Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1590-1606 1590

The influence of the chemical structure of 3-mercapto- and
3-sulfinyl derivatives of 5-amino-1H-1,2,4-triazoles on their
inhibitory ability against chloride-induced copper corrosion

A.A. Kruzhilin,”® D.S. Shevtsov,> A.Yu. Potapov,® M.Yu. Krysin
and Kh.S. Shikhaliev®o*

Voronezh State University, 1 Universitetskaya pl., 394018 Voronezh, Russian Federation
*E-mail: shikh1961@yandex.ru

Abstract

The aim of this study is to investigate the anticorrosive properties of 5-amino-1H-1,2,4-triazole
derivatives by introducing substituents such as thioacetonitrile and thioacetic acid fragments, as
well as their mild oxidation products — sulfinylacetonitrile and sulfinylacetic acid. The synthesis
methodology involved a sequence of two transformations: alkylation of 3-mercapto-5-amino-
1H-1,2,4-triazole with chloroacetonitrile or monochloroacetic acid followed by the oxidation of
the resulting 3-(alkylthio)-5-amino-1H-1,2,4-triazoles. The synthesized inhibitors were
identified using high-performance liquid chromatography with high-resolution mass
spectrometry detection (HPLC-HRMS-ESI) and UV detection, as well as NMR spectroscopy.
Gravimetric and polarization corrosion tests were conducted on M1 copper samples in 1%
chloride solutions. The highest inhibitory activity was exhibited by 2-((5-amino-1H-1,2,4-
triazol-3-yl)sulfinyl)acetonitrile 3a at a concentration of 0.10 mmol - dm=3, providing significant
protection without compromising the solubility of the inhibitor in aqueous solutions. The results
of the study indicate that the introduction of an acetonitrile fragment into the chemical structure
of 1,2,4-triazole-class inhibitors leads to a significant increase in their inhibitory efficiency
against copper corrosion. Moreover, the application of sulfoxides based on the investigated
alkylthiotriazoles results in an additional increase in the protective properties of these
compounds, which is most pronounced for 2-((5-amino-1H-1,2,4-triazol-3-yl)sulfinyl)-
acetonitrile.
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1. Introduction

Copper and its alloys have found extensive applications in various industries due to their
high thermal and electrical conductivity, ease of mechanical processing, and ease of
soldering. Additionally, copper possesses specific qualities, such as preventing fouling of
equipment used in marine environments by various microscopic organisms, since its ions are
detrimental to algae and mollusks [1]. This makes it useful in shipbuilding, fisheries, and
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similar fields. However, like most metals, copper suffers from corrosion, especially localized
forms such as pitting corrosion, which primarily occurs upon contact with aggressive liquid
environments like chlorides. One of the most common methods to reduce the rate of
degradation under various conditions is the use of special organic corrosion inhibitors [2].
Heterocyclic compounds from the azole class are among the most frequently used
commercial organic copper corrosion inhibitors [3, 4]. Many of these compounds have a
range of beneficial properties, such as good water solubility, high thermal stability,
environmental friendliness, cost-effectiveness, antimicrobial, and bactericidal activities,
among others [5, 6]. The inhibitory properties of azoles [7—11] are due to the fact that
hydrogen atoms directly bonded to nitrogen in the azole ring are highly mobile, making these
structures N—H acids. As a result, there is a possibility for the inhibitor molecule to interact
with the metal surface, adsorb on it, and form protective films [12] through ligand-acceptor
complexation.

Despite the many known compounds with proven inhibitory effects, there is still a need
to study new properties of corrosion inhibitors for specific metals under particular
conditions, as well as for universal substances applicable to various metals and alloys used
in diverse environments [13, 14]. The most studied corrosion protection agent for copper in
the azole class is 1,2,3-benzotriazole [15-17], which is widely used to protect non-ferrous
metals today. However, besides benzotriazole derivatives, some other more hydrophilic
triazoles also attract researchers’ attention for protecting copper and its alloys [18—20]. For
example, 3-amino-1,2,4-triazole is found to be more effective than benzotriazole in
preventing pitting on copper in a borate buffer solution containing chlorides or sulfates [21].

