Conformational stability, barriers to internal rotation and DFT calculations[END_REF]. Experimental [START_REF] Rai | FTIR, raman spectra and ab initio calculations of 2-mercaptobenzothiazole[END_REF][START_REF] Li | The corrosion and lubrication properties of 2-mercaptobenzothiazole functionalized ionic liquids for bronze[END_REF] and theoretical [START_REF] Vernack | Theoretical studies of 2-mercaptobenzothiazole and 2-mercaptobenzimidazole as corrosion inhibitors for copper[END_REF][START_REF] Mohamed | Reinvestigation of benzothiazoline-2-thione and 2mercaptobenzothiazole tautomers: Conformational stability, barriers to internal rotation and DFT calculations[END_REF] works revealed that the thione form is more stable than the thiol form, and thus the thiol form was not modeled in the present work. The isolated molecules were optimised in a box with dimensions of 20 Å×20 Å×20 Å in x, y, and z directions, using the same computational conditions described above. For the radical MBT • form, spin polarization was implemented to get the energy minimum. 

Energetics

The adsorption energy of the thione form (MBTH) was calculated as:

E ads = [E(slab/M BT H)-E(slab)-nE(M BT H)]/n (1) 
where E(slab/MBTH) is the total energy of the system with MBTH adsorbed on the slab surface. E(slab) and E(MBTH) are the energies of the bare, relaxed Cu(111)||Cu 2 O(111) slab and of the free MBTH molecule optimized in vacuum, respectively. n is the number of molecules on the surface.

The adsorption energy for the radical thiolate form (MBT • ) was calculated as:

E ads = [E(slab/M BT • )-E(slab)-nE(M BT • )]/n (2) 
where E(slab/MBT • ) is the total energy of the system with MBT • adsorbed on the slab surface. E(MBT • ) is the energy of the free radical MBT • optimized in vacuum and n is the number of radical adsorbates on the surface.

In order to compare the stability of the formation of dense layer at full coverage with the adsorption at low coverage, we normalized the adsorption energy per unit area as follows:

ε norm = E ads × θ (3)
where E ads is the adsorption energy per molecule and θ = n A is the coverage, defined as the number of adsorbed molecules (n) per area (A) of the slab.

We evaluated the interaction of MBTH and MBT n is the number of adsorbed (or released) molecules.

We also evaluated the interaction of the thione form (MBTH) with the hydroxylated surface. The following condensation reaction (replacement of an OH group by the MBT • form and release of water molecule) was considered:

M BT H + OH ads -→ M BT ads + H 2 O (6) 
where OH ads stands for a surface OH group and MBT ads for an adsorbed molecule under thiolate form after reaction. The corresponding condensation energy is calculated as:

∆E cond. = [E(slab/M BT • )+nE(H 2 O)-E(slab/OH)-nE(M BT H)]/n (7)
where E(slab/M BT • ) is the total energy of the system with MBT thiolate (MBT • ) adsorbed on the oxide surface. E(H 2 O) is the energy of a water molecule calculated in the vacuum. E(slab/OH) and E(MBTH) are the energies of the optimized hydroxylated slab surface and the free MBTH thione form optimized in vacuum, respectively. n is the number of adsorbed MBT molecules.

Electronic and charge analysis

We plotted the charge density difference expressed as follows:

∆ρ(r) = ρ(r) slab/mol -(ρ(r) slab + ρ(r) mol ) (8) 
where ρ(r) slab/mol is the charge density distribution on the adsorbed system, ρ(r) slab and ρ(r) mol are the charge density distributions on the isolated slab and the molecule for the geometry after adsorption, respectively.

The net charge variation was determined on each atom by:

∆Q(x) = Q ads (x) -Q vac (x) (9) 
where Q ads (x) and Q vac (x) are the net charges on each atom (Bader population analysis) [START_REF] Tang | A grid-based bader analysis algorithm without lattice bias[END_REF] of the adsorbed and free molecule, respectively.

Results and discussion

Adsorption topologies and energetics

The main question to answer is whether the molecules may adsorb on the The energetics of MBTH and MBT 3. ∆ E subst. is the energy of substitution on the hydrated surface (Equation 5) and ∆ E cond. the energy of condensation on the hydroxylated surface (Equation 7).

