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Abstract

An oxadiazole derivative with functional groups favouring its adsorption on copper surface,
namely 5-(4-Pyridyl)-1,3,4-oxadiazole-2-thiol, has been explored as potential inhibitor of copper
corrosion in 3.5 wt.% NaCl. Electrochemical evaluation by electrochemical impedance
spectroscopy, potentiodynamic polarization and SVET reveals inhibition efficiencies exceeding
99%. Surface microscopy inspection and spectroscopic analysis by Raman, SEM-EDX and XPS
highlight the formation of a compact barrier film responsible for long-lasting protection, that is
mainly composed of the organic molecules. Machine Learning algorithms used in combination
with Raman spectroscopy data were used successfully for the first time in corrosion studies to
allow discrimination between corroded and inhibitor-protected metal surfaces. Quantum
Chemistry calculations in aqueous solution and Molecular Dynamic studies predict a strong
interaction between copper and the thiolate group and an extensive coverage of the metal surface,

responsible for the excellent protection against corrosion.
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1. Introduction

Copper is one of the most important non-ferrous structural materials exhibiting excellent
thermal and electrical conductivities, mechanical workability and relatively noble properties [1],
so itis extensively used in a wide range of industrial fields such as electronics, automotive, marine,
construction, pipeline and manufacturing industries [2,3]. Although copper exhibits good
corrosion resistance under normal conditions, it is subjected to severe degradation when exposed
to aqueous environments containing high chloride concentrations. Therefore, considerable effort
has been devoted to controlling copper corrosion by applying various protection strategies [4],
such as surface passivation, use of corrosion inhibitors, and surface modification using either self-
assembling methods or application of coatings.

The use of corrosion inhibitors is one of the most effective, practical and economical
methods of protecting copper against corrosion [3]. A large number of organic compounds have
been synthesized, including azole derivatives [5-12], amines [13-15], Schiff bases [16-17],
quinolines [18,19], and amino acids [20-22], and reported as effective corrosion inhibitors for
copper in chloride-containing solutions. The effectiveness of these organic inhibitors is usually
explained by their ability to adsorb on the copper surface through heteroatoms (N, P, O and S),
conjugated double bonds, or aromatic rings with delocalised electrons in their molecular structures,
forming barrier-type films which isolate the metal from the aggressive environment and prevent
its corrosion.

Oxadiazole derivatives represent a class of heterocyclic compounds belonging to the azole
family, which have an abundance of n-electrons and unshared electron pairs on the nitrogen and
oxygen atoms which can interact with d-orbitals of metals to produce protective films on the
surface [23]. Many oxadiazole derivatives have low toxicity [24] and a broad spectrum of
biological activities [25-27], including antioxidant and antimicrobial activities.

A detailed review of the literature revealed that 1,3,4-oxadiazole derivatives have been
recognised as excellent corrosion inhibitors for steels in various acid electrolytes [23,28-34].
However, much less attention has been paid to the use of substituted 1,3,4-oxadiazole compounds
for the protection of the copper-based materials against corrosion [35,36]. Rochdi et al. [37]
reported the anticorrosive properties of 2,5-bis(n-methylphenyl)-1,3,4-oxadiazole with (n = 2,3,4)
on brass corrosion and scale formation in simulated cooling water. The highest inhibitory

efficiency of about 91% was observed in the presence of 2,5-bis(3-methylphenyl)-1,3,4-



oxadiazole. Chadrasekaran et al. [36] also studied the inhibitory efficiency of four 1,3,4-oxadiazole
derivatives, namely  2,5-diphenyl-1,3,4-oxadiazole,  2-amino-5-(4-methoxyphenyl)-1,3,4-
oxadiazole, 2,5-bis(4-diethylaminophenyl)-1,3,4-oxadiazole, and 2,5-bis-(4-aminophenyl)-1,3,4-
oxadiazole on the corrosion of a copper-nickel alloy in natural seawater. Their results showed that
these compounds are able to prevent the dissolution of nickel to a greater extent compared to
copper. At their optimum concentrations (i.e., 10° M), the maximum inhibition efficiencies
reached the range 88-93%. In contrast, Raj and Rajendran [35] investigated four substituted 1,3,4-
oxadiazoles as brass corrosion inhibitors in natural seawater and found their effectiveness to be
quite poor. A correlation between the molecular structure of the compounds and their inhibition
capacity was also proposed. Finally, certain heterocyclic compounds of 5-substituted-1,3,4-
oxadiazole-2-thiols have been shown to be effective inhibitors for the prevention of nickel
corrosion [38].

The present work aims to demonstrate the excellent inhibiting properties against copper
corrosion of a substituted 1,3,4-oxadiazole, namely 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol
(PyODT) in 3.5 wt.% NaCl aqueous solution. The choice of this compound was based mainly on
its molecular structure (see Figure 1), that includes several functional groups, which can promote
the adsorption of this compound on the surface of copper, namely the presence of a sulphur
heteroatom from the thiol group, heteroatoms (N and O) in the 1,3,4-oxadiazole core, and the
nitrogen atom with its lone sp? electron pair and the aromatic ring from the pyridyl group. Previous
studies have shown that PyODT spontaneously adsorbs on gold, forming self-assembled
monolayers through sulphur-gold interactions [39]. To the authors knowledge, no study devoted
to the characterisation of PyODT anticorrosive properties has been reported to date.

The inhibitory efficiency of 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol on copper corrosion in
aqueous NaCl environment was evaluated using a multiscale combination of electrochemical
techniques, i.e. potentiodynamic polarization curves, electrochemical impedance spectroscopy
(EIS) and the scanning vibrating electrode technique (SVET) to characterize both the inhibitor
efficiency and the degree of homogeneity achieved by the surface layers formed on copper. The
influence of inhibitor concentration and immersion time was investigated. The morphology of the
copper surface was characterized by scanning electron microscopy (SEM), while various
spectrometric and surface analytical techniques, such as X-ray dispersive energy spectrometry
(EDX), Raman and X-ray-photoelectron spectroscopy (XPS), were used to collect information on



the adsorption of the inhibitor and the nature of the products formed on the surface of copper
during the immersion tests.

In addition, a machine learning method based on the Raman data obtained by analyzing the
copper surface after its immersion at different times in the blank and PyODT-containing solutions
was applied to follow the evolution of the inhibitor film adsorbed on the metal, in correlation with
the inhibitor concentration and the exposure time. The combination of Raman spectroscopy data
and Machine Learning algorithms has already been reported [40,41] as a prospective tool capable
of identifying adulterations in foods and beverages and for biological detection, in forensic and
medical diagnostics as well as materials analysis, because of its power to detect patterns in complex
data sets. However, this is the first time that Machine Learning algorithms have been used in
corrosion studies to distinguish between Raman profiles of corroded and inhibitor-protected metal
samples. Finally, quantum chemical (QC) calculations and molecular dynamics (MD) simulations
were applied to discern the type of interaction established between the inhibitor molecules and the
copper surface.

2. Experimental
2.1. Reagents and materials

The corrosive test electrolyte was a 3.5 wt.% NaCl aqueous solution (pH=5.5) prepared
from analytical grade reagent (Merck, Darmstadt, Germany) and distilled water. The organic
compound tested as a corrosion inhibitor was 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol (PyODT)
purchased from Sigma Aldrich (97%; St. Louis, MO, USA); its structural formula is shown in
Figure 1. The electrolytes containing the inhibitor were prepared by dissolving appropriate
weighted amounts of 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol in a mixture of 3.5% NaCl solution
and ethanol (90:10 v/v). The concentrations of PyODT used were 0.25, 0.5, 1 and 1.5 mM.

2.2. Electrochemical characterization

The corrosion tests were carried out using working electrodes made up of a pure copper
cylinder embedded in an epoxy resin (Epoxycure™, Buhler, Uzwil, Switzerland). Areas of 1 cm?
and 0.28 cm? were exposed to the test solution for potentiodynamic polarization and the
electrochemical impedance measurements, respectively. The counter electrode was a large

platinum grid and an Ag/AgCI/KClsa electrode was used as reference. Before the corrosion tests,



the working electrode was mechanically abraded under a stream of water with 1200 and 4000
grade silicon carbide papers, then polished with 0.3 um alumina slurry to obtain a mirror-like
surface. Finally, the copper electrode was degreased with ethanol, rinsed thoroughly with distilled
water, dried and immediately introduced in the corrosive solution.

Conventional electrochemical experiments were performed in a three-electrode cell
configuration, using a Model 2273 PAR potentiostat (Ametek, Berwyn, PA, USA). Before each
experiment, the copper electrode was left at the open circuit potential (OCP) for 1 h in the test
solution without or with PyODT. Potentiodynamic polarization curves were recorded at a constant
scan rate of 10 mV min! over a potential range of +250 mV vs. OCP, from the cathodic to the
anodic direction. A new sample was employed each time to record a polarization curve.
Electrochemical impedance spectra (EIS) were acquired at OCP in the frequency range 10 kHz to
10 mHz with 5 points per decade and with an AC voltage amplitude of £10 mV. To evaluate the
stability over time of the PyODT protective film formed on the surface of copper, EIS
measurements were carried out at various immersion times up to 168 h. The impedance results
were interpreted on the basis of equivalent electrical circuits using the ZSimpWin 3.21 software
(Ametek, Berwyn, PA, USA).

