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Corrosion inhibition of copper in neutral chloride media by a novel derivative of 1,2,4-triazole
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The efficiency of a new corrosion inhibitor, the bis-(4-amino-5-mercapto-1,2,4-triazol-3-yl)-butane (BAMTB), on copper was investigated in an aerated 3 % NaCl solution using various techniques. Voltammetry, chronopotentiometry and electrochemical impedance spectroscopy (EIS) were performed to evaluate the inhibition efficiency of BAMTB. The surface layers were also characterized by Raman micro-spectroscopy and by scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX).

Potentiodynamic polarization curves showed that BAMTB is a mixed-type inhibitor for copper in neutral chloride solution and is even more efficient than the reference compound benzotriazole.

Introduction

The most widely used inhibitors in the field of copper corrosion in chloride containing media are azole derivatives. They have been [1][2][3][4][5][6][7][8][9] and still are the subject of numerous investigations, as shown by the publication of recent reviews [10,11] in this domain. Among the azole-type compounds, benzotriazole (BTA) [12][13][14][15][16][17][18][19] is the most used inhibitor from a practical point of view, because it shows very high inhibition efficiency in neutral-chloride containing aqueous solutions. In the case of BTA, it seems well established that it acts through the formation of a Cu(I)-BTA complex involving Cu-N bonds [20][21][22], but the number of N-atom involved in the bond, the orientation of the complex at the metal surface, and the influence of the benzenic ring on the inhibition efficiency are not completely understood. In order to increase the strength of bonding between copper(I) and the organic molecule, different azole derivatives were investigated, changing the number or position of substituent groups and the number of nitrogen atoms on the azole ring, or adding another heteroatom like sulphur [23,24]. For instance, 1,2,4-triazole [25][26][27][28][29] and its amino derivatives, tetrazole [19,26], thiadiazole [10,30,31], pyrazole [32,33], imidazole [34][35][36] and the corresponding derivatives have been suggested. These inhibitors have also been studied as corrosion inhibitors of copper based material such as bronzes [31,[37][38][39].

Nevertheless, to our best knowledge, the inhibition efficiency of BTA could not be improved up to now.

The aim of this paper is to present the remarkable inhibiting properties of a new corrosion inhibitor synthesized in our laboratory, as a derivative of 1,2,4-triazole, containing two mercapto groups and two amino groups: The efficiency of bis-(4-amino-5-mercapto-1,2,4-triazol-3-yl)-butane (BAMTB) towards copper corrosion is investigated in an air saturated 3% NaCl solution, using electrochemical methods such as voltammetry and impedance spectrometry. The inhibition efficiency is followed as a function of immersion time at open-circuit potential, in the presence of two different inhibitor concentrations (1.0 and 8.9 mmol L -1 ). The efficiency of the inhibitor is also tested in the anodic domain for which significant dissolution is assumed to occur in absence of inhibitor. Finally the mechanism of inhibition will be discussed from electrochemical results, SEM observations, and from EDX and Raman spectrometry analyses.

Experimental

Reagents

The corrosive medium was an aqueous aerated 3 % NaCl solution prepared from deionised water and analytical grade chemicals used as received.

For this work, the organic inhibitor BAMTB (Figs. 1a) was synthesized according to literature [40] by means of cyclization of adipic dihydrazide with CS 2 and KOH followed by one-pot reaction with hydrazine hydrate. After synthesis, the composition and purity of the product were checked using FT-IR, UV-Visible and NMR spectrometries (spectra not shown).

The corresponding structure is reported in Fig. 1a and for comparison, benzotriazole usually considered as a reference inhibitor for Cu is also depicted in Fig. 1b. Various concentrations ranging from 1 mol to 8.9 mmol L -1 of BAMTB in 3% NaCl solutions were prepared. It should be mentioned that the latter value corresponds to the solubility limit of BAMTB in aqueous solution.

Methods

Electrochemical experiments were carried out in a conventional three-electrode cell. A platinum gauze was the counter electrode, a Cu rotating-disk electrode was the working electrode and a saturated calomel electrode (SCE) was the reference electrode. The working electrode was prepared from a cylindrical copper rod (99.999 % purity, Goodfellow). The lateral part was coated with a cataphoretic paint and embedded in an epoxy resin to expose a disk with a cross-section area of 0.63 cm 2 . The electrode was mechanically ground with SiC abrasive papers (grade 600, 1200, 2800 and 4000), rinsed with deionised water, degreased with ethanol under sonication, washed with deionised water, and finally dried with an inert gas flux at room temperature.

