Ahcene Ait Amer 
email: ahceneaitamer5@gmail.com
  
Hocine Ilikti 
  
Christophe Beyens 
  
Joël Lyskawa 
  
Ulrich Maschke 
  
Elaboration of New Modified Electrodes (MEs) by Electropolymerization of Cu(II)-Schiff Base Complexes Bearing Pyrrole Moieties: Application in Electroreduction of Acetophenone and Carbon Dioxide

Keywords: Modified electrodes (MEs), Schiff bases, N-pyrrole ligands, Spectroscopy analysis, Electropolymerization, Catalytic activity

Novel functional Schiff base ligands bearing pyrrole moieties in their structures, L1:1-(3-Pyrrole-1-yl-propylimino-methyl)-naphtalen-2-ol, L2:1-(3-Pyrrole-1-yl-propylimino-methyl)phenol and L3: 1-(3-Pyrrole-1-yl-phenylimino-methyl)-naphtalen-2-ol as well as their Cu(II) complexes, have been synthesized and characterized by means of common spectroscopic analysis methods such as FTIR, UV-Vis, 1 H NMR, 13 C NMR, GC-MS and thermogravimetric analysis (TGA). The complexes, along with their metallic centres, were electropolymerized by the cyclic voltammetry method on platinum (Pt) and indium tin oxide (ITO) substrates, so that new and original modified electrodes (MEs) could be obtained, i.e. ME Poly(L i -Cu)Pt and ME Poly (L i -Cu)ITO (i=1-3). MEs obtained on ITO were characterized by FTIR spectroscopy and their morphology was investigated using scanning electron microscopy (SEM) and elemental composition by EDX analysis. The catalytic activity of these modified electrodes was successfully evaluated using electroreduction reactions in aqueous media of organic substrates. The efficiently of acetophenone reduction was significantly improved by increasing the quantity of added substrate. The value of cathodic current intensity ipc goes up from 7 to 42μA for substrate volume values varying from 0 to 40 μL, respectively. In addition, a significant increase of current values from -70μA to 175μA was observed in the presence of a saturated solution of CO 2 .

Introduction

For many years, Schiff bases have been successfully used in coordination chemistry as ligands due to their simple synthesis and their wide range of chelating ability with several metal ions [START_REF] Khan | Observation of π-hole interactions in the solid state structures of three new copper (II) complexes with a tetradentate N 4 donor Schiff base: Exploration of their cytotoxicity against MDA-MB 468 cells[END_REF]. Nowadays, many of these Schiff bases and their transition metal complexes are successfully employed in a large number of applications. Indeed, they can be used in biological activities [START_REF] Li | Synthesis, crystal structure and anticancer activity of a novel ternary copper(II) complex with Schiff base derived from 2amino-4-fluorobenzoic acid and salicylaldéhyde[END_REF][START_REF] Raman | Metallation of ethylenediamine based Schiff base with biologically active Cu(II), Ni(II) and Zn(II) ions: Synthesis, spectroscopic characterization, electrochemical behaviour, DNA binding, photonuclease activity and in vitro antimicrobial efficacy[END_REF], as well as in sensors [START_REF] Swami | Synthesis of a new Schiff-base complex based on Cu and its inference in PVC-based membrane as an electroactive material[END_REF][START_REF] Fu | Exploiting Metal-Organic Coordination Polymers as Highly Efficient Immobilization Matrixes of Enzymes for Sensitive Electrochemical Biosensing[END_REF], energy storage devices, solar cells [START_REF] Sánchez | Schiff base polymer based on triphenylamine moieties in the main chain. Characterization and studies in solar cells[END_REF] and even in corrosion protection processes [START_REF] Nassar | Synthesis, Characterization and Anticorrosion Studies of New Homobimetallic Co(II), Ni(II), Cu(II), and Zn(II) Schiff Base Complexes[END_REF]. The Schiff base complexes have been investigated using electrochemical redox reactions, and they were proved to be very efficient in the fields of electrocatalysis [START_REF] Naeimi | A novel dinuclear Schiff base copper complex as an efficient and cost effective catalyst for oxidation of alcohol: Synthesis, crystal structure and theoretical studies[END_REF][START_REF] Zhang | A novel dinuclear Schiff-base copper(II) complex modified electrode for ascorbic acid catalytic oxidation and determination[END_REF] and catalysis for a large number of reactions [START_REF] Routaray | Polymerization of lactide and synthesis of block copolymer catalyzed by copper (II) Schiff base complex[END_REF].