2.3. Scanning vibrating electrode technique (SVET)

Copper foil of 1 mm thickness and 99.9% purity (Goodfellow, Cambridge, UK) was used
for the SVET analysis of the inhibitory effect of PyODT. The metal was cut into strips of
approximate dimensions of 1 mm x 2 mm, then embedded in insulating cold-curing Epofix resin
(Struers, Ballerup, Denmark), resulting in a 3 cm diameter sample with a flat Cu surface exposed
in the centre.

SVET measurements were performed using an Applicable Electronics equipment (New
Haven, CT, USA) controlled by Automated Scanning Electrode Technique (ASET) software
installed on a personal computer. A 2 cm long Pt-Ir probe, coated with an insulating layer of
Parylene-C but for the 10 um diameter point end, was used after electroplatinization in H2PtCles
solution, to generate a spherical deposit of platinum black of 20 um diameter at the tip [42]. The
vibration frequencies of the probe were 310 Hz along the X axis and 70 Hz along the Z axis, both

with an amplitude of 20 um.



The scans were performed over the surface of copper at a height of 100 um, that was
established using the video imaging system supplied with the equipment. SVET measurements
were performed in a naturally aerated 50 mM NaCl solution with and without 1.5 mM PyODT
inhibitor at ambient temperature (20 + 2 °C) for 4 h. A lower concentration of NaCl was selected
for SVET measurements due to the increased noise sensed by SVET when high electrolyte
concentrations compensate for ionic gradients arising from the corroding surfaces [42]. The sample

was left unpolarized, effectively at its open circuit potential (OCP) in the test electrolyte.

2.4. SEM-EDX characterization

A JSM 5600 LV scanning electron microscope (SEM; JEOL, Akishima, Tokyo, Japan)
was used in conjunction with an energy dispersive X-ray spectrometer (EDX; Oxford Instruments,
Abingdon, UK) to characterize the surface of the copper samples after 24 h exposure to 3.5 wt.%

NaCl solution in the absence and the presence of PyODT.

2.5. Raman spectroscopy

Raman spectra were obtained using a JASCO NRS-3300 (Easton, USA) equipped with a
CCD detector (-69 °C) and a 785 nm diode laser excitation line. The laser was focused on the
sample through a 100x objective (UMPLFL Olympus, Shinjuku, Tokyo, Japan). The Si peak (at
521 cm™) was used for the calibration procedure. Each sample was investigated at various points
(minimum 6, maximum 20), depending on the homogeneity of the analysed surface. Each
spectrum was collected with an exposure time of 60 s and a minimum of 3 accumulations. The
Raman spectra were collected on the copper surface after exposure for various times (namely, 1,
6 and 24 h) in the test solution, in the absence and in the presence of PyODT.

JASCO Spectra Manager tools (Easton, USA) were employed for spectrum analysis.
Before any processing of the Raman data, a selection was made of the frequency ranges between
130 and 1800 cm™. Then, each spectrum was subjected to baseline subtraction and [0,1]
normalization. These pre-treatments were performed in OriginPro 2017 (OriginLab,
Northampton, MA, USA). The Raman data were used for both general Raman and Machine

Learning studies.

2.6. X-ray photoelectron spectroscopy (XPS)



XPS measurements were performed on the copper samples (of area 1 cm?) after 24 h of
exposure to blank and PyODT-containing solutions, using a PHOIBOS 150 MCD (SPECS Surface
Nano Analysis GmbH, Berlin, Germany). The instrument was equipped with a monochromatic Al
Ka source (250 W, hv = 1486.6 eV), a hemispherical analyser and a multichannel detector. The
typical vacuum in the analysis chamber during measurements was on the order of 10°-10"1° mbar.
Charge neutralization was used for all samples. The binding energy scale was charge-referenced
to the C1s photoelectron peak at 284.6 eV. The survey spectra were acquired at a pass energy of
60 eV in the binding energy range of 0 to 1200 eV. High resolution spectra were obtained using
an analyser pass energy of 20 eV. The position and the full width at half maximum of photoelectron
peaks were estimated by spectra deconvolution with Casa XPS (Casa Software Ltd., Teignmouth,
UK) assuming a Shirley type background. The experimental core level spectra were fitted using a
GL30 line shape of Gaussian and Lorentzian functions.

2.7. Machine Learning (ML) studies

The Classification Learner application implemented in MATLAB R2018b (MathWorks,
Natick, MA, USA) was used for Machine Learning (ML) studies on pre-treated Raman spectra of
the samples. Before the ML investigation, a training set was created which contained, for each
sample, a set of spectra (ranging from 5 to 15, depending on the homogeneity of the sample).
Therefore, the trained data sets were created for 14 samples, namely: copper specimen — Cu, solid
form of PyODT, film found on the copper surface after various immersion times in 3.5 wt.% NaCl
solution both, in the absence (blank) (i.e., Cu-blank-1h, Cu-blank-6h, Cu-blank-24h) and in the
presence of PyODT at various concentrations (that is, Cu-PyODT-0.25mM-1h, Cu-PyODT-
0.25mM-6h, Cu-PyODT-0.25mM-24h, Cu-PyODT-1mM-1h, Cu-PyODT-1mM-6h, Cu-PyODT-
1mM-24h, Cu-PyODT-1.5mM-1h, Cu-PyODT-1.5mM-6h, and Cu-PyODT-1.5mM-24h). As
result, a total number of 129 spectra were employed in this analysis. Based on these experimental
data, the ML extracted the essential information and built a classification model. Other 38 Raman
spectra, selected at random and guaranteeing the representativeness of each investigated film, were
used for the generation of the test set. These testing data were employed to verify the prediction
model obtained in the training set.

In this study in which Raman spectroscopy data and Machine Learning algorithms were

combined to track the evolution of the film formed on the copper surface as a function of both, the



inhibitor concentration and the immersion time, five predictive modelling approaches have been
used: decision trees [43], discriminant analysis [44], support vector machines (SVM) [45], nearest
neighbour classifiers (KNN) [46], and ensemble classifiers [47].

2.8. Quantum chemical calculations (QC)

The QC calculations were performed by density functional theory (DFT) using the
Gaussian09 software package [48]. The geometrically optimized structure of the inhibitor was
achieved in the gas phase using the DFT method at the unrestricted B3LYP 6-311++G(d,p) level
of theory for all atoms. To study the effect of solvation on the molecular structure and chemical
reaction, calculations were performed with the same method at the unrestricted B3LYP 6-
311++G(d,p) level of theory in the presence of water as solvent, applying the polarizable
conductor model (CPCM) based on the polarized continuum model (PCM) [49,50]. The DFT
calculation consists of thiol-thione tautomerism by the intramigration reaction of a single proton.
The QST2 calculation method was applied to study the reaction path for intramigration between
the two optimized tautomers [51]. Key chemical indices such as the energies of the highest
occupied molecular orbital (Enomo), and the energy of the lowest unoccupied molecular orbital
(ELumo), the energy band gap (AE) between LUMO and HOMO, the dipole moment (u), as well
as the number of transferred electrons (AN) and the pKa for the tautomeric thione and thiol isomers
of the PyODT molecule.

2.9. Molecular dynamics simulation (MD)

MD simulation studies were performed using Material Studio 6.0 software (Accelrys Inc.,
San Diego, CA, USA) to learn more about the adsorption of the inhibitor molecules on the metal
surface at the molecular level. The MD simulations were carried out by taking single crystal Cu
(111) surface (the most densely packed and therefore the most stable [52]) in a simulation box of
dimensions 3.58 nm x 3.58 nm x 3.61 nm with periodic boundary conditions to model a
representative part of the interface devoid of any arbitrary boundary effects. The appropriate
surface was first cleaved from pure Cu crystal and relaxed by minimizing its energy using
molecular mechanics. The surface area of Cu (111) was enlarged to fabricate an appropriate
supercell, and to build a zero thickness vacuum slab above these surfaces. The chemical species
included in the adsorption system were 200 H20, 2 Na*, 2 Cl-and 1 PyODT molecule in each case.



The system was constructed using the Amorphous Cell Program, and then the corrosion system
was built by Layer Builder by placing the Amorphous Cell on the Cu (111) supercell. In addition,
all layers of the supercell except the top layer were kept fixed. The MD simulations were
performed at 298.0 K (controlled by the Andersen thermostat) under the NVT ensemble (i.e. the
canonical ensemble), with a time step of 1.0 fs and a simulation time of 500 ps, by COMPASS
(condensed-phase optimized molecular potentials for atomistic simulation studies) force field [53].

3. Results and discussion
3.1. Electrochemical characterization
3.1.1. Electrochemical impedance spectroscopy

The EIS measurements were performed at the corrosion potential spontaneously attained
after various exposure times of copper to a 3.5% NaCl solution, in the absence and in the presence
of PyODT. The first impedance measurement was made after a stabilization period of 1 h at 298
K. Long-term impedance tests of up to 168 h were aimed at evaluating the stability and corrosion
resistance provided by the adsorption of the inhibitor on the copper surface.