At the same time, one of the structure-oriented methods to increase the inhibitory
efficiency of 3-amino-1,2,4-triazoles is the introduction of a hydrophobic substituent into
the triazole ring [22]. However, this reduces their water solubility and can lead to equipment
malfunction, including clogging of conductive channels with particle agglomerates [23].
Therefore, creating corrosion inhibitors with high protective ability and sufficient solubility
IS an important scientific and practical task.

The present article is a logical continuation of the authors’ previous publications
dedicated to the directed synthesis and investigation of the anticorrosion properties of 5-
amino-1H-1,2,4-triazole derivatives in copper corrosion [24—27]. Its primary objective is to
determine the influence of introducing electron-acceptor substituents such as thioacetonitrile
and thioacetic acid, as well as their mild oxidation products — sulfinylacetonitrile and
sulfinylacetic acid — into the structure of 5-amino-1H-1,2,4-triazoles on their protective
properties against copper corrosion in 1% chloride-containing solutions.

2. Experimental

2.1. Methods of analyzing the chemical structure and composition of inhibitors

To analyze and confirm the structure of the synthesized inhibitors, high-performance liquid
chromatography with high-resolution mass spectrometry detection at electrospray ionization
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(HPLC-HRMS-ESI) combined with UV detection was used. The setup consisted of an
Agilent 1269 Infinity liquid chromatograph and an Agilent 6230 TOF LC/MS high-
resolution time-of-flight mass detector. Quantitative determination was performed using the
internal standard method. *H NMR spectra were recorded on a Bruker AV600 spectrometer
(600.13 MHz) in DMSO-d6, with TMS as the internal standard.

2.2. Synthesis and analysis of inhibitors

In line with the research objective, we synthesized new derivatives of 3-(alkylthio)-5-amino-
1H-1,2,4-triazoles containing nitrile and acetic acid fragments, as well as the corresponding
sulfoxide groups. The synthesis methodology involved a sequence of two transformations:
alkylation of  3-mercapto-5-amino-1H-1,2,4-triazole  with  chloroacetonitrile  or
monochloroacetic acid followed by oxidation of the resulting 3-(alkylthio)-5-amino-1H-
1,2,4-triazoles. The alkylation process was conducted using a previously optimized method
[28] with ethanol as the solvent. The sodium salt was generated by reacting sodium
hydroxide with mercaptan 1 under brief heating and stirring in ethanol. Alkylating agents,
chloroacetonitrile and chloroacetic acid, were introduced into the reaction using a slight 10%
molar excess.

H202 ACOH

/z_iH\ E{OH, NeOH /4 )\ H,0, 70°C /E_KH\
SH N7 ~NH,* RHal — NH, /s N7 TNH,
1 2a b R 3a-b

R= NCCH, (a); HOOCCH, (b)

One of the promising methods for synthesizing sulfoxides and sulfones is the oxidation
of organic sulfides with peroxides [29]. In this study, we found that oxidation of the
synthesized 3-R-mercapto-5-aminotriazoles 2a—b with hydrogen peroxide in the presence
of an equimolar amount of acetic acid results in the formation of new 3-(R-sulfinyl)-5-
amino-1,2,3-triazoles 3a—b. The best conditions for the process involved adding hydrogen
peroxide to a mixture of the starting mercaptotriazole, acetic acid, and water heated to 70°C.
Complete oxidation of the substrate required a 1.5-fold amount of H,O,. As a result, 3-(R-
mercapto)aminotriazoles 2a—b and 3-(R-sulfinyl)aminotriazoles 3a—b were synthesized
with high preparative yields, and their chemical structures are presented in Table 1.

Table 1. List of investigated inhibitors.