On the other hand, the chemical modification of electrodes has become a rapidly growing area of research because of its importance in various domains, such as electro-and photo-catalysis, electro-synthesis, electro-analysis and molecular devices [START_REF] Leonardi | Development of a Novel Cu(II) Complex Modified Electrode and a Portable Electrochemical Analyzer for the Determination of Dissolved Oxygen (DO) in Water[END_REF][START_REF] Cui | Tuning of Resistive Memory Switching in Electropolymerized Metallopolymeric films[END_REF][START_REF] Vereshchagin | Interaction of amines with electrodes modified by polymeric complexes of Ni with salen-type ligands[END_REF][START_REF] Koçak | Electrochemical Preparation and Characterization of Gold and Platinum Nanoparticles Modified Poly(taurine) Film Electrode and Its Application to Hydrazine Determination[END_REF][START_REF] Silva | A glassy carbon electrode modified with an iron N 4 -macrocycle and reduced graphene oxide for voltammetric sensing of dissolved oxygen[END_REF]. Chronologically, the concept of the modified electrode (ME) has attracted the attention of many researchers as soon as the first prototypes were produced by chemical modification of the metal surfaces.

However, the first obtained electrodes were not very effective [START_REF] Lane | Electrochemistry of chemisorbed molecules: 2. The influence of charged chemisorbed molecules on the electrodes reactions of platinum electrodes[END_REF][START_REF] Watkins | A Chiral electrode[END_REF]. During the 1970s, the discovery of new conductive polymers, such as polypyrrole, polythiophene and polyaniline, was beneficial since it helped to develop some MEs by doping the aforementioned polymers, although their effectiveness was limited [START_REF] Diaz | Conducting Poly-N-alkylpyrrole polymer films[END_REF][START_REF] Grimshaw | Redox behaviour of polypyrrole films containing naphthoquinone and benzoquinone groups[END_REF][START_REF] Haase | Electrodeposition of N-substituted polypyrroles on iron and the CIPL strategy[END_REF]. Later, other functional and polymerizable molecules were synthesized. These molecules have the ability to form organometallic complexes with transition metal ions, such as poly-M-phtalocyanines, porphyrines, polypyridyl metal complexes and tetraazamacrocycles [START_REF] Isaacs | Electrochemical reduction of CO 2 mediated by poly-M-aminophthalocyanines (M=Co, Ni, Fe): Poly-Co-tetraaminophthalocyanine, a selective catalyst[END_REF][START_REF] Grodkowski | Reduction of cobalt and iron corroles and catalyzed reduction of CO 2[END_REF][START_REF] Toma | Supramolecular assemblies of ruthenium complexes and porphyrins[END_REF]. These materials exhibit enhanced electrocatalytic activity for oxidation and reduction of various organic substrates as well as for the reduction of CO 2 .

Polymer coatings have been used to deposit metal complexes on electrode surfaces. The redox polymer MEs have been employed in the catalysis of electrochemical reactions [START_REF] Elgrishi | Molecular polypyridine-based metal complexes as catalysts for the reduction of CO 2[END_REF][START_REF] Lee | Facile self-assembled Prussian blue-polypyrrole nanocomposites on glassy carbon: Comparative synthesis methods and its electrocatalytic reduction towards H 2 O 2[END_REF][START_REF] Feng | Organometallic polymers for electrode decoration in sensing applications[END_REF][START_REF] Choudhary | In situ generation of a highperformance Pd-polypyrrole composite multi-functional catalytic properties[END_REF][START_REF] Apetrei | Amperometric tyrosinase based biosensor using an electropolymerized phosphate-doped polypyrrole film as an immobilization support. Application for detection of phenolic compounds[END_REF][START_REF] Hofer | Polymer-modified electrodes with pendant [Rh III (C 5 Me 5 )(L)Cl] + complexes formed by -irradiation cross-linking[END_REF][START_REF] Chang | Anionic Polymer-Modified Electrodes Based on a Macrocyclic Nickel(II) Complex for Selective Determination of Dopamine in the Presence of Ascorbic Acid[END_REF][START_REF] Ju | Electrolyte Effects on Electrochemical Properties of Osmium Complex Polymer Modified Electrodes[END_REF][START_REF] Galal | Electrocatalytic oxidation of some biologically important compounds at conducting polymer electrodes modified by metal complexes[END_REF][START_REF] Steter | Modified Electrodes Prepared with Polyphenolic Film Containing Ruthenium Complex and Metal Ligand Anchored by Azo Covalent Bond[END_REF].

Among the complexes used one can mention those derived from Schiff bases ligands which are generally electropolymerized on various metal electrodes. Dahm and Peters [START_REF] Dahm | Catalytic Reduction of Iodoethane and 2-Iodopropane at Carbon Electrodes Coated with Anodically Polymerized Films of Nickel (II) Salen[END_REF] studied the catalytic reduction of halides on carbon electrodes modified with Ni (II) -salen complex.

Other research studies were also conducted on poly (Metal-salen) [START_REF] Fatibello-Filho | Electrochemical Modified Electrodes Based on Metal-Salen Complexes[END_REF]. However, the studies were more interesting when the metal complexes include pyrrole units. These materials were obtained by direct anodic oxidation of pyrrole moieties to yield good modified polymer electrodes. It should be noted that the ligand architecture plays a significant role in the synthesis of this kind of materials.