Figure 2 shows typical examples of impedance diagrams recorded at different immersion
times of the Cu corroding surface in the blank test electrolyte and in the presence of PyODT at
various concentrations. Nyquist plots are characterised by a semi-circular appearance with two
poorly separated capacitive loops over the entire frequency range studied. A diffusion tail at low
frequencies was also observed in the impedance diagrams obtained in the blank solution and in the
presence of PyODT at low concentrations (< 0.5 mM). As stated previously [54], Warburg
impedance could be attributed either to the diffusion process of soluble cuprous chloride
complexes (i.e., CuClz"and CuCls?") from the copper surface to the bulk solution or to the transport
of dissolved oxygen toward the electrode. The occurrence of the diffusion process in the EIS
spectra obtained at low PyODT concentrations could be due to reduced inhibitor adsorption, which
is not able to form a dense and ordered barrier film on the copper surface. In contrast, at higher
concentrations of PyODT (> 0.5 mM), the Warburg impedance disappears, and in Figure 2 a
significant increase in semicircle diameters is readily seen, which is directly correlated with
development of a highly protective inhibitor film on the metal [15,55,56]. In addition, the
anticorrosive protection ability of PyODT at high concentrations is significantly improved during
the exposure period. As for example, in the presence of 1.5 mM PyODT, a gradual increase in low
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frequency impedance values, |Z|, with the immersion time could be readily noticed in Figure 3,
while the corresponding maximum phase angles approach -90°. This behaviour confirms the
efficient adsorption of the organic molecule on copper, which leads to better inhibition of the
COrrosion process.

Further information on the electrochemical processes that occur at the copper interface was
obtained through the analysis of EIS spectra using the two equivalent electrical circuits [57] shown
in Figure 4. Since the two capacitive loops appear like depressed semicircles in Figure 2, constant
phase elements (CPE) were used instead of ideal capacitances to account for deviations caused by
surface roughness, inhibitor adsorption, porosities, and other surface inhomogeneities [58]. In
Figure 4, Rs represents the solution resistance; Rr corresponds to the resistance against the access
of aggressive chloride ions through a surface film that is reinforced by the adsorption of the
inhibitor; Rct is the charge transfer resistance, while CPEs and CPEal are associated with constant
phase elements, respectively modelling film capacitance (Cr) and double layer capacitance (Cai).
Finally, W represents the Warburg element in the low frequency range, induced by the diffusion
of soluble Cu species from the electrode surface to the bulk solution [54].

The impedance of CPE is described as follows:

Z=[Y(jo)7* (1)
where = 2nf is the angular frequency, j = (-1)2 is the imaginary unit, Y is the magnitude of the
CPE, and n is a fitting parameter (0 < n <1), which measures the deviation of the element of ideal
capacitive behaviour (showing n = 1) [58-60]. For each R-CPE couple, the general equation:

C = (RtnY)¥n (2
was used to convert the Y parameters of the CPE elements into associated capacitances [61].

Table 1 presents the fitted parameters obtained at different immersion times for the
corrosion of copper in the absence and in the presence of various concentrations of PyODT. Table

1 also lists the inhibition efficiency values, nimp, determined according to the following equation:

_po0
Mimp (%) =~ 100 3)

ct

where R..and RY are the charge transfer resistances in solutions with and without PyODT,
respectively.

The fitted impedance plots represented by crosses are shown in Figures 2 and 3 with the
experimental data represented by symbols. The good overlap between the calculated and

experimental results confirms the validity of the proposed models. However, in some cases,
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especially for long exposure times, it was difficult to unambiguously calculate the R-C parameters
corresponding to the second time constant obtained in the presence of PyODT. To improve the
fitting procedure, the nai values were kept at fixed values during the iterations. In the blank
solution, the resistance of the film, Ry, gradually increases during the first 24 h of immersion, but
beyond this period it begins to decrease and reaches rather low values at the end of the corrosion
test (168 h). A similar variation was observed for the capacitance of the film, Cs (cf. Table 1). As
explained previously [62], a thin and highly resistive oxide layer could slowly form on the surface
of copper during the initial stages of immersion. By prolonging the metal exposure to the
aggressive action of the CI ions, this rather protective surface layer undergoes alteration, being
replaced by a new thicker but less resistive oxide film. As expected, the charge transfer resistance,
Ret, progressively increases during the immersion time and reaches the highest value of 8.03 kQ
cm? at 24 h of exposure. Table 1 also shows a decrease over time in the double layer capacitance,
Ca. It reaches 12.33 pF cm™ at 24 h of immersion. With longer exposure, the corrosion of copper
proceeds faster, leading to a rougher surface, which explains the increase in Cal values at the end
of the experiments.

As shown in Table 1, the protective effect of PyODT on copper corrosion depends on both
the inhibitor concentration and the exposure time. Therefore, at the lowest concentration (0.25
mM), PyODT somewhat hinders the copper corrosion process, but only in the first 4 hours of
immersion (results not shown here). Then, the PyODT rather has an activating effect on the
corrosion of copper, explained in view of the decreases in the pH of the solution caused by the
addition of the inhibitor. There was also a weak protective effect on copper in the presence of 0.5
mM PyODT in the initial stages of the immersion (during the first 7 h), as Rr is slightly higher
compared to the blank solution, while Rct has similar values. The corresponding variations of Cs
and Cai confirm that at low concentrations PyODT cannot rapidly adsorb on the surface of copper
and to form a stable and orderly barrier film. On the other hand, the inhibitory effect of 0.5 mM
PyODT on copper corrosion becomes significant at about 8 h of exposure and gradually increases
up to 48 h. The sharp decrease in the Cr values observed at 8 h exposure in the presence of 0.5 MM
PyODT is correlated with a sudden thickening of the surface film formed on copper, which remains
fairly constant throughout the remaining period of exposure. However, the nature and permeability
of this barrier film against the aggressive Cl ions seem to change during corrosion tests [63].
Although the increasing trend in R values within 72 h of exposure may be related to a more
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compact and resistive nature of the surface film, the electrolyte begins to penetrate through this
film with prolonged exposure, decreasing its resistance. Consequently, a gradual acceleration of
the corrosion process could be noted at the end of the experiments (168 h). The failure of PyODT
at 0.5 mM concentration to provide lasting protection to copper is also confirmed by the significant
decrease in Rctvalues at 168 h, while the Cai value increases relative to the blank solution. On the
contrary, the protective film formed on the copper surface becomes more compact and stable when
the concentration of inhibitor increases, as evidenced by the high values of the film resistances
obtained in the presence of 1 mM and 1.5 mM PyODT (cf. Table 1). In addition, the Rr values
gradually increase with the time of exposure to solutions containing high concentrations of PyODT
and reach values of approximately 0.55-0.60 MQ cm? at the end of experiments. These high Ry
values indicate the presence of an extremely resistant adsorbed inhibitor film on the copper surface
which greatly prevents the penetration of aggressive Cl” ions from the solution. This was confirmed
by the results of the surface analysis presented below, which revealed the presence of nitrogen and
sulphur atoms on the surface of copper.

As expected, a significant increase in charge transfer resistance, Rct, was observed in
solutions containing high concentrations of PyODT, while simultaneously the double layer
capacitance values, Cai, gradually decreased relative to the blank solution. The decrease in Ca
values correlates with the adsorption of PyODT on the copper surface, which leads to a smaller
corroding area directly in contact with the aggressive solution. The results are also consistent with
the low values of the nai coefficient, indicating the heterogeneity of the electrochemical processes
at the active sites [54].

As shown in Table 1, the inhibition efficiency values increase significantly with increasing
inhibitor concentration and immersion time. At the highest concentrations studied, PyODT exerts
a significant anticorrosion effect on copper from the start of immersion, as evidenced by the high
values of zimp, which respectively reach 92.8% and 93.3% in the presence of 1 mM and 1.5 mM
PyODT. An important enhancement of inhibitory properties of PyODT was noted during
prolonged exposures, when the nimp values exceeded 99%, confirming its excellent long-term

protective action on copper corrosion.

3.1.2. Potentiodynamic polarization curves
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The influence of PyODT on the polarization behaviour of copper in 3.5% NaCl solution
was evaluated on the basis of polarization curves. The copper samples were left in the test solution
for different periods of time, then the polarization curves were recorded from the cathodic to the
anodic potentials ranges. Figure 5 shows the potentiodynamic polarization curves of copper in
3.5% NacCl solution without and with various concentrations of PyODT, recorded after immersion
for 1 and 48 h, respectively.

The polarization behaviour of copper in the blank electrolyte is similar in the two
immersion times and is in agreement with previously reported results [64]. Therefore, starting from
the corrosion potential, Ecorr the anodic current density increases steadily with the potential. The
related process is the dissolution of copper into Cu®, followed by the formation of a soluble CuClz
complex [65]. As the potential becomes more positive, in Figure 5 a region of currents decreasing
to a minimum value can be noticed, due to the formation of an insoluble layer of CuCl on the
surface of copper. This layer is not protective and further reacts with CI™ ions forming the soluble
CuCl2" complex, which can either diffuse into the bulk solution or undergo further oxidation [65].
The cathodic reaction sustaining the corrosion process of copper is the reduction of molecular
oxygen.