All electrochemical measurements were carried out in a Faraday cage with a Gamry potentiostat (model PC4/300). The polarization curves were measured after a stable corrosion potential E corr was reached (about 1 h after immersion in an aerated 3 % NaCl solution). The cathodic and anodic polarization curves were measured at a scan rate of 1 mV/s. Electrochemical impedance spectroscopy (EIS) measurements were performed in potentiostatic mode over a frequency range from 100 kHz down to 10 mHz. The sine wave perturbation was 10 mV in amplitude with 10 points per decade. All electrochemical measurements were performed at room temperature, with a rotating disk at 1000 rpm.

The surface morphology of the samples was investigated with a LEICA STEREOSCAN 440 scanning electron microscope (SEM). The elemental composition of the corrosion product layer and of the protective film of inhibitor formed at the surface were characterized by quantitative energy dispersive X-ray spectroscopy (EDX) coupled to the SEM observations. The Raman micro-spectroscopy analysis was carried out with a Labram-Jobin-Yvon spectrometer. The samples were irradiated with a He-Ne laser at λ = 632.8 nm. The laser power was varied between 0.1 and 1 mW to avoid any thermal effect on sample during the analyses. A confocal microscope was used and the investigated area was limited to 5 µm 2 using a 80 ULWD objective lens.

Results and discussion

Polarization curves

Both, the anodic and cathodic polarization curves were obtained starting from E corr after one hour immersion, during two independent experiments, but they are reported in the same figure (Fig. 2).

In absence of BAMTB

The anodic dissolution of copper in neutral chloride media has been extensively studied [41][42][43][44][45][46][47]. The mechanisms of anodic dissolution of copper can be represented by the following two-step mechanism:

Cu + Cl - CuCl ads + e - (1) 
CuCl ads + Cl - CuCl 2 - (2) 
The anodic curve for copper shows two domains (Fig. 2A). The first one spreads from the corrosion potential to about 130 mV/SCE. The current firstly increases and tends towards a plateau. This indicates a diffusion-limiting rate, attributed to the mass transport of chloride ions (Cl -) to the interface and the diffusion of -2

CuCl in the solution following the mechanism indicated in Eqs. (1-2) [1,48]. The second domain, for potential more positive than 130 mV/SCE, corresponds to the formation of Cu(II) species.

The cathodic reaction for copper in an aerated neutral chloride solution is the oxygen reduction reaction according to

O 2 + 2 H 2 O + 4e - 4 OH - (3) 
The cathodic plateau observed between -650 and -1200 mV/SCE (Fig. 2A) is ascribed to O 2 reduction and the limiting current value (1 mA/cm 2 at 1000 rpm) is in good agreement with literature data [49].

In presence of BAMTB

In Fig. 2, the polarization curves in the presence of BTAM are also reported for concentrations varying from 1 mol L -1 to 8.9 mmol L -1 , which is the limit of solubility of the inhibitor in aqueous solution.

The addition of BAMTB into the sodium chloride solution shifts the corrosion potential from -240 mV/SCE towards a more anodic value, between -180 and -170 mV/SCE for concentrations of 0.01 mmol L -1 and larger. In the potential range under study (-1200 to 400 mV/SCE), both the anodic and the cathodic currents are significantly decreased in the presence of BAMTB for concentrations above 0.01 mmol L -1 .

In the anodic range, the limiting current density in the first domain is decreased by 5 to 6 orders of magnitude (compare for instance the value at 0 V/SCE, which is 0.02 A/cm 2 in the blank solution and 0.1 A/cm 2 in the presence of 8.9 mmol L -1 BAMTB), indicating that the formation of Cu(I) species is strongly inhibited. For more anodic potential, the current density is also much smaller than in absence of BAMTB (about 3 orders of magnitude), as a consequence of a lower rate of Cu(II) formation.

In the cathodic potential range, the plateau due to oxygen reduction is only observed in a limited potential range, for potentials lower than -1 V/SCE. In the potential range more positive than -1 V/SCE, the cathodic current density is lowered by about 4 orders of magnitude for 8.9 mmol L -1 , showing that BAMTB also inhibits the oxygen reduction reaction. The simultaneous decrease of both anodic and cathodic current densities in presence of BAMTB shows that it behaves like a mixed inhibitor.