Only a few studies related to copper complexes of poly (N-alkyl pyrrole), containing Schiff bases, have been reported in literature so far such as electrochemical and spectroelectrochemical properties of copper (II) and Schiff-base complexes of 2-(3-pyrrole-1yl-propylimino-methyl) phenol [START_REF] Losada | Electrochemical and spectroelectrochemical properties of copper (II) Schiff-base complexes[END_REF], or the synthesis and characterization of 6-[3′-N-pyrrole propoxy]-2-hydroxyacetophenone combined with 1,2-diaminoethane, which corresponds to a derivative of N-substituted pyrrole salicylaldehyde, along with their copper complexes [START_REF] Ourari | A novel copper(II)-Schiff base complex containing pyrrole ring: Synthesis, characterization and its modified electrodes applied in oxidation of aliphatic alcohols[END_REF][START_REF] Ourari | Synthesis and spectral analysis of N-substituted pyrrole salicylaldehyde derivatives-electropolymerization of a new nickel(II)-Schiff base complex derived from 6-[3′-N-pyrrolpropoxy]-2-hydroxyacetophenone and 1,2-diaminoethane[END_REF]. For all these reasons, three new ligands were successfully synthesized and characterized, along with their cooper (II) complexes that are based on Schiff bases bearing N-pyrrole unities in their structures. The electropolymerization of these monomers was achieved by cyclic voltammetry on platinum (Pt) and Indium tin oxide (ITO) supports to obtain new electrodes modified with polymer complexes. The polymer films on electrodes were characterized using techniques such as FTIR, SEM, and EDX. In addition, the catalytic activity was also successfully investigated in order to reduce both acetophenone and carbon dioxide on MEs obtained in the present study.

Experimental

Materials

Ethanol was purchased from Merck (absolute grade for analysis); hexane, acetone, diethyl ether and petroleum ether were purchased from Aldrich (p.a. grade solvents). Magnesium sulphate, sodium hydroxide, sodium chloride, Lithium aluminium hydride (LiAlH 4 ), copper acetate, N-(2-cyanoethyl) pyrrole (NCPy), 2-hydroxy-1-naphtaldehyde, salicylaldehyde and 1-(2-aminophenyl) pyrrole were obtained from Sigma Aldrich. All these reagents were used as received.

Methods

FTIR spectra were recorded in ATR mode using a Perkin Elmer Frontier model spectrometer between 4000cm -1 and 600cm -1 with a spectral resolution of 4cm -1 over 16 scans. Electronic spectra (UV-Vis) were obtained on a Varian Cary 100 UV-visible spectrophotometer, using Hellma Quartz cells (100-QS) exhibiting 10mm thickness. 1 H-and 13 C-NMR spectra were recorded in appropriate deuterated solvents (concentration 6mg/10mL) with tetramethylsilane as internal standard, using a Bruker AC 300MHz spectrometer. The Gas Chromatography/Mass Spectrometry (GC/MS) analysis was performed on a Perkin Elmer Clarus 680 gas chromatograph coupled with a Clarus 600T mass detector (PerkinElmer, Shelton, USA).

A Perkin Elmer Pyris1 thermogravimetric analyzer was used for recording thermogravimetric data of the ligands and complexes in a nitrogen atmosphere (20mL/min), applying a heating rate of 10°C/min.

The electrochemical experiments were carried out using Autolab (PGSTAT) potentiostat controlled by GPES software (version 4.9.005). Cyclic voltammograms were recorded using 5ml conventional cell with three electrode system. Working electrodes are disc platinum (Metrohm) with diameter 3mm were polished with diamond past and rinsed with acetone and acétonitrile before using, and ITO-glass electrode with 100nm thickness and 50Ω as resistance were prepared in suitable size (electroactive area 1cm 2 ) with counter electrode in platinum wire. All potentials are expressed versus the saturated Ag/AgCl electrode saturated with KCl. Nitrogen gas (pre-saturated with solvent) was bubbled vigorously the solution for 20min to ensure saturation (concerning the experiments conducted with CO 2 , bubbling was carried out until saturation, and the pH value of the medium reached 3.5).

Tetrabutylammonium hexafluorophosphate (TBAPF 6 ) and Tetrabutylammonium perchlorate (TBAClO 4 ) (Aldrich) were dried under vacuum at 100°C before use. Acetonitrile and DMF were dried over appropriate agents and distilled prior to use.

Synthesis of compounds

In general, the monomers were synthesized by reproducing the same synthesis protocol with appropriate aldehydes and amines. In the following the synthesis method of monomer L1 will be given, which represents the synthetic pathway of the other monomers as well. Their structures were also represented in Fig. 1. 

Synthesis of 1-(3-aminopropyl) pyrrole

1-(3-aminopropyl) pyrrole (APP) was prepared by reduction of 1-(2-cyanoethyl)-pyrrole with

LiAlH 4 in dry diethyl ether as reported in literature [START_REF] Qin | A conductive copolymer of graphene oxide/poly(1-(3-aminopropyl)pyrrole) and the adsorption of metal ions[END_REF].