Adsorption of thione form (MBTH) at low and full coverage

Fig. 4 shows the most stable configuration obtained at low coverage. The molecule is tilted toward the surface (meaning rings nearly parallel to the surface). The adsorption energy is -3.40 eV/mol and ε norm is -0.20 J/m 2 .

MBTH binds via the S exo atom to a Cu cus atom with a bond length of 2.17 

Adsorption of thiolate form (MBT • ) at low and full coverage

The situation for the thiolate is different since the molecule cannot form a H-bond with a surface oxygen. However, the nitrogen atom can interact directly with surface copper atoms. In addition, the reactivity of the molecule may be different in the radical form as compared to the neutral form.

The most stable adsorption configuration of MBT • at low coverage is a tilted orientation toward the surface (meaning rings nearly parallel to the surface), like for MBTH form (Fig. 6(a)). Indeed, MBT • binds via the exo- configurations are not further discussed below.

At full coverage, MBT • , like MBTH, adsorbs in a perpendicular orientation. Interestingly, the adsorption via S exo and N atoms or via S exo and S endo atoms, noted (b) and (d) in Fig. 7, respectively, are iso-energetic. The adsorption energy is -2.95±0.01 eV/mol (ε norm = -1.55 J/m 2 ) and more stable by 0.25 eV/mol than for MBTH. This competitive adsorption is valid only in the presence of both species (thione and thiolate) in the same medium, as explained for low coverage case. MBT • binds only via S exo atom to an unsaturated copper atom, with a bond length of 2.12 Å. The distance from the S endo and N atoms to the O dn atom is 3.15±0.03 and 4.48±0.03 Å, respectively. These MBT • adsorbed configurations are oriented from Cu cus to O dn direction, whereas it is from Cu cus to O up direction for the most stable configuration of MBTH.

The most stable adsorbed configuration of MBT • , noted (a) in Fig. 8, has an adsorption energy of -3.11 eV/mol (ε norm = -1.63 J/m 2 ). The normalization to the unit area shows again that the full monolayer adsorption is favored compared to the low coverage adsorption. MBT • binds via S exo atom to an unsaturated copper atom, with a bond length of 2.12 Å. In addition, MBT • forms a covalent bond via its nitrogen atom with a saturated copper surface, with a bond length of 1.98±0.04 Å. Comparison of the adsorption energies (E ads ) calculated by Equations 1 and 2, and substitution energy (E subs ) calculated by Equation 5, from the mechanism defined by Equation 4, shows that the formation of an MBTH or MBT • adsorbed monolayer at full coverage is much more exothermic than that of a molecular water layer (Table 1). Indeed, we calculated substitution energies of -1.61 and -2.01 eV/mol for the most stable monolayer configuration of MBTH (Fig. 5 (a)) and MBT • (Fig. 8 (a)), respectively. This means that in both forms the MBT molecule is able to substitute a water monolayer on the hydrated copper oxide surface. However, the substitution mechanism of hydroxyl groups, OH ads + MBT -→ MBT ads + OH , is unfavored for both the MBTH and MBT • forms. For these reasons, we considered the condensation reaction of MBT • (Equation 6) with the corresponding energy calculated by Equation 7. The results show that this condensation reaction is very exothermic with calculated energies of -1.34±0.01 eV/mol for (b) and (d) configurations in Fig. 7 and -1.50 eV/mol for (a) configuration in Fig. 8.

These calculations suggest that the MBTH form would be able to replace surface OH groups by forming adsorbed MBT • and releasing water but that the MBT • form would not be able to directly substitute surface OH groups.