Electrochemical impedance measurements

Influence of BAMTB on the impedance diagrams

In the following, the results are only reported for the two higher inhibitor concentrations (1.0 and 8.9 mmol L -1 ), which show the best inhibition efficiencies, and compared to the behaviour of copper in the 3 % NaCl solution.

Nyquist and Bode plots for copper in the 3 % NaCl solution with and without inhibitor at two different concentrations are presented in Figs. 3 and4, respectively, after one hour of immersion.

In absence of inhibitor, two time constants can be evidenced. In the high frequency domain, the charge transfer resistance is in parallel with a capacitor. In the low frequency range, the time constant is ascribed to the diffusion of electroactive species in the corrosion product layer. When the inhibitor is added to the solution, the amplitude of the impedance spectra is much larger. The inhibition efficiency of BAMTB can be determined from the low frequency limit of the impedance (i.e. with the polarisation resistance, R p , which corresponds to the inverse of the slope of the current density -potential curve in the vicinity of E corr ). The polarization resistance is about 2 kΩ cm 2 in absence of inhibitor, whereas it reaches 1.5 and 3 MΩ cm 2 in presence of 1.0 and 8.9 mmol L -1 of inhibitor, respectively. The direct comparison with published results obtained with BTA (R p = 40 kΩ cm 2 for 10 mmol L -1 BTA [50])

indicates that BAMTB behaves as a remarkably efficient inhibitor, since in comparison with BTA, it still enhances the R p value by nearly 2 orders of magnitude, and consequently decreases the corrosion rate by the same ratio.

In the presence of inhibitor, the loops in Nyquist representation (Fig. 3) are not well resolved, showing some drift in the low frequency range, which is often observed when the systems is not stable. The capacitance C calculated from the characteristic frequency f max of the capacitive loop indicates about 1.2 µF cm -2 at the early stage of immersion (f max = 1/2RC

where R is the diameter of the loop). This value is too low to be ascribed to the double layer capacitance, C dl (that is usually between 10 and 60 µF cm -2 ), and is therfore ascribed to a protective film formed in presence of inhibitor.

Effect of immersion time

The Nyquist plots of copper in 3% NaCl containing 8.9 mmol L -1 BAMTB for various immersion times are shown in Fig. 5. As for short immersion times (Figs. 3 and4), all

Nyquist diagrams are characterised by a single loop. The polarization resistance, determined by extrapolation at the low frequency limit of the impedance spectra, significantly increases with increasing immersion time, from 5.5 MΩ cm 2 after 2h immersion to 21.5 MΩ cm 2 after 30h immersion (Fig. 6), showing that the inhibition efficiency further increases.

The film capacitance further decreases when immersion time increases, from 1.2 µF cm -2 at the early stage of immersion, towards 0.5 µF cm -2 after 30 hours (Fig. 6). This evolution indicates a thickening with time of the protective layer, and is in agreement with the drift of the measurements observed in the low frequency range at short immersion times (Fig. 3).

According to the model of the parallel-plate capacitor [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications Second Edition[END_REF], the thickness (d) of the protective film can be calculated from the capacitance of the film (C f ) by the following expression

0 f d C   (7) 
where ε 0 is the vacuum permittivity (8.85 10 -14 F cm -1 ), and ε is the dielectric constant of the film (a mean value of 4 is usually used for this kind of material [START_REF] Wang | [END_REF]). Fig. 7 shows the variation of the calculated film thickness with the immersion time of copper in an inhibitor containing chloride solution. The thickness gradually increases with time corresponding to a continuous evolution of the interface. Nonetheless, the film remains thin, only 7 nm after 30 hours immersion, but the corresponding increase of the polarisation resistance (Fig. 6) indicates that the film is compact and very protective.

Ex-situ characterization of the inhibitor film formed at open circuit potential

In order to confirm the effect of BAMTB for longer immersion periods, the copper electrode was immersed in the chloride solution at 1000 rpm without and with inhibitor during one week at the open circuit potential. The samples were then characterized using SEM coupled with EDX analysis, and Raman micro-spectrometry.