The product appearance: light-yellow viscous oil, yield: 78.4%, refractive index: 

Synthesis of 1-(3-Pyrrole-1-yl-propylimino-methyl)-naphtalen-2-ol (L1)

In a three-necked flask 10mmol (1.72g) of 2-hydroxy-1-naphtaldehyde were dissolved in 15mL of absolute ethanol under thermal agitation, and 10mmol (1.24g) of APP was added using the same volume of absolute ethanol. The mixture was then kept under nitrogen atmosphere and heated under reflux (~78°C) for 3h. After cooling, the solvent was removed with a rotary evaporator and the crude product was purified by column chromatography using a mixture of petroleum ether-acetone (3:1) as eluent, revealing high purity of the compound.

The product appearance: brown viscous oil, yield: 82.1%. 

FTIR (ATR) ν (cm

Synthesis of the complexes

The copper complexes (L1-Cu, L2-Cu and L3-Cu) were prepared as follows: A warm solution of Cu(CH 3 COO) 2 (0.008mol) in 15mL of methanol was added to an absolute ethanol solution (15mL) of desired ligand (0.016mol) and the mixture was stirred at refluxed temperature for 1h. The mixture was cooled in an ice bath for 2h and then kept at room temperature for 24h until precipitation of the solid product, which was filtered, washed with anhydrous cold ethanol, and finally dried in vacuum.

Results and Discussion

Electronic spectra

Table 1 illustrates some spectroscopic data of L1, L2 and L3 from UV-visible spectroscopy analysis in methanol at room temperature. In general, the bands observed in the range from 225 to 320nm can be assigned to the low energy transition of π →π * aromatic rings. The band beyond 330nm can be attributed to the n →π * transition (excitation of electrons of the azomethine group). Upon complexation, the azomethine group (C=N) stretching band undergoes a negative shift of 7 to 15cm -1 (Fig. 3 and Table 3); which may be attributed to the coordination of the nitrogen atom of the imine group to the metal center (Cu 2+ ). The formation of the M-N bond (metal-nitrogen) is confirmed by the appearance of the ν (MN) bands in the 620-650cm -1 region in agreement with the literature [START_REF] Franco | Synthesis, spectroscopic and cyclic voltammetry studies of copper II complexes with open chain, cyclic and a new macrocyclic thiosemicarbazones[END_REF][START_REF] Valdes-Martinez | Synthesis, crystal and molecular structure of 5-bromo-salicylaldehyde-2-methylthiosemicarbazonato-(nitrato)-copper(ii) monohydrate[END_REF]. Table 3: FTIR spectral data for ligands and their complexes.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) of synthesized compounds and their copper (II) complexes provided additional information regarding their thermal stabilities and thermal behavior. Fig. 4a presents TGA results for L1, L2 and L3, showing that the compounds exhibit a good thermal stability with a maximum thermal decomposition at 220°C (estimated from derivative curves). This stability can be explained by the presence of intermolecular hydrogen bonds in these salicylaldehyde and 2-hydroxynaphthaldehyde compounds.

From the thermograms of L 1 -Cu and L 2 -Cu complexes, it is possible to detect two steps of the degradation process. The first one starts at 25°C to above 300°C, with the consumption of 50% of the material at the inflection point, which implies the absence of coordination molecules, like hydration water molecules, in the structure of the complexes. Beyond 300°C, the organic entity is easily degraded. This stage is followed by another one, with the consumption of 35% of the remaining material at the inflection point. This percentage is related to the formation of entities, such as copper oxide (metal residues) [START_REF] Wiles | Copper (I) and (II) complexes of melamine[END_REF]. Similar observations were made about the L 3 -Cu complex but in the first stage, a weight reduction of 8% was found between 25 and 200°C: this may be attributed to the loss of hydration water molecules (Fig. 4b). 

Electrochemical characterization of pyrrole-Cu(II) Schiff base complexes

The investigation of the electrochemical behavior of the L1-Cu, L2-Cu and L3-Cu complexes by cyclic voltammetry represents an important step in this study, since it allows the determination of different redox couples of these complexes as well as different oxidation potentials which will be used in the polymerization step and ME elaboration.

The electrochemical response of L1-Cu is shown in Fig. 5 which was found to be similar to that found for the two other copper complexes. L1-Cu was studied by cyclic voltammetry in acetonitrile solution of TBAPF 6 (0.1M) with a scan rate of 100 mV/s, exploring the potential ranging from -1.80V to +1.60V on platinum and ITO work electrodes for all complexes.

The voltammogram of Fig. 5 of L1-Cu (II) complex on the platinum electrode exhibits five oxidation peaks: E pa1 = -0.743V, E pa2 = -0.171V and E pa3 =+0.396V/Ag/AgCl, respectively.