Symbol Name Formula

2a 2-((5-Amino-1H-1,2 4-triazol-3-yl)thio)acetonitrile l />‘NH2
(« yi)thio) A
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Symbol Name Formula

N—NH

2b 2-((5-Amino-1H-1,2,4-triazol-3-yl)thio)acetic acid HOW/\S/LN)\N"Z
o

33 2-((5-Amino-1H-1,2,4-triazol-3- o~ /N}\NHZ
yDsulfinyl)acetonitrile F ﬁ
(0]
N/NH

3b 2-((5-Amino-1H-1,2,4-triazol-3-yl)sulfinyl)acetic acid “0\”/\ /LN)\ M

General procedure for the synthesis of 3-(R-mercapto)-5-amino-1H-1,2,4-triazoles 2a—b

In a round-bottom flask, 0.1 mol of 3-mercapto-5-amino-1H-1,2,4-triazole 1 and 5.3 g of
sodium hydroxide were dissolved in 30 ml of ethanol with stirring. Subsequently, 0.11 mol
of the corresponding alkyl halide was added dropwise to the resulting mixture under
vigorous stirring. The mixture was stirred and heated for 1-2 hours, depending on the
reactivity of the alkylating agent. After evaporating the ethanol, the residue was triturated
with 20 ml of water, the reaction product was filtered, washed with water, and dried at 60°C.

2-((5-amino-1H-1,2,4-triazol-3-yl)mercapto)acetonitrile 2a

Yield 54-56%, m.p. 136—138°C. White powder. *H NMR spectrum: 4.36 (s, 2H, CH), 6.82
(s, 2H, NH>), 12.30 (s, 1H, NH). Found, m/z: 156.0339 [M+H]". C4HsNsS+H™. Calculated,
m/z: 156.0339 [M+H]".

2-((5-amino-1H-1,2,4-triazol-3-yl)mercapto)acetic acid 2b

Yield 67-69%, m.p. 123—-125°C. White powder. *H NMR spectrum: 4.30 (s, 2H, CH,,
J 14.3), 6.96 (s, 2H, NHy), 11.24 (br.s., 1H, COOH); 12.61 (s, 1H, NH). Found, m/z:
175.0234 [M+H]*. C4HsN4O,S+H". Calculated, m/z: 175.0211 [M+H]".

General procedure for the synthesis of 3-(R-sulfinyl)-5-amino-1H-1,2,4-triazoles 3a—b

A solution of 0.1 mol of the corresponding 3-(R-mercapto)-5-amino-1H-1,2,4-triazole 2a-b
and 6 ml of acetic acid in 150 ml of distilled water was heated to 70°C, and 15 g (0.15 mol)
of hydrogen peroxide was added dropwise over 30 minutes. The mixture was kept at this
temperature for another 2.5 hours and then cooled to 10°C. The precipitated reaction product
was filtered, washed with 20 ml of cold water, and recrystallized from isopropanol after
drying.
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2-((5-amino-1H-1,2,4-triazol-3-yl)sulfinyl)acetonitrile 3a

Yield 68—70%, m.p. 195-197°C. White powder. 'H NMR spectrum: 4.45 (d, 2H, CH,,
J 15.8), 4.57 (d, 2H, CHy, J 15.8), 6.56 (s, 2H, NH,), 12.87 (s, 1H, NH). Found, m/z:
172.0295 [M+H]". C4HsNsOS+H™. Calculated, m/z: 172.0288 [M+H]".

2-((5-amino-1H-1,2,4-triazol-3-yl)sulfinyl)acetic acid 3b

Yield 67-69%, m.p. 123—125°C. White powder. *H NMR spectrum: 4.30 (s, 2H, CHp,
J 14.3), 6.96 (s, 2H, NHj), 11.24 (br.s., 1H, COOH); 12.61 (s, 1H, NH). Found, m/z:
191.0229 [M+H]". C4HsN4O3S+H™. Calculated, m/z: 191.0234 [M+H]".

2.3. Electrochemical studies

Electrochemical measurements were carried out in a borate buffer solution in the presence
of an activating additive of 0.01 mol/L NaCl. Studies in this solution provide information on
the passivating action of triazoles and their ability to stabilize the passive state of copper
under conditions of competitive adsorption of organic inhibitor and chloride.