In the presence of PyODT, a displacement of the anodic and cathodic branches of the
polarization curves towards lower current densities could be seen (Figure 5). This trend is more
pronounced at high concentrations of the inhibitor and at prolonged duration of exposure. In
particular, the current associated with the anodic dissolution reaction seems to be more inhibited
than the cathodic one. There is also a gradual decrease in the anodic current peak corresponding
to the formation of CuCl, while the concentration of PyODT increases. In fact, the anodic current
peak disappears, and a broad current plateau can be seen in the polarization curves recorded at 48
h of copper exposure to solutions containing high concentrations of inhibitor (Figure 5b). Such
passivation behaviour could be explained by a strong adsorptive interaction between PyODT
molecules and copper, leading to the development of a compact inhibitory film on the surface, thus
preventing the dissolution and migration of copper ions (associated with the Warburg element in
EIS analysis), which provides remarkable inhibition of the corrosion process.

The electrochemical parameters such as the corrosion potential (Ecorr), the corrosion current
density (jcorr) and the anodic Tafel slope (52) determined from the polarization curves are listed in
Table 2. The corrosion inhibition efficiency values (nrol) were also calculated using the equation:
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0, _ jgorr_jcorr
nMpol (%) = =5——-100 (4)

Jcorr

where j& .. and j...+ denote the corrosion current density values determined in the absence and
presence of PyODT, respectively.

A definite trend could not be observed in the changes of the Ecorr values obtained at 1 h
exposure in the presence of different concentrations of organic inhibitor (see Table 2). On the
contrary, there is a progressive displacement of the Ecorr towards more noble values with a longer
exposure. For example, the Ecorr value is shifted in the anodic direction by +164 mV in the case of
a solution containing 1.5 mM PyODT, relative to the blank electrolyte. Based on these results, it
was assumed that PyODT acts as an effective mixed-type inhibitor, with a predominant inhibitory
effect on the anodic reaction. However, over long immersion times PyODT most likely behaves
as an anodic inhibitor, especially at high concentrations. The significant change in the anodic
process is evidenced by the notable increase in the values of the anodic Tafel slope (cf. Table 2).

As expected, the values of j ... gradually decrease in the presence of PyODT for all
concentrations studied, both for short and long immersion times. The only exception was observed
in the presence of 0.25 mM PyODT at 48 h of exposure, when an acceleration of the copper
corrosion process was assumed based on the increased value of j.,.., compared to the blank
solution. These results agree with the EIS and Raman spectroscopy data. As the inhibitor
concentration increases, the inhibition efficiency of PyODT increases markedly and improves

further at longer immersion time.

3.2. Surface analysis
3.2.1. SEM and EDX characterization

SEM images (Figure 6) and EDX analysis (Figure 7) were performed on copper samples
after 24 h immersion in 3.5% NaCl solution, in the absence and presence of 1 mM PyODT. As
shown in Figure 6b, the copper surface is covered with a thick layer of corrosion products after 24
h immersion in 3.5% NaCl solution. As expected, EDX analysis showed the presence of Cu, O,
and CI on the copper electrode (Figure 7a). This is consistent with the typical composition of the
corrosion products formed on copper after exposure to a chloride-containing solution, consisting
mainly of CuCl and Cu20 compounds [65]. The traces of Si and Al detected on copper come from

previous surface preparation steps which also generated the grinding scratches visible in Figure 6.
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In the presence of PyODT, the copper surface appears to be flat and covered with a thin
film of organic inhibitor (see insert in Figure 6¢). The presence of molecules of the organic
inhibitor adsorbed on the copper surface is confirmed by the nitrogen and sulphur atoms detected
in the EDX spectra (Figure 7b). However, some small traces of corrosion products are still present
on the surface of copper exposed for 24 h to a solution containing 1 mM PyODT, but this was
expected considering that its inhibitory efficiency is slightly less than 100%.

3.2.2. Raman characterization and Machine Learning studies

Raman spectroscopy was used to study the interaction of the PyODT molecule with the
copper surface and to assess the temporal evolution of the inhibitor film during immersion in the
corrosive solution. Figure 8a shows the Raman spectra of an untreated copper sample and the
copper surface after 1 and 24 h immersion in 3.5 wt.% NaCl. Three peaks were observed for the
copper sample at 275, 528 and 613 cm, which could be assigned to the vibration of the Cu-O
bond of Cu20 and CuO species that existed on the surface of copper [66,67]. The Raman study of
the Cu surface after different immersion times in a 3.5 wt.% NacCl solution did not allow a detailed
survey of the evolution of corrosion over time. However, these spectra show changes in the
intensities of two bands, namely an increase in the peak at 275 cm™ and a decrease in that at 613
cm?, as well as slight shifts in these to 279 and 605 cm™, respectively. These changes could be
associated with the appearance of corrosion on the copper surface and the formation of Cu-Cl
(chloride related species) [68].

The Raman spectra of the copper surface before and after immersion in 3.5 wt.% NaCl
solution in the absence and in the presence of different concentrations of PyODT are shown in
Figure 8b and Figure 9. For comparison purposes, the spectrum of PyODT in the solid state is also
presented in Figure 8b. As revealed in Figure 8b and Figure 9, the bands corresponding to the
inhibitor molecule are visible in all Raman spectra, regardless of their concentration in the
electrolyte or the immersion time of the electrode. However, Figure 8b shows some important
differences between the Raman patterns of the copper surface exposed for 24 h to electrolytes
containing different concentrations of PyODT. Unlike the copper sample treated with low
concentrations of inhibitor, in the presence of 1.5 mM PyODT, a clear Raman profile of the
inhibitor film is visible even in the low wavenumber region (that is, the region for the bands related
to the copper oxides, namely 200-800 cm™), which proves that the adsorbed organic film is more
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uniform and compact and should therefore offer better protection to the copper surface. These
observations are in agreement with the electrochemical results, which also showed an improved
anticorrosion effect of PyODT at the concentration of 1.5 mM.

To better understand the adsorption behavior of PyODT on the copper surface, a
comparison was also made between the frequencies of the solid state and the chemisorbed states
of PyODT (see Figure 8b). At neutral pH, the thiol form is predicted to be predominant, and can

be further ionized in aqueous solution as indicated in equation (5):

N7 e NPT o O
N—NH N=N N=N
thione thiol thiolate ion (5)

The Raman spectrum of PyODT indicates the thione form as the major tautomer existing
in the solid (powder) state (i.e., the band at 1074 cm™ can be assigned to the stretching mode of
the N-protonated form of the oxadiazole group [69]), in accordance with the crystal structure of
PyODT obtained by an X-ray diffraction study [70]. This band disappeared after adsorption of
PyODT on the copper substrate and a new band was observed at 991 cm™. This peak could be
attributed to the C-S stretching vibration v(C-S), which is observed at 989 cm™ for similar
compounds after adsorption on gold [71]. Moreover, a shift of the other two peaks, 953 and 1010
cm, could be also noticed in the region from 950 to 1100 cm™ after the adsorption of PyODT on
copper. The first peak is attributed to 12 vibration modes of the pyridyl group, while the second to
UCOC) and (NN) of the oxadiazole ring [69].

Another significant variation appears in the Raman spectra of the two forms of PyODT in
the range 1400-1620 cm™ (see Figure 8b). Two main peaks were observed for the solid state of
PyODT at 1534 and 1616 cm™, which could be attributed to the superposition of the C=N
stretching vibration 1{C=N) of the oxadiazole ring, and to the 8b and 8a vibration modes of the
pyridyl moiety, respectively [69]. In the adsorbed form of PyODT, an intense peak appeared at
about 1422 cm™®. This can be attributed to v(C=N) of the oxadiazole ring, while those at 1542,
1572 and 1608 cm™ to a superposition between the 1{C=N) vibration of the oxadiazole and the 8b,
9b or 8a vibration modes of the pyridyl ring [69].
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Altogether, these results indicate that the tautomer containing unprotonated nitrogen atoms,
both in the oxadiazole group and in the pyridyl ring, is the most suitable structure for the
chemisorbed PyODT film layer.

In addition, the evolution of the inhibitory film on the copper surface in correlation with
the PyODT concentration and the immersion time was investigated by considering the Raman
spectra and Machine Learning algorithms. To achieve this, Raman surveys were carried out in
different points on each sample; some of the Raman data were used for the training set, while
others were used for the assembling of a test group (see Experimental Section 2.7). Raman data
from the training set contributed to model prediction, while spectra from the test group were used
for validation of the prediction model (see Figure 10 and Table 3). The objective was to study the
degree of similarity between the spectra collected at different points and to determine whether they
can be associated with specific inhibitor concentrations or immersion times. Therefore, the model
was trained using Raman data recorded at different points and at various stages of the copper
surface (i.e. untreated Cu, Cu exposed for different periods of time (1 h, 6 h, 24 h) to electrolytes
without (blank sample) and with the addition of various PyODT concentrations, 0.25 mM, 1 mM
and 1.5 mM; see Figure 9). Various Machine Learning algorithms have been used for this purpose
(see Experimental section); the best accuracy of 81.6% was obtained when the Linear Discriminant
algorithm with full covariance structure and five-fold cross-validation was applied to the training
set. This accuracy result is mainly due to the incorrect classification of some samples of Cu-
PyODT-1.5mM recorded at 1 h (3 of 6 samples) and 24 h (5 of 10 samples), which appear assigned
to the other two concentration groups (0.25 and 1 mM). The situation is not uncommon since at
the electrode surface different types/organizations of the organic layers could be found at such a
high concentration. For the other investigated classes, the results reveiled either an incorrect
assignment within each class for Cu-PyODT-0.25mM, Cu-PyODT-1mM and Cu-blank or a true
prediction, with two exceptions (1 sample of Cu-PyODT-0.25mM 1h and respectively 24h) for
Cu, PyODT and Cu-PyODT-0.25mM groups (see Figure 10).