As already reported for Cu(II) complexes, the first wave is ascribed for Cu(I)/Cu(0), the second to Cu(II)/Cu(I), and the third one may be attributed to the Cu(III)/Cu(II) for oxidation of the central metal in the complex. The wave at E pa4 = +1.147V corresponds to the oxidation of the pyrrole motif, the last wave at E pa5 = +1.437V refers to the oxidation of the azomethine function of the Schiff base. These results are similar to those reported in the literature [START_REF] Ourari | A novel copper(II)-Schiff base complex containing pyrrole ring: Synthesis, characterization and its modified electrodes applied in oxidation of aliphatic alcohols[END_REF][START_REF] Naskar | Synthesis, X-ray crystal structures, spectroscopic and cyclic voltammetric studies of Cu(II) Schiff base complexes of pyridoxal[END_REF][START_REF] Martins | Spectroelectrochemical characterisation of copper salen-based polymer-modified electrodes[END_REF].

For the return sweep presented in Fig. 5 TBAPF 6 (0.1M), E-values (V vs Ag/AgCl sat). E pa and E pc stand for anodic and cathodic peaks potentials, respectively.

Electropolymerisation of complexes and achievement of ME

The electrochemical polymerization of the three copper complexes was achieved by cyclic voltammetry, applying a scan rate of 100 mV/s, using an acetonitrile solution with TBAPF 6 (0.1M) as electrolyte support, on Pt and ITO electrodes. After the electropolymerization procedure, three new MEs were obtained for each support, i.e. ME-poly (L i -Cu)-Pt and MEpoly (L i -Cu)-ITO, with i = 1, 2 and 3.

The first polymerization experiment was carried out with the L1-Cu complex on Pt electrode taking into account the previously determined oxidation potential of the pyrrole motif, E pa4 = +1.147V. A decrease of the peak current i occurred during repeated potential scans between -0.25V and +1.25V and did not yield any film (Fig. 6). This result was probably related to an over-oxidation of the polypyrrole matrix [START_REF] Ourari | A novel copper(II)-Schiff base complex containing pyrrole ring: Synthesis, characterization and its modified electrodes applied in oxidation of aliphatic alcohols[END_REF]. Once the Poly (L i -Cu) (i=1,2 and 3) films were electrodeposited on the Pt-electrode, the obtained ME-poly (L i -Cu)-Pt were rinsed with ultra pure water and acetonitrile; and then stored in the solution (a fresh electrolytic solution without monomer). The recorded cyclic voltammograms were gathered in Fig. 8. For all ME, one observes the same redox system of polypyrrole matrix. 

Characterization of Poly (L i -Cu)-ITO films

The characterization of the obtained poly(complexes) films onto ITO-substrates was undertaken by FTIR spectroscopy, and their morphology was observed by SEM coupled to EDX, allowing to obtain the elemental analysis. 

SEM analysis

In order to explore the surface morphology of the different films deposited on ITO, SEM analysis was carried out; the samples were chromium plated prior to analysis. Images with different magnifications are presented on Fig. 12, for each analyzed film. In general, irregular and heterogeneous surfaces were observed for the three samples. On the surface of poly (L1-Cu) and poly (L2-Cu) films, a covering was observed over the entire (compact) surface with the formation of well-known globular structures in the case of polypyrrole. These spheres represent a diameter of approximately 2μm. On the other hand, surface covering and then a tubular evolution was observed in the case of poly (L3-Cu), with the formation of connections or bridges between these tubes.

EDX characterization

In addition to the investigations of the sample morphologies, the elemental compositions of the formed polymers were determined by EDX analysis. ME. Here, the complex modified electrode acts as a mediator that transfers the electrons to acetophenone, the latter reduces to give a radical ion and then the final product. These processes are confirmed since every time the concentration of the substrate in the solution will be increased, the demand for electrons will increase as well, which leads to the observed 

Reduction of carbon dioxide

The interest in the electrochemical reduction of CO 2 has continued to grow and represents still an important issue. The production of this molecule has harmful effects and serious impact on the environment, hence many efforts are undertaken to limit and reduce CO 2 concentration worldwide, implying the development of methods and materials adapted to this purpose.

Generally, electroreduction of CO 2 is difficult to achieve due to its great thermodynamic stability, hence there is need to use mediators. Following these lines, different materials have been developed to attain much lower CO 2 levels [56-59].

Conclusion

In summary, this work allowed to successfully synthesize new Schiff base ligands, bearing pyrrole moieties in their structures, as well as their Cu(II) complexes by means of a simple method; they were then characterized using spectroscopic and thermal analysis techniques.

In addition, new and original MEs, made of poly (L 1 -Cu), poly (L 2 -Cu) and poly (L 3 -Cu) films, were elaborated by electropolymerization of these complexes on Pt and ITO electrodes using cyclic voltammetry. The obtained polymer films were characterized by FTIR, SEM, and EDX techniques. Finally, these MEs showed highly efficient catalytic activity for the electrochemical reduction of acetophenone and CO 2 .
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 1 Fig. 1: Structures of 1-(2-aminophenyle) pyrrole (APP) and ligands L1, L2, and L3.

  n D(20°C) =1.5217. FTIR (ATR) ν (cm -1 ): 3369-3292 (NH 2 ), 3090 (aromatic C-H stretch), 2950 and 2870 (aliphatic C-H stretch), 1503 (N-H out of plane deformation), 1300 (N-ring stretch), 1280 (C-N stretch) and 750 (C-H out of plane).