We can conclude that whatever the surface state of the Cu [START_REF] Kazansky | Adsorption of 2-mercaptobenzothiazole on copper surface from phosphate solutions[END_REF] and Finšgar and Merl [START_REF] Finšgar | An electrochemical, long-term immersion, and XPS study of 2-mercaptobenzothiazole as a copper corrosion inhibitor in chloride solution[END_REF]. On the metallic surface not covered by any oxide, the adsorption via covalent bonding of both exo and endocyclic S atoms was calculated to take place on metallic copper [START_REF] Vernack | Theoretical studies of 2-mercaptobenzothiazole and 2-mercaptobenzimidazole as corrosion inhibitors for copper[END_REF] and observed experimentally by XPS [START_REF] Wu | Adsorption and thermal stability of 2-mercaptobenzothiazole corrosion inhibitor on metallic and pre-oxidized Cu(111) model surfaces[END_REF][START_REF] Wu | 2-mercaptobenzothiazole corrosion inhibitor deposited at ultra-low pressure on model copper surfaces[END_REF]. This type of bonding was also observed on metallic gold by STM measurements [START_REF] Cui | In situ STM evidence for the adsorption geometry of threen-heteroaromatic thiols on Au(111)[END_REF].

Electronic structure analysis

Electronic structure analysis provides more details about the moleculesurface interaction. This can be done using the density of states (DOS), the projected density of states (PDOS), the integral local density of states (ILDOS) and the visualization of the molecular orbitals. It can be also done by analysis of the charge density variation (∆ρ(r)) and charge transfer (∆ Q) as defined in Equations 8 and 9, respectively. A combined analysis of all these data brings relevant information useful to understand the nature of the reactive sites involved in the binding process, the amount of charge transferred from/to the surface, and the reactivity of the molecules towards substrate surfaces. Thus, the exocyclic sulfur atom is the most reactive species and it is the most likely site for the interaction with the surface copper atoms. We also observe a small contribution of nitrogen and endocyclic sulfur atoms to the DOS, which is visible at HOMO and HOMO-1 levels. The LUMO and LUMO+1 levels show the contribution of all atomic orbitals of the molecule in the unoccupied states. Analysis for the isolated thiolate anion shows similar characteristics. molecules concerns all atoms. The exocyclic sulfur atoms lose electrons, whereas endocyclic sulfur atoms gain electrons and the nitrogen atom charge remains unchanged before and after adsorption. Analysis for the most stable form of adsorbed thiolate at full coverage also confirms the nature of covalent bonding between the S exo and Cu cus atoms and between the N and Cu csa atoms.

Adsorbed molecules at full coverage

Conclusion

The interaction of the organic 

Fig. 1

 1 Fig.1shows the constructed model of the passivated surface as derived from experimental data[START_REF] Maurice | In situ STM study of the initial stages of oxidation of Cu(111) in aqueous solution[END_REF][START_REF] Kunze | In situ scanning tunneling microscopy study of the anodic oxidation of Cu[END_REF][START_REF] Kunze | In situ STM study of the effect of chlorides on the initial stages of anodic oxidation of Cu(111) in alkaline solutions[END_REF][START_REF] Kunze | In situ STM study of the duplex passive films formed on Cu(111) and Cu[END_REF][START_REF] Marcus | Atomic level characterization in corrosion studies[END_REF]. The model elaborated for the oxidized Cu(111)||Cu 2 O(111) surface consists of the Cu(111) metal substrate covered by the stoichiometric Cu 2 O(111) oxide film in parallel epitaxy: Cu(111)[110]||Cu 2 O(111)[110]. Because of the perfect fit between the oxide and metal substrate lattices over a coincidence length of 17.87 Å[76, 79], we use the lateral dimensions of the supercell of 17.81 Å in both x and y directions, which corresponds to (7×7) and (6×6) supercells for Cu(111) and Cu 2 O(111), respectively. The two studied thicknesses of the oxide structure, 5.89 Å and 11.07 Å, correspond to two and four Cu 2 O(111) layers, respectively. The oxide layers are kept free to move. The two bottom layers of the Cu(111) metal are fixed and two interface layers are kept free to move, aiming to optimize the interface interaction with the oxide film. For the adsorption of the organic molecule, we considered three surface states of the oxide layer as shown in Fig.1. In the dry surface state, the bare Cu 2 O(111) surface exhibits two distinct copper sites: coordinatively saturated (csa) and coordinatively unsaturated (cus) Cu atoms, labeled as Cu csa and Cu cus , respectively. It contains also two distinct oxygen sites:

Figure 1 :

 1 Figure 1: Snapshots of Cu(111) covered by two or four Cu 2 O(111) oxide layers with different oxide surface states (top view and side view). Before relaxation (a) and after relaxation in the (b) dry, (c) hydrated and (d) hydroxylated surface states.