To assess the performance of the model, the outcomes obtained by applying the prediction
model on the test data set were analysed and presented in Table 3. They revealed only one incorrect
assignment of the 38 investigated samples, in particular a Cu-blank-6h sample was assigned to the
Cu-blank-24h one. No other incorrect assignments were found within or between the investigated
classes (see Table 3), indicating that the method worked well in predicting the Raman profile types
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of these classes. Thus, employing this model, it was possible to discriminate between the spectra
of copper affected by corrosion and those achieving protection by the organic inhibitor.

3.2.3. XPS spectroscopy

In order to assess the transformations that occur on the surface of copper during the
corrosion process, in the absence and in the presence of the organic inhibitor, an XPS study was
also performed. In addition to Cu, it is worth mentioning the existence of the elements O, Na and
Cl in the survey spectra recorded on the copper sample after 24 h of immersion in a 3.5 wt.% NaCl
solution in the absence and in the presence of different concentrations of PyODT (see Figure 11),
whereas N and S are present in the XPS spectra obtained on the copper surfaces treated with 1 and
1.5 mM PyODT (Figure 11). In addition, it was expected that the structure of the adsorbed layer
would be determined by analysing the deconvoluted spectra of the major elements (i.e., Cu, C, N,
O, S, Cl) as shown in Figures 12-14. For comparison, the Cu2p core level spectrum of the copper
specimen (untreated copper) was also added. The Cu2p profiles in the 925-965 eV binding energy
region are quite similar for untreated and blank copper samples, indicating the presence of Cu(l)
species (Cu20) on the electrode surface in both cases. However, some differences between the two
Cu2p core level spectra should be mentioned; namely, in the blank sample, the appearance of
satellite signals is observed in the regions 943-948 eV and 962-967 eV that are specific to Cu(ll)
species, and a small shift in the binding energy to lower values (see Figure 12a). These changes
could be due to the existence of a small CuO phase on the copper surface and to the incorporation
of chloride into the Cu20 lattice [72], when the copper electrode was exposed to the test saline
solution. These results are consistent with the data obtained from Raman characterization (cf.
Figure 8a), where the changes observed for the blank sample were attributed to the formation of
chloride-related species on the copper surface.

The Cu2p XPS spectra of samples exposed to solutions containing PyODT demonstrate
the significant transformation that occurs on the copper surface (see Figure 12b-c). Thus, in
addition to the satellite lines in the 940-945 eV and 960-965 eV regions specific for the Cu(ll)
species, the Cu2p3/2 and Cu2pl/2 peaks at 934.5 and 954.4 eV [73] can also be observed in Figure
12b-c. The increase in the concentration of PyODT leads to an increase of Cu(ll) species on the
copper surface and to values of the Cu(l) peaks similar to those obtained for untreated copper. This
could be an indication of continuous coverage of the copper surface with the inhibitor film and
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less CI" ions incorporated into the Cu20 lattice. These observations are in agreement with the
electrochemical results, which showed that the inhibition efficiency of PyODT at a concentration
of 1.5 mM exceeds 99%.

As shown in Figure 13a-b, the C1s signals are well fitted with four peaks for the two
inhibitor concentrations investigated. Therefore, the film formed on the copper surface in the
presence of 1 mM PyODT reveals peak maxima with binding energies of ca. 284.4, 285.4, 287.3
and 288.8 eV, respectively. The first three bands have been assigned to carbon species that possess
sp? hybridization state C(sp?) for the largest contribution, carbon in C-O/C=N groups, and C-N/C-
O-C functions [74], while the remaining one was attributed to carbon in the O-C(N)-S group. A
small shift of the peaks alongside the variation of the intensity of the bands (i.e. a decrease in the
area of the bands assigned to C=N/C-O and C-N/C-O-C groups), and an increase of those assigned
to C=C and O-C(N)-S were observed in the XPS spectra of the copper samples after immersion in
a solution containing 1.5 mM PyODT (see Figure 13b). These changes highlight that there were
small differences in the organization of the PyODT layers on the Cu surface.

Two nitrogenous species can be observed in the XPS N1s spectra of the PyODT film
formed on the copper surface (cf. Figure 13c-d). They are located at approximately 398.7 and
399.6 eV and can be attributed to the nitrogen atoms in the pyridyl ring [75] and the oxadiazole
groups [32]. These values suggest that the non-protonated N species exist in the composition of
the film, regardless the concentration of PyODT. Therefore, it was assumed that the changes
observed for the PyODT concentration of 1.5 mM in the case of C1s affected very few nitrogenous
sites.

More details on the influence of PyODT concentration on film formation were obtained
from the O1s XPS spectra given in Figure 14a,b. Three peaks located at 529.6, 531.1 and 534.7
eV were observed in the XPS spectra of the copper surface after 24 h immersion in a solution
containing 1 mM PyODT (cf. Figure 14a). The band at 529.6 eV indicates the presence of Cu-O
bonds (O% from CuO) on the surface of the electrode [76], while the two other signals could be
associated with the C-O bonds in the PyODT molecule after its chemisorption on the metal and to
adsorbed water [77], respectively. In contrast, a single peak at 531.9 eV, attributed to the C-O
bonds in PyODT, could be seen in the XPS spectra of copper immersed in the corrosive solution
containing 1.5 mM PyODT. This result suggests complete coverage of the copper surface with an
organic inhibitor layer in the solution containing 1.5 mM PyODT concentration.
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The spectra recorded for the S2p core level also exhibit different features depending on the
concentration of PyODT, as shown in Figure 14c-d. In the presence of 1 mM PyODT, a doublet is
observed at approximately 162.5 and 163.7 eV for S2p3/2 and S2p1/2, respectively. These peaks
can be associated with chemisorbed sulphur, suggesting a Cu-S interaction between the metal
substrate and the layer of the organic inhibitor [78]. On the other hand, when the copper surface
was treated with 1.5 mM PyODT, two doublets were detected in the recorded XPS spectrum (see
Figure 14d). Among them, the one attributed to the C-S form of the adsorbed PyODT
predominates, while the second doublet, located at about 168.1 and 169.3 eV, can be attributed,
depending on the position and its relative intensity, to an oxidized sulphur state [78]. The absence
of oxidized sulphur species on the copper surface exposed to the solution containing 1 mM PyODT
is difficult to explain unless oxidation of PyODT could occur prior to adsorption when a higher

concentration of PyODT was involved.

3.3. Scanning microelectrochemical characterization

The heterogeneous degradation of Cu and its inhibition by the presence of PyODT at the
concentration of maximum efficiency (i.e., 1.5 mM), was further investigated with the scanning
vibrating electrode technique (SVET) in 50 mM NacCl solution. The lower concentration used for
these measurements was chosen in order to improve the signal-to-noise ratio of the potential
gradients developed by the local ionic concentrations but maintaining a sufficiently aggressive
environment for the corrosion reaction to occur. Although this may somewhat compromise the
direct intercomparison of the data provided by SVET with those of the conventional
electrochemical experiments in Section 3.1, it helps to determine the possible surface
heterogeneity of corrosion and protection processes.

Figure 15 shows the current density values detected during scanning of the copper surface
in the absence of inhibitor, as well as optical images taken just before the SVET measurements.
Dynamically changing positive and negative ionic current densities, reflecting local anodic and
cathodic activation, respectively, develop on Cu as a result of corrosion reactions. Dark areas could
be observed on the optical images due to the precipitation of corrosion products gradually covering
the surface from the edges of the copper where the anodic activity is initially detected. This is

evidenced by the appearance of anodic current densities in the upper left corner (cf. Figure 15a),
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moving towards the upper and middle part of the copper sample (Figure 15c,e), precisely in the
same direction as the dark regions advance from optical inspection (Figure 15b,d,f).

Likewise, Figure 16 shows the SVET results obtained with the Cu surface exposed to a 50
mM NaCl solution containing 1.5 mM PyODT during the first hours of immersion. The activity is
drastically suppressed in the presence of corrosion inhibitor, the absolute values of the current
density being 5 times smaller than in the NaCl solution without inhibitor (note that the same scale
is used for the ionic current density in Figures 15 and 16). Furthermore, the optical images did not
show significant modification of the metal surface during immersion in the electrolyte for 3-4 h of
exposure, unlike the result obtained using Cu under inhibitor-free conditions (cf. the optical images
of Figures 15 and 16).