  1 H-NMR (300MHz, CDCl 3 ) δ (ppm): 6.55 (s, 2H

  13 C-NMR (75MHz, CDCl 3 ) δ (ppm): 120.53 (C 1 , pyrrole), 108.06 (C 2 , pyrrole) and 47.35 (C 3 ), 39.07 (C 5 ), 34.53 (C 4 ) aliphatic CH 2 carbons. MS (ES + ): 124 (M + ), 81 (C 5 H 6 N + , base peak). Accurate mass (ES + ): 124.145, calculated: 124.184.

- 1 )

 1 : 3300 (broad, OH aromatic), 3097 and 3055 (aromatic C-H stretch), 2965 and 2870 (aliphatic C-H stretch), 1630 (C=N), 1550, 1525 and 1490 (aromatic C-C stretch), 1357 (C-N stretch), 1270 (=C-OH phenolic), 825 and 720 (C-H out of plane).

1 H

 1 -NMR (300 MHz, CD 3 OD) δ (ppm): 10.89 (s, 1H, OH 16 phenolic), 8.89 (s, 1H, H 6 , HC=N), 7.99 (d, J=8.32Hz, 1H, H 14 aromatic), 7.77 (d, J=8.32Hz, 1H, H 9 aromatic), 7.62 (m, 1H, H 12 aromatic), 7.46 (ddd, J=8.41, 7.04, 1.47Hz, 1H, H 10 aromatic), 7.24 (m, 1H, H 11 aromatic), 6.82 (d, J=9.38Hz, 1H, H 15 aromatic), 6.75 (s, 2H 1 , C-H pyrrole), 6.12 (s, 2H 2 , C-H pyrrole), 4.09 (t, J=6.70Hz, 2H 3 , CH 2 ), 3.60 (t, J=6.77Hz, 2H 5 , CH 2 ), 2.24 (p, J=6.76Hz, 2H 4 , CH 2 ).

  13 C-NMR (75 MHz, CD 3 OD) δ (ppm): 180.68 (C 16 , C-OH phenolic), 160.66 (C 6 , C=N), 139.84(C 14 ), 135.82(C 8 ), 130.18(C 10 ), 129.44(C 12 ), 127.32(C 13 ), 126.19(C 11 ), 123.84(C 10 ), 119.37(C 15 ), 109.84(C 7 ), all aromatic carbons, 121.52 (C 1 , pyrrole), 109.17 (C 2 , pyrrole), and 58.35 (C 3 ), 47.14 (C 5 ), 33.13 (C 4 ) aliphatic CH 2 carbons. MS (ES + ): 278 (M + ), 198.241 (C 13 H 12 NO + , base peak). Accurate mass (ES + ): 278.222, calculated: 278.142. 2.3.3 Synthesis of 1-(3-Pyrrole-1-yl-propylimino-methyl)-phenol (L2) 1-(3-Pyrrole-1-yl-propylimino-methyl)-phenol (L2) was prepared in the same manner as L1, with 10mmol (1.22g) of salicylaldehyde and an equivalent of 1-(3-aminopropyl) pyrrole (1.24g). The product appearance: dark orange viscous oil, yield: 78.8%. IRTF (ATR) ν (cm -1 ): 3350 (νOH aromatic), 3098 and 3060 (νC-H aromatic), 2930 and 2875 (νC-H aliphatic CH 2 ), 1626 (C=N), 1583, 1501 and 1465 (νC=C aromatic), 1278 (νC-N), 1109 (=C-OH phenolic), 750 and 720 ( C-H out of plane).

1 H

 1 -NMR (300 MHz, CD 3 OD) δ (ppm):10.00 (s, 1H, OH12phenolic), 8.29 (s, 1H, H 6 , HC=N), 7.32 (dd, J = 2.51, 6.70 Hz, 1H, H 7 aromatic), 7.28 (dd, J = 3.55, 7.50 Hz, 1H, H 9 aromatic), 6.89 (m, 1H, H 8 aromatic), 6.84 (m, 1H, H 11 aromatic), 6.66 (s, 2H 1 , C-H pyrrole), 6.08 (s, 2H 2 , C-H pyrrole), 3.96 (t, J = 6.80 Hz, 2H, H 3 , CH 2 ), 3.47 (t, J = 7.32 Hz, 2H, H 5 , CH 2 ), 2.08 (p, J = 6.78 Hz, 2H, H 4 , CH 2 ).