Figure 2 :

 2 Figure 2: Surface sites of Cu 2 O(111). Cu cus and Cu csa correspond to unsaturated and saturated copper surface sites, respectively. O up and O dn correspond to unsaturated and saturated oxygen surface sites, respectively.

Figure 3 :

 3 Figure 3: Isolated MBT molecule under the thione (MBTH) and thiolate (MBT • ) forms modeled in this work

  oxidized surface and what are the most favored configurations obtained for a full MBT layer. The molecules were adsorbed on the dry, hydrated and hydroxylated surfaces.A wide range of configurations were tested, considering: i) the different possible adsorption sites present on the topmost surface plane; ii) the different reactive sites of the molecule, which are the exo (S exo ) and endo (S endo ) cyclic sulfur, and the nitrogen atoms; iii) the orientation of the molecule with respect to the surface plane. We considered perpendicular, tilted and parallel orientations. Among all adsorption configurations investigated in this study, we discuss here the most relevant ones. An intuitive nomenclature is used to describe the adsorbed configurations. For example (S exo -Cu cus , NH-O up ) means that MBTH forms two bonds, one between the exocyclic sulfur (S exo ) atom and the unsaturated copper (Cu cus ) atom, the other one between the NH function and the oxygen atom located "up" (O up ) in the topmost oxide plane.

Å

  . A NH....O hydrogen bond with an O up atom is also formed and the distance NH...O is 1.61 Å. In addition, two carbon atoms of the aromatic ring are involved in the interaction mechanism. These carbon atoms (corresponding to C 6 and C 9 in Fig.3) are bonded to adjacent Cu cus atoms with C-Cu bond lengths of 2.16 Å and 2.19 Å. At high coverage, the molecules stand perpendicular to the surface in the most stable configuration (Fig.5(a)). The S exo atom and the NH group are directed toward the surface. MBTH forms a covalent bond between the S exo and a Cu cus atoms with a bond length of 2.15 Å and an H-bond between the NH group and an unsaturated oxygen (O up ) surface atom (1.38 and 1.70 Å for NH...O). The adsorption direction from Cu cus to O up on the surface is favored over Cu cus to O dn by the formation of the H-bond (Fig.5 (a) and (b)). The adsorption energy is -2.71 eV/mol and less favorable than at low coverage. However, the normalization of the adsorption energy to a unit area, ε norm = -1.42 J/m 2 , shows that the formation of a full monolayer is much favored compared to the adsorption at low coverage. The adsorption of the molecule via both the exo and endocyclic sulfur atoms is less stable as shown in Fig.5 (c) and (d).

Figure 4 :

 4 Figure 4: Snapshot and adsorption energy of the most stable adsorbed configuration of thione form (MBTH) at low coverage. E ads value in brackets corresponds to the adsorption energy of MBTH adsorbed on Cu(111) covered by four Cu 2 O(111) oxide layers.

Figure 5 :

 5 Figure 5: Snapshots and adsorption energies of different adsorption configurations of MBTH form at full coverage and illustration of the adsorption mode. Top, adsorption through exocyclic sulfur atom and NH functional group and orientation relative to the surface sites, (a): (S exo -Cu cus bond; NH-O up bond) and (b): (S exo -Cu cus bond; NH-O dn orientation). Bottom, adsorption through exo and endocyclic sulfur atoms and orientation relative to the surface sites, (c): (S exo -Cu cus bond; S endo -O up orientation) and (d): (S exo -Cu cus bond; S endo -O dn orientation). E ads values in brackets correspond to the adsorption energy of MBTH adsorbed on Cu(111) covered by four Cu 2 O(111) oxide layers.

Figure 6 :Fig. 6 (

 66 Figure 6: Snapshots and adsorption energy of the most stable adsorption configuration of thiolate form (MBT • ) at low coverage (a) and surface structure of Cu 2 O(111) film after adsorption (b) and before adsorption (bare surface) (c). E ads value in brackets corresponds to the adsorption energy of MBT • adsorbed on Cu(111) covered by four Cu 2 O(111) oxide layers.