3.4. Quantum chemical calculation

Several publications have shown a relationship between the structure of chemicals,
especially organic compounds, and their inhibitory action as effective corrosion inhibitors [79-81].
Computational methods using DFT theory are powerful tools for quantifying the structural features
and parameters of the electronic structure of chemical compounds [52,82]. Recently, quantum
chemistry has become widely used in the design and development of novel high performance
corrosion inhibitors, as well as to analyse the characteristics of the interaction mechanism between
the inhibitor and the metal surface mechanism, and to elucidate the structural nature of the inhibitor
in the corrosion process [52,81,83]. Heterocyclic oxadiazole-thiol ligands, due to the presence of
the thioamide moiety (NHC=S) in their structure, occur in the gaseous phase as thione and thiol
tautomers due to prototropic thione-thiol tautomerism reaction involving proton transfers
[81,84,85]. In addition, PyODT can be further ionized in aqueous solution according to equation
(5). Therefore, theoretical calculations were made considering all forms of the PyODT molecule
in the gaseous phase, as well as in solution in the presence of water as the solvent. Figure 17 and
Figure 18 show the fully optimized molecular structures of all forms of the inhibitor PyODT and
their frontier molecular orbitals (HOMO and LUMO) obtained using the unrestricted B3LYP/6-
311**G(d,p) level of theory by applying CPCM maodel in the presence of water as solvent [49,50].

The selected structural parameters of optimized geometry for all forms of the PyODT
molecule in gas phase and in solution are listed in Table 4. Solvation has a significant impact on
the bond lengths and bond angles of PyODT species. For the thione form, an increase in the bond
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length of the C=S group is observed in aqueous solution compared to its counterpart in the gaseous
phase (1.6542 vs. 1.6371 A), which implies a higher reactivity of the C=S group in the aqueous
phase. However, the bond length of this group in the thiolate ion of PyODT in solution is greater
than the bond length of C=S group in thione, which predicts the higher reactivity of the thiolate
ion of PyODT [81]. The selected dihedral angles of each form of the PyODT molecule are shown
in Table 4 to be nearly 180° or 0° and reveal that their structures are substantially plane. On the
other hand, the pyridyl ring, the oxadiazole ring and the S-H moiety (thiol group) are all in the
same plane, which is the plane of the molecule, and considering the frontier molecular orbital
theory, such planar geometry contributes to the formation of an integrated and extensive resonance
system [81]. This large n-system also allows the back donation of the dr electron from the Cu
metal to the w*-orbital of the inhibitor [86], as well as the strong n-n staking between the inhibitor
molecule and the metal surface which increases the chemical adsorption of the inhibitor (see Figure
17a-c and Figure 18j-1). The HOMO density distributions, as shown in Figures 17d-f and Figures
18m-o, are localized primarily in the oxadiazole ring and the S atom, affording nucleophilic
interaction of the nonbonding electron pairs available in the N, O and S heteroatoms with the Cu
atom on the surface of the metal. The LUMO density distributions shown in Figure 17g-i and
Figure 18p-r, are localized mainly on the pyridyl and the oxadiazole rings, which allows the back
donation of the dzn electron of the Cu atom to the m*-orbital of these two rings [87,88], thus
enhancing their adsorption on the metal surface.

To study the effect of the electronic properties on the inhibition efficiency of the studied
compound, key parameters such as E (energy of the molecule), EHomo, ELumo, AEL-H (LUMO-
HOMO gap), and u (dipole moment), which directly influence the electronic interaction between
the inhibitor molecule and the metal surface, were calculated in the gaseous phase and in solution,
with the presence of water as solvent, using the DTF theory and the results are listed in Table 5.
The values of the HOMO and LUMO energies and AEL-+ can be correlated with the inhibition
efficiency. Thus, a higher Enomo value and lower values of ELumo and AEL-+ lead to a stronger
chemisorption of the inhibitor molecule on the metal surface, and as a result, a higher inhibition
efficiency is expected [81,84]. The values of these parameters for all forms of the inhibitor in gas
phase, as well as in solution (see Table 5), are comparable to the values reported for inhibitors of
similar structures [81,82,84,89], which anticipated the high effective corrosion behaviour of this

inhibitor.
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The electron transfer fraction (AN) is an important parameter to determine the chemical
potential of the inhibitor-metal interaction [52,81,84]. The number of transferred electrons (AN)
for PyODT inhibitor and bulk Cu metal surface was calculated for the different forms of the

inhibitor both in the gas phase and in solution by the following equation:
AN = (XCu _Zinh)
2(770u - 77inh) (6)
where y., and y,, are the absolute electronegativity of copper and the inhibitor, and 7., and

n,., are the absolute hardness of copper and the inhibitor, respectively. The theoretical y value of
14.01 eV mol~ and the # value of 6.28 eV mol~ for Cu were taken from the literature [90-92].
The values of y,, and n,, are related to the electron affinity (A) and the ionization potential (1)
as presented in equations (7) and (8):
_I+A

X (7)

2 (8)
where, according to Koopan’s theorem, | and A are related to the frontier orbital energies according
to equations (9) and (10) [52,81,84]:

| =—Eyomo (9)
A==Eumo (10)

The values of y,,, and n,, for all forms of the inhibitor were calculated using the | and A

values obtained from quantum chemical calculations in both gas phase and in solution. According
to Lukovits [93], if AN < 3.6, the tendencies for chemisorption and the inhibition efficiency
increase with increasing electron-donating ability at the metal surface. The calculated AN values
for the different forms of the PyODT inhibitor (namely, 0.53-0.55; see Table 5) are in agreement
with the chemisorption of the inhibitor on the metal surface and predict its effective anticorrosive
properties for copper.

The molecular polarity of an organic inhibitor is anticipated by measuring its dipole
moment, which is closely correlated with van der Waals interactions [81]. The results in Table 5
show that the solvation has a significant impact on the dipole moments of both the thione and thiol
tautomers, as well as on the thiolate ion of PyODT. The dipole moments of the three forms of
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PyODT in solution are significantly higher than their counterparts in the gas phase (e.g., thione
and thiol values are 4.0308 vs. 2.6629 and 3.7211 vs. 2.5831 D, respectively). The increased dipole
moment can evidence a stronger van der Waals interaction of the inhibitor with the metallic surface
in aqueous solution. The dipole moment of the ionic species is especially much higher compared
to thione and thiol tautomers, indicating a more favourable configuration for its adsorption on the
surface of copper [81]. In addition, the possible existence of the thiolate ion increases the negative
charge on the S atom, suggesting physisorption of the inhibitor from this centre on the metal
surface, as well as chemisorption. All these features make the studied molecule a powerful
corrosion inhibitor and confirm the experimental findings.

In addition, in order to explore the potential metal complexing ability of the inhibitor in
solution, it is of great interest to establish how the interaction of the solvent can modify its
electronic properties and, therefore, the capacity of the thiol moiety to adsorb on the surface of
copper and chelate the Cu ions diffusing into the solution as result of the corrosion process [49].
For this reason, the thione-thiol tautomerism was computed individually in the gas phase and the
solution phase under DFT/B3LYP/6-311 G(d,p) level of theory. The QST2 method is used to study
the reaction path of the single hydrogen intra-migration between the two optimized tautomers and
the structures of the transition states were obtained [51,85]. The energy profiles of thione-thiol
tautomerism in the gas and solution phases are shown in Figure 19. The structure of the transition
state (TS) of the transferred proton lies between the N and S atoms constructing a four-membered
pseudo-heterocyclic ring with N1...H1 and S1...H1 distances of 1.35 and 1.76 A in the gas phase,
respectively, while the N1...H1 distance was increased to 1.36 A and the S1....H1 distance
decreased to 1.75 A in solution. This result reveals the effect of solvation on the TS structure and
shows that, however, the TS structure in the gas phase is comparable to the structure of the thione
tautomer, while in solution it seems closer to the structure of the thiol tautomer. The energy
differences between the two tautomers and the TS were calculated as the tautomerization energy
(AE) considering the thione isomer as the zero-point reference energy [51]. The calculated energies
of the TS are 22.89 kcal mol™ in the gas phase and 19.77 in solution, which shows that the TS is
more stable in solution when water is used as a solvent. The energy difference between thione and
thiol tautomers in gas phase is +4.22 kcal mol™, while this difference is -4.94 kcal mol in solution.
These results confirm that the thiol isomer is moderately more stable in solution than the thione

isomer.
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However, as the total energy values of the thiol and thione forms are very close to each
other while the activation energy is very low, one cannot conclude from the energy values which
tautomer will predominantly exist in the solution phase. Therefore, further studies were carried out
to determine the pKa of both forms of the PyODT inhibitor as an LH ligand because the acidity of
the thiol and thione moieties in aqueous solution, due to their R-NH or R-SH functional groups, is
an important indicator of their reactivity [94]. The theoretical method based on the DFT calculation
for the prediction of pKa was performed using equation (11) and the thermodynamic cycle given
in Figure 20 [95].