  13 C-NMR (75 MHz, CD 3 OD) δ (ppm): 167.43 (C 6 , C=N), 138.71 (C 12 , C-OH phenolic), 133.92 (C 10 ), 132.7 (C 8 ), 121.69 (C 07 ), 118.17 (C 9 ), 116 (C 11 ), all aromatic carbons, 119.13 (C 1 , pyrrole), 109.39 (C 2 , pyrrole) et 55.90 (C 3 ), 33.93 (C 5 ), 18.37 (C 4 ) aliphatic CH 2 carbons MS (ES + ): 228 (M + ), 148.141 (C 9 H 10 NO + , base peak). Accurate mass (ES + ): 228.138, calculated: 228,126.2.3.4 Synthesis of 1-(3-Pyrrole-1-yl-phenylimino-methyl)-naphtalen-2-ol (L3) 1-(3-Pyrrole-1-yl-phenylimino-methyl)-naphtalen-2-ol (L3) was prepared in the same manner as L1, with 3.1mmol (0.53g) of 2-hydroxy-1-naphtaldehyde and an equivalent of 1-(2aminophenyl) pyrrole (0.5g). The solvent used in this reaction was methanol. At the end of the reaction and after cooling, the precipitated product was filtered and washed with cold ethanol, and finally dried in vacuum. The product appearance: white-yellow solid; yield: 48.5%; m p =193°C (determined by DSC). FTIR (ATR) ν (cm -1 ): 3360 (broad, OH aromatic), 3064 (aromatic C-H stretch), 1625 (C=N), 1510, 1463 and 1420 (aromatic C-C stretch), 1310 (C-N stretch), 1240 (=C-OH phenolic), 812 and 742 (C-H out of plane).

  1 H-NMR (300 MHz, acetone-D 6 ) δ (ppm): 9.76 (s, 1H, H 9 , HC=N), 8.09 (d, J=8.6Hz, 1H, H 12 aromatic), 7.86 (d, J=8.50Hz, 2H, H 4,15 aromatic), 7.61 (d, J=7.70Hz, 1H, H 13 aromatic), 7.44-7.34 (m, 3H, H 14,15,7 aromatic), 7.19-6.99 (m, 4H, 2C-H 2 pyrrole, H 17,6 aromatic), 6.56 (m, 2H, C-H 2 pyrrole 2H), 5.28 (s, 1H, OH19 ).

  13 C-NMR (75 MHz, acetone-D 6 ) δ (ppm): 157.68(C 9 , C=N), 140.16(C

Table 1 :Fig. 2 :Table 2 :

 122 Fig. 2: Electronic spectra of L1 in different solvents.

Fig. 3 :

 3 Fig. 3: FTIR spectra of L1-Cu, L2-Cu and L3-Cu.

Fig. 4 :

 4 Fig. 4: (a) TGA results from ligands L1, L2 and L3 (b) and their Cu(II) complexes under nitrogen atmosphere at heating rate of 10°C/min.

  , three main reduction waves were observed E pc1 = -0.966V, E pc2 = -0.629V and E pc3 = -0.172V, the first can be associated to reduction Cu(I) + 1e -→ Cu(0) species followed by the second Cu(II) + 1e -→ Cu(I), and the third peak corresponds to reduction Cu(III) + 1e -→ Cu(II) of the central metal in the complex. A further reduction broad-shaped peak is observed in the positive potential range between +1.2 and +1.5 V/Ag/AgCl, which corresponds to the reduction of the oxidized azomethine function in the Epa 5 wave.

Fig. 5 :

 5 Fig. 5: Voltammetric scan of the L1-Cu ligand (10mM), recorded on Pt electrode (Ø 3mm) in acetonitrile solution TBAPF 6 (0.1M) at scan rate 100mVs -1 (a) general and (b) negative potential scan.

TBAPF 6 (

 6 0.1M), E-values (V vs Ag/AgCl sat) E pa and E pc represent anodic and cathodic peak potentials, respectively.The electrochemical responses of the copper complexes were also studied using an ITO electrode, under the same conditions, in acetonitrile, at a scan rate of 100 mVs -1 . In general, almost the same redox processes were observed: Cu(I)/Cu(0), Cu(II)/Cu(I) and Cu(III)/Cu(II), with pyrrole and azomethine oxidative peaks, and two reduction peaks were observed as shown in Table5. The main difference with the results obtained on Pt concerns the current intensities (peak heights) which are important when an ITO electrode was used, mainly due to the nature of the material (conductivity), and the surface area (A=1cm 2 ); the second difference is related to the displacement of the potential values which were shifted considerably.

Fig. 6 :Fig. 7 :

 67 Fig. 6: Cyclic voltammograms showing electrodeposition test of poly-[L1-Cu] onto a platinum electrode in acetonitrile solution TBAPF 6 (0.1M) at scan rate 100mV/s applying 10 scans between +1.25 and -0.25 V.

Fig. 8 :Fig. 9 :Fig. 10 :

 8910 Fig. 8: Voltametric scans after electrode transfer in acetonitrile TBAPF 6 (0.1M) for ME onto platinum at scan rate 50 mV/s : (a) ME (L1-Cu)Pt, (b) ME (L2-Cu)Pt, (c) ME (L3-Cu)Pt.