Figure 7 :Fig.7 and Fig. 8 .

 78 Figure 7: Snapshots and adsorption energies of different adsorption configurations of MBT • form at full coverage and illustration of different adsorption modes. Top, adsorption through exocyclic sulfur and nitrogen atoms and orientation relative to the surface sites, (a): (S exo -Cu cus bond; N-O up orientation), (b): (S exo -Cu cus bond; N-O dn orientation). Bottom, adsorption through exo and endocyclic sulfur atoms and orientation relative to the surface sites, (c): (S exo -Cu cus bond; S endo -O up orientation), (d): (S exo -Cu cus bond; S endo -O dn orientation).

Figure 8 :

 8 Figure 8: Snapshots and adsorption energy of different adsorption configurations of MBT • at full coverage and illustration of different adsorption modes. (a) adsorption through exocyclic sulfur and nitrogen atoms and orientation relative to the surface sites (S exo -Cu cus bond; N-Cu csa bond). (b) adsorption through exo and endocyclic sulfur atoms and orientation relative to the surface sites (S exo -Cu cus bond; S endo -Cu csa bond).

Figure 9 :

 9 Figure 9: Surface structure after adsorption of MBT (top) compared to bare surface structure (bottom). Top left corresponds to all adsorption configurations of MBTH and MBT • with one covalent bond of the molecule to the Cu cus atom (circled). Top right corresponds to the configuration in Fig8(a) with two covalent bonds of the molecule to the Cu cus and Cu csa atoms (circled).

3. 2 . 1 .

 21 Isolated species (before adsorption) The total density of state (DOS) analysis of the isolated thione (MBTH) form is shown in Fig.10 (middle). There are several S, N, C and H atoms in the molecule, and hence, we projected the density of states (PDOS) for every type of atom, as shown in Fig.10 (bottom). The molecular orbitals of the isolated molecules and the integral range are shown in Fig.10 (top). We represented the highest occupied molecular orbitals (HOMO-1 and HOMO) and lowest unoccupied molecular orbitals LUMO and LUMO+1, with isosurface of +0.004 e/ Å3 .The DOS shows that the HOMO is located near the Fermi level of the slab at about -0.40 eV and that the LUMO is located 2.70 eV above the Fermi level. These HOMO and LUMO alignments relative to the Fermi level suggests that MBTH can easily exchange electrons with the surface and behaves more as an electron donor than electron acceptor during the adsorption process. The PDOS reveals that the occupied states near the Fermi level are dominated by the contribution of the exocyclic sulfur orbitals (green line).

Figure 10 :

 10 Figure 10: Electronic structure analysis of the isolated MBTH form of MBT: integral local density of states (ILDOS, top), density of states (DOS, middle) and projected density of states (PDOS, bottom).

Fig. 11

 11 Fig.11 depicts the ILDOS (top) at different integral range, the PDOS on the molecule (middle) and for every atom (bottom) for MBTH adsorbed at full coverage. It corresponds to the most stable adsorbed configurations in Fig.5(a).

Figure 11 :

 11 Figure 11: Electronic properties of adsorbed MBTH at full coverage: visualisation of integral local density of states (ILDOS, top), projected density of states on the molecules (PDOS, middle) and projected density of states for every atom of the molecule (PDOS, bottom).

Figure 12 :

 12 Figure 12: Charge density difference analysis for most stable full coverage adsorbed configuration of MBTH. Blue and green color correspond to accumulation and deficit of charge density, respectively