LH + HoO — L~ +HsO" (11)

All calculations were performed using an unrestricted B3LYP/6-311++G(d,p) level of
theory by applying the CPCM model in the presence of water as solvent, and the extracted data
are listed in Table 6. As shown in Table 6, the corresponding pKa values for thione and thiol
tautomers are 3.77 and -2.62, respectively. This result reveals that the thiol isomer of PyODT is
acidic, and by losing its proton, it exists primarily as R-S™ in aqueous solution and causes moderate
changes in the thione-thiol tautomeric equilibrium towards the predominance of thiol tautomer.
These results are in good agreement with the experimental results of lowering the pH of the

solution in the initial time after addition of the inhibitor.

3.5. MD simulation

The MD simulation approach was used to obtain more information on the adsorption
behaviour of PyODT on the surface of copper. The equilibrium configuration of PyODT on a Cu
(111) surface is shown in Figure 21. It is evident that during the MD simulation process, the
PyODT molecule gradually approached the copper surface with almost flat orientation. This
parallel adsorption supports the maximum contact and also the highest surface coverage. To obtain
more information on the interaction of PyODT on copper surfaces, the values of adsorption energy
(Eadsorption) and the binding energy (Ebinding) between the inhibitory species and the metal surface
have been calculated using the following equations [52,96]:

E =E,,—(E +E +E

adsorption surface-+solution surface-+solution )

solution (12)

E E

binding —

adsorption (13)
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where Etwotal represents the total energy of the simulation system and comprises the copper crystal
together with the inhibitor molecule adsorbed on the copper surface and the solution; Esurface+solution
is the potential energy of the system without the inhibitor; Einnibitor+solution iS the potential energy of
the system without the metal surface; and Esolution IS the potential energy of the aqueous solution.
The values of the interaction energies for the system were evaluated and are summarized in Table
7. The negative sign of Eadsorption implies that the interaction between the PyODT species and the

copper surface is spontaneous, strong, and stable.

4. Conclusions

The efficiency of 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol as a novel inhibitor against
corrosion of copper has been demonstrated in 3.5 wt.% NaCl solution, and a mechanism of
adsorption leading to the development of protective films has been proposed. The predictions of
large corrosion protection effects expected when examining the molecular structure and functional
groups present were confirmed by multiscale electrochemical characterization and simulation of
the interaction mechanisms between the inhibitor and the copper surface. Electrochemical studies
revealed high inhibition efficiency of PyODT at concentrations of 1 and 1.5 mM, supporting the
gradual development of a protective inhibitory film on the metallic surface. Inhibition efficiencies
greater than 99% and a markedly improved and compact protective film were obtained on the
copper surface at about 24 h of immersion in a corrosive medium containing PyODT. SVET
analysis showed that the suppression of heterogeneous corrosion activity was significant even in
the first hours of exposure to the solution containing 1.5 mM PyODT. The resulting protective
film appears compact on SEM inspection, and composed primarily of the organic molecules, as
supported by EDX and XPS data, revealing the presence of the heteroatoms and the functional
groups of PyODT.

XPS data obtained after exposure to 3.5 wt.% NaCl + 1.5 mM PyODT reveals that copper
oxide is barely present on the surface, when the compact inhibitory film was formed, but
interactions of Cu-O with the organic molecules are dominant.

Quantum chemistry calculations in the gas phase and in solution with water as a solvent,
combined with Molecular Dynamics studies, suggest that the main interaction between the metal
and PyODT occurs through the thiol and oxadiazole groups. The deprotonated nitrogenous

structures of the tautomeric equilibrium seem to be favoured according to Raman and XPS
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analysis. Then the trend towards a planar configuration of the molecule is established, thus
favouring the interaction of the inhibitory molecule with the surface of copper.

A Machine Learning approach applied to Raman spectra collected from the copper surface
exposed for different time periods to blank and PyODT-containing corrosive solutions allowed
adequate discrimination between corroded and inhibitor-protected samples. The obtained results
first highlight the potential of Raman spectroscopy in conjunction with Machine Learning
algorithms for its application in corrosion inhibition studies. This approach offers a promising
alternative to follow the evolution over time of the films formed on metallic surfaces under various
experimental conditions and, at the same time, can successfully contribute to the identification of
corrosion sites by a rapid, inexpensive and non-destructive method such as Raman spectroscopy.
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Figure 2. Nyquist diagrams of copper samples in 3.5 wt.% NaCl solution in the absence (0) and
in the presence of PyODT at concentrations: (o) 0.25, (A) 0.5, (V) 1, and (0) 1.5 mM. The
spectra were recorded at different immersion times in the test solution as indicated. Inserts

present the Nyquist diagrams in an enlarged scale. The symbols correspond to the measured data

and the solid lines with crosses (—+—) to the simulated results using the equivalent circuits
given in Figure 4.
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Figure 3. Bode plots of copper samples in 3.5 wt.% NaCl solution in the absence (a, b) and in
the presence of 1.5 mM PyODT (c, d). The spectra were recorded at different immersion times in
the test solution as indicated. The symbols correspond to the measured data and the solid lines
with crosses (—+—) to the simulated results using the equivalent circuits given in Figure 4.
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Figure 5. Potentiodynamic polarization curves recorded for copper samples immersed in 3.5
wt.% NaCl solution in the absence (—) and in the presence of different PyODT concentrations:
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Figure 6. SEM micrographs of the copper surface before (a) and after 24 h of immersion in 3.5
wt.% NaCl solution in the absence (b) and in the presence of 1 mM PyODT (c).
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Figure 7. EDX analysis of the copper surface after 24 h immersion in 3.5 wt.% NaCl solution in
the absence (a) and in the presence of 1 mM PyODT (b).
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Figure 8. Raman spectra of the copper surface before and after immersion in 3.5 wt.% NacCl
solution in the absence (blank, (a)), and in the presence of 1 and 1.5 mM of PyODT for 24 h (b).
PyODT structure in the solid state (thione form) and after addition on the copper surface (c).
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Figure 9. Raman spectra of the copper surface after 1 hour of immersion in 3.5 wt.% NacCl in the
absence (blank) and the presence of 0.25, 1 and 1.5 mM of PyODT. Raman spectra of PyODT
(solid state) and of Cu specimen are included for comparison.
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Figure 10. Confusion matrix for classification of the investigated copper electrodes using machine
learning algorithms applied to Raman spectra (copper specimen and the anti-corrosion agent,
PyODT, have been also added).
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Figure 11. CI2p XPS spectra of copper electrode after 24 h of immersion in 3.5 wt.% NaCl
solution containing: a) 1mM, and b) 1.5 mM PyODT.
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Figure 12. Cu2p XPS spectra of copper electrode before (a) and after 24 h of immersion in 3.5
wt.% NaCl solution containing either 1 mM PyODT (b) or 1.5 mM PyODT (c).
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Figure 13. C1s (a, b) and N1s (c, d) XPS spectra of copper electrode after 24 h of immersion in
3.5 wt.% NaCl solution containing either 1 mM PyODT (a, c) or 1.5 mM PyODT (b, d).
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Figure 14. O1s (a, b) and S2p (c, d) XPS spectra of copper electrode after 24 h of immersion in
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Figure 15. SVET maps (a,c,e) and optical images (b,d,f) of Cu exposed to 50 mM NaCl for 20
(a,b), 60 (c,d,), and 164 min (e,f). SVET scan size: 1700 um x 2430 um. Grid: 41 x 41 data-
points acquisition. Scan duration: 15 min. The white rectangles drawn on the optical micrographs
correspond to the scanned area.
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Figure 16. SVET maps (a,c) and optical images (b,d) of Cu exposed to 50 mM NaCl containing
1.5 mM of PyODT for (a,b) 20, and (c,d) 146 min. SVET scan size: 1720 pm x 2390 um. Grid:
41 x 41 data-points acquisition. Scan duration: 15 min. The white rectangles drawn on the
optical micrographs correspond to the scanned area.
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Figure 17. (a-c) Optimized molecular structures, and electron density distributions of (d-f)
HOMO and (g-h) LUMO levels in all the forms of the PyODT inhibitor. They were obtained
using the B3LYP/6-311++G(d,p) level of theory in solution at the presence of water as solvent
by applying the CPCM model.
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Figure 18. (j-1) Optimized molecular structures of all forms of the PyODT inhibitor, and electron
density distributions of the (m-0) HOMO and (p-r) LUMO orbitals determined using B3LYP/6-
311++G(d,p) level of theory in the gas phase.
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Figure 19. Prototrophic thione-thiol tautomerism energy profiles of the PyODT inhibitor
computed under DFT/B3LYP/6-311 G(d,p) level of theory using QST2 method: a) in the gas
phase, and b) in aqueous solution.

AG,
HA,  +  HyOp _— AT + H;0%,
~AG. (HA [ ‘—.\f;\,._[llro- AG (A ] I.’\f,‘\.-.ull-\f)' )
AG.y B .
HAy + HOgpy ————— Aoy + HiO'qy

AGg = AGg + AGy (A7) + AG,(H,07)
- A("-.\\I[HA :' - A(;.\\ih'l: HJ(}]

r AG:&oI [
pKa 1363~ log[H,0]

Figure 20. Thermodynamic cycle and related equations used in the calculation of pKa.