Fig. 11

 11 Fig. 11 shows FTIR spectra of poly(L1-Cu), poly(L1-Cu) and poly(L1-Cu) complexes films deposited on ITO electrode. These spectra present bands which can be attributed to functional groups of the repeating unit of each polymeric film. The most intense band corresponds to the

Fig. 11 :

 11 Fig. 11: FTIR spectra of poly (L1-Cu), poly (L2-Cu) and poly (L1-Cu), on ITO-electrodes.

Fig. 12 :

 12 Fig. 12: SEM images of ME-poly(L1-Cu) exhibiting various magnifications. The following numbers represent the length of the scaling bars (a) 200μm, (b) 10μm, (c) 2μm after 25 scans; ME-poly(L2-Cu): (d) 30μm, (e) 20μm and 3μm after 25 scans, and (f) 2μm after 10 cycles; ME-poly(L4-Cu): (g) 10μm, (h) 1μm, (i) 500nm after 25 scans deposited on ITO substrates.

Fig. 13

 13 displays EDX spectra of the three complexes films electrodeposited on ITO electrode, exhibiting peaks of carbon, nitrogen and oxygen which represent the essential elements that constitute the poly(pyrrole) matrix, while the presence of Copper (Cu) peak at 8.040keV (most important Kα) reveals that Cu(II) complexes were successfully electropolymerized and incorporated within the polypyrrole matrix. Small peaks of phosphate and fluorine indicate the presence of traces of electrolyte support (TBAPF 6 ) and chromium (Cr) provided from the metallization procedure of samples during their preparation to this analysis.

Fig. 13 :

 13 Fig. 13: EDX spectra of (a) ME-poly(L1-Cu), (b) ME-poly(L2-Cu), (c) ME-poly(L3-Cu) after 25 scans deposited on ITO electrodes.

Fig. 14b represents

  Fig. 14b represents an increase of the value of the cathodic current ipc as function of the amount of injected acetophenone; the value of ipc goes up from 7 to 42μA for substrate volume values varying from 0 to 40 μL, respectively. This may be explained first by the diffusion of the substrate into the bulk of the ME, and then by the reduction procedure which occurs through the interaction of the acetophenone molecules with the catalytic sites of the

  increase of cathodic current intensities Ipc [54, 55].

Fig. 14 :

 14 Fig. 14: (a) Cyclic voltammograms recorded for various volumes (10-40μL) of acetophenone on ME-poly(L1-Cu)-Pt in aqueous medium TBAClO 4 (0.1M), at a scan rate of 50mV/s. (b) Plot of cathodic current I pc , recorded for different quantities of injected acetophenone.

  1 , C-H pyrrole), 6.04 (s, 2H2 , C-H pyrrole), 3.87 (t, 3 J=6.94Hz, 2H 3 , CH 2 ), 2.60ppm (t, 3 J=6.84Hz, 2H 5 , CH 2 ), 1.80 (p, 3 J=6.88Hz, 2H 4 , CH 2 ), 1.22 (s, 2H, NH 2 ).

(ES + ): 312

  19 , C-OH phenolic), 138.[START_REF] Kashimura | Preparation of novel modified electrode by anodic oxidation of carbon fiber with radical NO 3 . and its application to the selective reduction of acetophenone[END_REF](C 8 ), 134.78(C 17 ), 130.67(C 3 ), 130.65(C 16 ), 129.76(C 11 ), 19.51(C 10 ), 128.36(C 7 ), 128.15(C 15 ), 127.95(C 12 ), 125.57(C 13 ), 124.81(C 14 ), 123.19(C 6 ), 122.66(C 1 , pyrrole), 120.86(C 5 ), 118.98(C 18 ), 117.44(C 4 ), 110.13(C 2 , pyrrole). (M + ), 311.230 (C 31 H 15 N 2 O + , base peak). Accurate mass (ES + ): 312.255, calculated: 312.365.

	MS

Table 4 ).

 4 

	Compounds		Oxidation (E pa )				Reduction (E pc )
	L1-Cu	-0.743	-0.171	+0.396	+1.147	+1.437	-0.966	-0.629	-0.172
	L2-Cu	-0.932	-0.061	+0.520	+1.191	+1.405	-1.232	-0.906	-
	L3-Cu	-0.523	-0.153	+0.462	+0.892	+1.454	-0.930	-	-0.174

Table 4 :

 4 Cyclic voltammetry data (Pt work electrode). Compounds: 1mM in acetonitrile,

Compounds Oxidation (E pa ) Reduction (E pc ) L1-Cu

  

		-1.061	-0.341	+0.214	+0.802	+1.357	-1.371	-0.951	-0.376
	L2-Cu	-1.071	-0.734	+0.529	+1.046	+1.531	-1.674	-0.936	-
	L3-Cu	-0.682	-0.122	+0.439	+1.213	+1.431	-1.007	-	-0.493

Table 5 :

 5 Cyclic voltammetry data on ITO work electrode. Compounds: 1mM in acetonitrile,
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In this context, electroreduction of CO 2 was undertaken using ME-poly(L1-Cu)-Pt in an aqueous solution of 0.1M TBAClO 4 , at a rate of 50mV/s. Experiments were first conducted in a N 2 saturated medium, and then repeated in a medium saturated with CO 2 . The saturation of the latter solution leads to a pH-value equal to 3.5, and drastic changes of the shape of the recorded voltammograms can be observed (Fig. 15).