3.4.1. Scanning electron microscopy (SEM) / energy dispersive X-ray analysis (EDX) SEM images of copper surfaces are shown in Fig. 8. Before immersion, some strips due to the SiC grains of the abrasive paper used during the grinding procedure can be seen (Fig. 8a). After one week of immersion in 3% NaCl (Fig. 8b) the sample was severely corroded and no protective layer was formed. EDX investigation evidenced Cu, Cl, and O at the copper electrode surface (Fig. 9a) as expected. This is in agreement with the usual composition of corrosion products formed on copper after a few days in a sodium chloride solution, namely CuCl, (Cu 2 (OH) 3 Cl) (atacamite) and Cu 2 O [53]. The mechanism of formation has been reported to be first the hydrolysis of a CuCl deposit into a porous layer of Cu 2 O (Eq. 8), which further hydrolyses to form a top layer of atacamite (Eq. 9)

2 2 2CuCl + H O Cu O + 2H + 2Cl    (8) 2 2 2 3 Cu O + Cl + 2H O Cu (OH) Cl + H + 2e     (9) 
Conversely, when the same experiment was performed in 8.9 mmol L -1 BAMTB containing solution (Fig. 8c), the surface did not seem to be attacked, and the electrode surface was bright. In addition, the small strips visible in Fig. 8a were no longer visible, which can suggest a slow dissolution giving rise to an electropolished interface. One can guess that the small amount of copper that dissolves in the early stage of corrosion is involved in the thin protective film formation process. Moreover, only copper and sulphur were detected by EDX analysis (Fig. 9b). This is attributed to the ability of BAMTB molecules to form a protective layer on the copper surface and hence preventing copper pitting and general corrosion. It is known that the effectiveness of an organic compound as corrosion inhibitor depends on its structure, and mainly on the number and position of heteroatoms present in the molecule [54]. Since BAMTB contains two sulphur atoms and eight nitrogen atoms as reactive centres, it can chemically adsorb on the metal surface through the interaction of lone pairs of electrons of S and N atoms. It can also interact via the π electrons of the triazole ring [55,56] which still enhances the inhibition efficiency

Raman spectroscopy

In a 3% NaCl solution without inhibitor, the spectrum (a) of Fig. 10 was obtained on the copper electrode after one week of immersion. The main bands are located at 511 cm -1 with two triplets at 900-1000 cm -1 and 3300-3400 cm -1 , They are characteristic of copper hydroxychloride (atacamite) Cu 2 (OH) 3 Cl as expected [57,58].

The spectrum of the inhibitor in the solid state is given in Fig. 10 spectrum (b) and the attribution of the main bands are given in Table 1 on the basis of literature data [59] from ab initio calculations and experimental values of the parent compound bis (4-amino-5-mercapto-1,2,4 triazol-3-yl) ethane. The latter differs from the compound presently studied, only by the lack of two methyl groups in the alkyl chain, without symmetry modifications. The lack of S-H stretching band in this spectrum (expected near 2500-2600 cm -1 ) indicates that in the solid state BAMTB exists in the thione form (Fig. 1a). There is an ambiguity in literature on the position of the stretching vibration C=S, given at 1100-1200 cm -1 or 500-550 cm -1 depending on the authors [59,60]. However when the stretching band is given in the higher position, the band at 500-550 cm -1 is given as the bending mode of C=S.

The spectrum recorded on the copper electrode after one week of immersion in 3% NaCl + 8.9 mmol L -1 BAMTB is shown in Fig. 10 (c). The first feature of this spectrum is a doublet at 450 and 630 cm -1 characteristic of the passive layer on copper mainly composed of Cu(I) oxide (cuprite) and the main band of this crystalline compound appears also in the spectrum at 220 cm -1 [61]. In comparison with spectrum (a) of Fig. 10, a first difference when inhibitor is present in the solution is the absence of Cu(II) salts at the electrode surface.

Bands corresponding to the inhibitor are also observed at the copper surface and are reported in Table 1. Some are unchanged, in particular the one corresponding to the amino substitute and also the part of the cycle close to the alkyl chain. The bands belonging to N-H and C(S)-N vibrations do not appear anymore and two new vibrations in the C=N range at 1550 cm -1 and C-S at 730 cm -1 are visible in the spectrum recorded on the metal surface. This type of modifications have already been encountered when a parent molecule (the phenyltriazolethione) has been used as corrosion inhibitor for bronze [37] and attributed to the formation of a bond between Cu(I) and the molecule in the thiol form (Fig. 1a), after deprotonation of the thiol. The same conclusions are valid in this study. Moreover in the case of BAMTB, the enhancement of the vibrations corresponding to the group (C=N-N=C) of the triazole in thiolate form can be attributed to a resonance in this particular configuration where a strong delocalisation of  electrons is allowed. Due to the overlapping of the bands of C=S and copper oxide, it is not possible to conclude whether or not the interaction of the molecule with copper ions involves one or two of the available thiol functions. It should also be mentioned that below 500 cm -1 , attribution of Raman bands of hetero cyclic compounds is a really difficult task due to the overlapping between different possibilities (deformation or torsion of the cycles or the alkyl chains).