  inhibitor 2-mercaptobenzothiole (MBT) under thione (MBTH) and thiolate (MBT • ) forms with an oxidized copper surface modeled by a Cu(111)||Cu 2 O(111) slab was investigated by DFT. We analyzed the structural and energetic trends to determine the most sta-ble adsorption configuration, and more details about the molecule-surface interaction were provided by the electronic structure analysis. Two thicknesses of the oxide overlayer were considered (5.89 and 11.07 Å) and gave similar results. The oxide surface was considered in the dry, hydrated and hydroxylated states at full coverage. At low coverage, the molecules are in tilted adsorption mode. Both forms of MBT bind via S exo atom to Cu cus and two carbon atoms in the aromatic ring are bonded with adjacent Cu cus . In addition MBT • binds via N atoms to Cu csa , instead of NH...O up H-bonding for MBTH. At full coverage, the molecules can form a dense and ordered monolayer by standing perpendicular to the surface. The S exo -Cu cus ; NH-O up and S exo -Cu cus ; N-Cu csa orientations are favored for MBTH and MBT • forms, respectively. For both forms, the exocyclic sulfur atom is more reactive and binds covalently to Cu cus . In the thiolate form, the nitrogen is more reactive and binds covalently to Cu csa , whereas in the thione form, a NH...O up H-bond is formed. The adsorption of the molecules leads to recover the high symmetry of the Cu cus sites broken on the bare Cu 2 O(111) surface. Thus both forms of the molecule are able to stabilize the surface by bond-making between the S exo and Cu cus atoms. However, for MBT • , bond making between the N and Cu csa atoms leads to the surface reconstruction of Cu csa sites by bond elongation with the adjacent O atoms. The adsorption energy shows strong interaction of MBT with the Cu(111)||Cu 2 O(111) surface and a similar trend for the two studied Cu 2 O layer thicknesses. The normalization of the adsorption energy to a unit area shows that the full layer formation is favored as compared to the single molecule adsorption. The high adsorption energy is confirmed by the electronic analysis, which evidences the formation of strong bonds between the molecule and the oxidized copper surface. Our calculations suggest that the substitution of water or OH groups by MBT molecule is exothermic, the adsorption of MBT is favored whatever the surface state of the oxide film. All these results suggest that MBT strongly adsorbs on copper covered by an ultra thin oxide film and contribute to explain the corrosion protection efficiency of MBT molecule. program (ERC Advanced Grant No. 741123, Corrosion Initiation Mechanisms at the Nanometric and Atomic Scales : CIMNAS).

  • with the hydrated surface considering a substitution reaction, where MBT replaces H 2 O on the surface covered initially by water molecules and water molecules are released after adsorption. The reaction is:M BT + H 2 O ads -→ M BT ads + H 2 O (4)where H 2 O ads stands for adsorbed H 2 O molecules and MBT ads for adsorbed MBT molecules (MBTH or MBT • form). The corresponding substi-

	tution energy is calculated as:
	∆E

subst = [E(slab/M BT ) + nE(H 2 O) -E(slab/H 2 O) -nE(M BT )]/n (5)

where E(slab/MBT) is the total energy of the system with MBT (MBTH or MBT • ) adsorbed on the slab surface. E(H 2 O) is the energy of a water molecule calculated in the vacuum. E(slab/H 2 O) and E(MBT) are the energies of the optimized structures with the water molecules adsorbed on the surface and the free MBTH or MBT • form optimized in vacuum, respectively.

Table 1 :

 1 • adsorption at low and high coverages is compiled in Table 1. As we did not find any difference for the adsorption mode of MBT on the models with two or four oxide layers, we discuss here in details only the case where Cu(111) is covered by two Cu 2 O(111) oxide layers. The adsorption energy as function of the number of oxide layers is reported in each Figure. Energetics of MBT adsorption at low and full coverage on Cu(111) covered by two layers of Cu 2 O(111). E ads is the adsorption energy on the dry surface, calculated with Equations 1 and 2, ε norm is the adsorption energy normalized per unit area, calculated with Equation

		Low coverage		Full coverage		
		(0.37 mol/nm 2 )		(3.27 mol/nm 2 )		
	Fig.	E ads	ε norm	Fig.	E ads	ε norm	∆E subst.	∆E cond.
		(eV/mol) (J/m 2 )		(eV/mol) (J/m 2 ) (eV/mol) (eV/mol)
	MBTH Fig.4 -3.40	-0.20	Fig.5(a) -2.71	-1.42	-1.61	-
				Fig.7(b) -2.96	-1.55	-1.87	-1.35
	MBT • Fig.6 -4.60	-0.27	Fig.7(d) -2.94	-1.54	-1.84	-1.33
				Fig.8(a) -3.11	-1.63	-2.01	-1.50
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