-
L ©E
Copper atom  Chloride ion  Sodium ion Water molecule

Figure 21. (a) Top and (b) side views of the equilibrium adsorption configurations of PyODT
molecules on Cu (111) surfaces at 298 K obtained from MD simulations.
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Table 1. Impedance parameters of copper in 3.5wt.% NaCl solution without and with various
concentrations of PyODT, determined at different immersion times.

Time Ri/ CPE:/ ne Ci/ Ret/ CPEa/ Hdl Ca/ W/ HTmp (%0)
/h kQ cm? | pF s*lem pF em? | kQ em? pF sl em? pFem? | Ssl?em?
Blank

1 0.52 425 0.817 18.03 3.60 283.60 0.516 289.10 0.0013 -
4 0.89 70.8 0.787 3347 348 272.50 0.531 260.30 0.0017 -
8 2.19 80.8 0.773 48.57 3.54 145.00 0.535 81.10 0.0017 -
12 2.80 86.5 0.768 56.36 6.36 59.00 0.500 22.14 0.0021 -
24 2.89 94.0 0.782 65.33 8.03 39.20 0.500 12.33 - -
48 5.12 77.5 0.800 34.59 6.37 4290 0.716 25.69 0.0035 -
72 0.14 85.1 0.806 29.49 5.83 58.70 0.714 38.21 0.0037 -
168 0.08 87.6 0.833 32.18 4.68 141.00 0.673 115.20 - -

0.5 mM PyODT

1 0.82 504 0.721 14.7 7.35 137.00 0.616 137.60 7.3E-4 511
4 1.57 325 0.750 12.05 7.89 92.50 0.652 78.11 3.9E-4 55.8
8 3.56 0.68 0.905 0.36 26.75 60.24 0.534 01.43 4.1E-4 86.8
12 14.07 0.61 0.900 0.36 45.98 18.04 0.642 16.25 8.8E-5 86.2
24 22.04 0.47 0.911 0.30 103.30 4.14 0.394 1.16 7.6E-5 92.2
48 20.12 0.50 0.894 0.29 103.10 4.31 0.520 2.04 5.9E-5 93.8
72 18.84 0.59 0.877 0.31 76.72 1424 0.454 15.85 1.5E-4 02.4
168 0.026 1.86 0.863 0.38 7.12 78.06 0.756 64.61 0.00117 343
1 mM PyODT
1 1.20 4.32 0.927 2.86 50.35 36.01 0.502 64.98 - 92.8
4 69.58 0.80 0.919 0.63 100.60 9.88 0.512 983 96.5
8 116.20 0.80 0.913 0.64 156.80 4.12 0.476 254 - 97.7
12 198.60 0.81 0.930 0.71 298.90 5.64 0.502 9.45 - 98.1
24 273.50 0.66 0.930 0.58 417.40 4.64 0.510 8.74 - 98.1
48 355.0 0.62 0.923 0.55 555.50 5.23 0.500 15.21 - 98.9
72 460.50 0.59 0.925 0.53 642.80 5.19 0.512 16.36 - 99.1
168 545.30 0.55 0.922 0.49 647.50 6.24 0.512 23.64 - 99.3

1.5 mM PyODT

1 28.19 0.82 0.914 0.57 53.86 27.63 0.417 48.19 - 93.3
4 71.25 1.39 0.933 1.18 188.40 5.55 0.457 5.86 98.2
8 135.00 0.61 0.918 0.49 305.00 5.17 0.454 8.93 - 98.8
12 181.34 0.69 0.926 0.59 513.80 2.46 0.443 330 - 08.8
24 288.00 0.60 0.912 0.51 1224.00 1.82 0.500 4.06 - 99.3
48 402.90 0.54 0.919 0.47 1624.00 1.35 0.471 328 - 99.6
72 531.90 0.45 0.916 0.40 2005.00 1.86 0.545 5.55 - 99.7
168 595.00 0.40 0.918 0.35 2055.00 1.23 0.550 2.63 - 09.8
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Table 2. Corrosion parameters of copper in 3.5wt.% NaCl solution, in the absence and in the
presence of various concentrations of PyODT, determined at different exposure times from the

polarization curves in Figure 5.

[PyODT] / mM Ecorr / mV vs. Ag/AgCYVKClaat Jeore / pA cm? p=/mV decl HEa (%)
1-h immersion
0 -206.6 1315 642 0
025 -191.1 11.7 362 113
05 -173.6 434 720 67.0
10 -209.7 17 110.9 987
15 -198.65 1.0 3302 992
48-h immersion
0 -1778 1615 5371 -
025 -172.6 3074 60.7 -146.1
0.5 -180.1 18 36.9 23.9
1 -122.9 11 2297 903
13 -12.6 0.3 2320 007

Table 3. Results obtained after verifying the prediction model 1.4 — Linear Discriminant

(accuracy 81.6%) on the testing set.

True class Predicted class
Cu Cu
Cu Cu
Cu Cu
Cu Cu
EyODRT EyODT
Cu-blank-1h Cu-blank-1h
Cu-blank-1h Cu-blank-1h
Cu-blank-6h Cu-blank-24h
Cu-blank-6h Cu-blank-6h
Cu-blank-24h Cu-blank-24h
Cu-blank-24h Cu-blank-24h

Cu-PyODT-0.23mM-1h

Cu-PyODT-0.25mM-1h

Cu-PyODT-0.23mM-6h

Cu-PyODT-0.25mM-6h

Cu-PyODT-0.23mM-6h

Cu-PyODT-0.25mM-6h

Cu-PyODT-0.23-6h

Cu-PyODT-0.25mM-6h

Cu-PyODT-0.23mM-24h

Cu-PyODT-0.25mM-24h

Cu-PyODT-0.23mM-24h

Cu-PyODT-0.25mM-24h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-1h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-6h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1mM-24h

Cu-PyODT-1.5mM-1h

Cu-PyODT-1.5mM-1h

Cu-PyODT-1.3mM-6h

Cu-PyODT-1.5mM-6h

Cu-PyODT-1.5mM-24h

Cu-PyODT-1.5mM-24h

Cu-PyODT-1.5mM-24h

Cu-PyODT-1.5mM-24h

Cu-PyODT-1.5mM-24h

Cu-PyODT-1.5mM-24h
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Table 4. Selected structural parameters of optimized geometry for all forms of the PyODT
molecule using B3LYP/6-311++G(d,p) level of theory in gas phase and in solution at the
presence of water as solvent by applying CPCM model.

phase | species | rc2ss FC2N3 FC201 | SNIC20L Tlorcrsscs | Hcocscsol
gas Thione | 1.6371 1.3393 1.3842 | 102.8515 180.0272 180.004
Thiel 1.7499 1.2043 13386 | 113.19 180.0263 -0.0183
Ion 1.6856 1.337 1.404 108.4724 180.0118 0.0034
zolution | Thione | 1.6342 1.3481 1.3732 1 103.7294 180.0023 -0.0233
Thicl 1.7463 1.2081 13344 | 1127358 1729803 0.0059
Ion 1.7045 1.3217 13914 1 1092307 17999935 0.0343

See equation (3) for the numbering of the atoms. Bond distances, », in A; bond angles <, and
dihedral angles, T in degrees.

Table 5. Quantum chemical parameters for thione and thiol tautomers as well as the thiolate ion
of PyODT calculated using the B3LYP/6-311++G(d,p) level of theory in gas phase and in
solution at the presence of water as solvent by applying the CPCM model.

Parameters Thione Thiol Thiolate ion
gas phase solution gas phase solution gas phase solution
ERB3ILYP)/au. -007.5591 -907.5724 -007.5424 -007.5540 -007.0355 -007.1188
Frono/ eV -7.2119 -7.2013 -1.2603 -7.2600 -6.9781 -6.9917
Ervo/ eV -5.1473 -5.1571 -5.1601 -5.1615 -5.1707 -5.1492
AE 20645 20441 2.1002 2.0986 1.8074 1.8425
/D 2.6629 4.0308 2.5831 3.7211 8.4076 12.8869
AN 0.54 0.54 0.53 0.53 0.55 0.55

Table 6. Computational data used for the calculation of pKa for thione and thiol tautomers of the
PyODT inhibitor using B3LYP/6-311++G(d,p) level of theory in gas phase and in solution at the
presence of water as solvent by applying CPCM model.

Species | Gy Farmeparide) | Gaol'Harres parsici) AG/keal | MGy /keal | AGu/kxal
mpl! mol’! mol’!

Thion -907.477279 007400314 | -230500485 0.240354 0011998260 ¢ 397
Thion! 006 906722 007.049792 1 321272337

Thiol 007 464833 007 4Te604 0 -T 38042021 0.236908 -1.19963047 | 262
Thiol! -006.066722 007.049792 1 521272557

H:0 -76.434891 -T6.4629835 -3.07906394

H:07 -76.716094 -T6.839482 774272039

R=1987 keal mol'1 K ;

I=203815K; log[H:0]=1.744293
AGwI(H30™) = 110.2 keal mol! (experimental) [97]
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Table 7. Interaction and binding energies obtained from MD simulations for the adsorption of
PyODT on Cu (111) surface at 298 K.

System Esdsorption ! kJ mol? | Epinging / kJ mol!
Cu (111} +BvODT -211.12 211.12
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