In conclusion, Raman spectrometry evidenced at least one bond between copper(I) and BAMTB in the thiol form, leading to a thiol-complex , but it is yet not clear if one or two sulphur atoms of the inhibitor are involved in the bonding.

Inhibition efficiency of BAMTB in the anodic potential range

Chronoamperometric measurements

The previous ex-situ analyses indicated that some copper species generated during the corrosion process should be involved in the formation of the protective film. Some

experiments were performed at anodic potential in order to control the generation of Cu(I) or Cu(II) species. According to the anodic curves presented in Fig. 2, a potential value of 150 mV/SCE was applied in order to increase the dissolution rate of copper. The chronoamperometric curves shown in Fig. 11 were obtained in 3% NaCl solution for a copper electrode biased at 150 mV/SCE without (Fig. 11a) and with 8.9 mmol L -1 of BAMTB (Fig. 11b). In absence of inhibitor, the current density remains close to 25 mA cm -2 during all the duration of the experiment. Conversely, in presence of BAMTB, the current density stabilized at 16 nA cm -2 after 3 h. This was ascribed to the presence of a protective film at the surface which blocks the corrosion sites at the copper surface.

SEM / EDX analysis after polarization in the anodic range

After 180 min of polarization at 150 mV/SCE, the morphology and nature of corrosion products covering the electrode were analysed by SEM and EDX in absence and in presence of BAMTB (Fig. 12).

The surface exposed to the 3% NaCl solution showed a porous structure. The surface was attacked and completely covered with corrosion products. EDX analysis used to obtain qualitative information about the compounds formed on the copper surface, evidenced the presence of oxygen and chlorine. This is in agreement with the expected compounds which are usually observed after polarization in this potential range: cuprous chloride (CuCl) and cuprite Cu 2 O.

In the presence of BAMTB, the surface of the copper electrode remains smooth and bright (similarly to what we observed at the corrosion potential), and neither O nor Cl were detected through EDX analysis. This is also in good agreement with the very low corrosion current density measured during the anodic potentiostatic treatment (Fig. 11b), and with a high rate of coverage of the copper surface by BAMTB molecules. The presence of inhibitor at the surface after polarisation at 150 mV/SCE was also confirmed by EDX analysis which showed the presence of sulphur atom.

Conclusions

These experimental results clearly showed that BAMTB is an excellent corrosion inhibitor in neutral aqueous sodium chloride solutions, with a higher efficiency than the widely used benzotriazole. Potentiodynamic measurements indicated that BAMTB acts as a mixed inhibitor, lowering simultaneously the anodic process (dissolution of copper) and the cathodic process (oxygen reduction) and changing the overall mechanism. In addition, it was shown that the inhibition efficiency of BAMTB increased with time of immersion and with inhibitor concentration up to 8.9 mmol, which is the maximum solubility of the inhibitor in aqueous solution.

Potentiostatic current-time measurements at 150 mV/SCE indicated that the presence of BAMTB lowers significantly the current values in the anodic range, and scanning electron micrographs showed that BAMTB inhibits the corrosion of copper in 3 % NaCl medium, by forming a thin but very protective film (few nanometres) at the active sites of the metallic surface, hindering the formation of cuprous chloride, cuprite, and atacamite. The film formation was characterized by Raman spectroscopy and EDX analyses, which showed that BAMTB coordinates with copper at the surface of the electrode via its sulphur atom, leading to a thiol-complex. 
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 1 Figure 1: Structure of BAMTB (a) and BTA (b).

Figure 2 :

 2 Figure 2: Polarization curves for a copper electrode in a 3 % NaCl solution at = 1000 rpm and v = 1 mV/s for different BAMTB concentrations. (A) Without inhibitor; with (B)1 mol L -1 , (C) 10 mol L -1 , (D) 100 mol L -1 , (E) 1 mmol L -1 , (F) 8.9 mmol L -1 BAMTB.
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 3 Figure 3. Nyquist plots for the Cu electrode after 1 h immersion in a 3% NaCl solution in absence (◊), in presence of 1.0 mmol L -1 (□) and 8.9 mmol L -1 (○) BAMTB.  = 1000 rpm.
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 4 Figure 4: Bode plots for the Cu electrode after 1 h immersion in a 3% NaCl solution in absence (◊), in presence of 1.0 mmol L -1 (□) and 8.9 mmol L -1 (○) BAMTB.  = 1000 rpm.
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 5 Figure 5: Nyquist plots for the Cu electrode in aerated 3 % NaCl solution in the presence of 8.9 mmol L -1 BAMTB with the immersion time as a parameter.  = 1000 rpm.

Figure 6 :

 6 Figure 6: Variation of the film capacitance and the polarization resistance in a 3% NaCl in presence of 8.9 mmol L -1 BAMTB with the immersion time as a parameter.  = 1000 rpm.
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 7 Figure 7: Variation of thickness as a function of the immersion time for copper electrode in a 3% NaCl in presence of 8.9 mmol L -1 of BAMTB.  = 1000 rpm.
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 8 Figure 8: SEM images of the copper surface obtained (a) before and after 1 week immersion in a 3% NaCl solution (b) without and (c) with 8.9 mmol L -1 BAMTB. Ω = 1000 rpm.
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 9 Figure 9: EDX analysis of copper obtained after 1 week of immersion in a 3% NaCl (a) without BAMTB and (b) with 8.9 mmol L -1 BAMTB. Ω = 1000 rpm.
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 1011 Figure 10: Raman spectra of: (a) copper surface after 1 week of immersion in aerated 3 % NaCl; ( b) solid BAMTB; and (c) copper surface after 1 week of immersion in aerated 3 % NaCl with 8.9 mmol L -1 BAMTB

Figure 12 :

 12 Figure 12: SEM images of the copper surface obtained after chronoamperometric experiments presented in Fig. 11. (a) without and (b) with 8.9 mmol L -1 BAMTB.
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 4 Figure4: Bode plots for the Cu electrode after 1 h immersion in a 3% NaCl solution in absence (◊), in presence of 1.0 mmol L -1 (□) and 8.9 mmol L -1 (○) BAMTB. Ω = 1000 rpm.
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 52627 Figure 5: Nyquist plots for the Cu electrode in aerated 3 % NaCl solution in the presence of 8.9 mmol L -1 BAMTB with the immersion time as a parameter. Ω = 1000 rpm.
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 8 Figure 8: SEM images of the copper surface obtained (a) before and after 1 week immersion in a 3% NaCl solution (b) without and (c) with 8.9 mmol L -1 BAMTB. Ω = 1000 rpm.

Figure 9 :Figure 10 .Figure 11 :

 91011 Figure 9: EDX analysis of copper obtained after 1 week of immersion in a 3% NaCl (a) without BAMTB and (b) with 8.9 mmol L -1 BAMTB. Ω = 1000 rpm.
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 12 Figure 12: SEM images of the copper surface obtained after chronoamperometric experiments presented in Fig. 11. (a) without and (b) with 8.9 mmol L -1 BAMTB.

Table 1 :

 1 Vibrational wavenumbers and assignments for solid BAMTB and electrode surface

	BAMTB solid	Electrode surface
	Raman	Assignment	Raman	Assignment
	wavenumber / cm -1		wavenumber / cm -1	
	2873, 2908, 2944,	C-H stretching		
	2980			
	1620	NH 2 scissoring	1640	NH 2 scissoring
			1550	N=C(-S) stretching
	1445, 1465	N-C(-S) stretching		
	1355	N-N stretching	1350	N-N stretching
	1271	N-N bending	1285	N-N bending
	1163	N-C(=N) stretching	1163	N-C(=N) stretching
	1073	N-H bending		
	964	CH 2 torsion	965	CH 2 torsion
	814	CH 2 -CH 2 bending	837	CH 2 -CH 2 bending
			730	C-S(-Cu) stretching
	507	C=S stretching or		
		bending		

Acknowledgements

The authors gratefully acknowledge F. Pillier (UPR 15 -CNRS) for SEM and EDX observations.