Full cathodic and anodic potentiodynamic polarization curves were recorded.
Polarization curves were obtained on copper electrodes (area 0.75 cm?, designated as M1)
in an undivided electrochemical cell using an IPC-PRO potentiostat. The working electrode
was pre-cleaned with K2000 sandpaper and degreased with ethanol. Electrode potentials (E)
were measured relative to a silver chloride electrode, connected through an electrolytic
bridge based on agar-agar and sodium nitrate, and converted to the scale of a standard
hydrogen electrode (potential +201 mV vs. SHE). The auxiliary electrode was a platinum
mesh.

After the formation of the copper oxide film in air, at E=—0.60 V for 15 minutes,
polarization was discontinued until the open circuit potential (Ecorr) Stabilized. The time to
reach a steady state was 3 to 5 minutes. Then, with stirring, NaCl solution (concentration
Cci=0.01 mol/L) and the studied inhibitors were introduced. After stabilizing the new Ecor
value for 3—-5 minutes, polarization curves were recorded with a potential scan rate of
0.2 mV/s. The activation potential (Epi) Was determined by the sharp increase in current on
the polarization curve, followed by visual identification of pitting corrosion on the electrode
surface. The uncertainty in Eyix measurement was £0.05 V.

Measurements for each substance concentration were performed at least 5 times to
obtain reproducible data, followed by statistical analysis of the measurement results.

2.4. Direct corrosion tests

The tests were conducted in accordance with GOST 9.905-82 “Methods of corrosion testing”
and GOST 9.907-83 “Methods of removing products after corrosion testing”.
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Sample preparation

Corrosion tests were conducted on copper plates (20x50 mm, thickness 0.2 mm). Each
sample was pre-polished with fine-grained sandpaper K2000, then rinsed with distilled
water, ethanol, and dried with filter paper. The experiments were carried out in a 1% HCI
solution (for 7 days) under natural aeration without stirring for three samples simultaneously
(for each inhibitor concentration, as in the tables). After the tests, the plates were rinsed with
distilled water and treated with compositions according to GOST 9.907-83.

The corrosion rate was determined based on the mass loss of the samples and calculated
using the formula:

k.
inh S .t

where Am=moy—m (Mg is the mass of the sample before the experiment, m is the mass of the
sample after the test in grams); S is the area of the plate in square meters.

The inhibiting efficiency of the aminotriazole derivatives was evaluated based on the
inhibition efficiency coefficient y=Ko/kinn and the degree of protection

7, - Ken) 1000,
k0
where ko and ki, are the corrosion rates in the HCI solution without inhibitor and with
inhibitor, respectively. The value of the ko parameter was ~22.8 g-m=2-day .
The investigation of anti-corrosion activity was conducted for systems with inhibitor
concentrations of 10 mM, 5 mM, and 1 mM.

Testing methodology in a salt spray chamber

Atmospheric corrosion of copper was accelerated using the salt spray test to assess the
effectiveness of studied inhibitors for interoperative protection of copper products.
Protective inhibitor films were obtained by exposing copper plates to an inhibitor-containing
aqueous solution for 60 minutes at 60°C. Samples were wiped with filter paper and air-dried
at room temperature for 2 hours, then placed in a sealed chamber with a volume of
14,000 cm?® and 95-100% air humidity. A 5% NaCl (pH 6.5-7.2, according to GOST R
52763-2007) solution was sprayed in the chamber using a pump with 6 hydraulic nozzles,
automatically activated for 1 second every hour (solution flow rate per nozzle ~7 mL).
Samples were examined three times a day to determine the time of first signs of corrosion

(Tcorr)-

3. Results and Discussion

The results of the direct corrosion tests of the investigated inhibitors are presented in Table 2.
The tests in a 1% HCI solution revealed that the 5-amino-1,2,3-triazoles 2a and 3a,
containing thioacetonitrile and sulfinylacetonitrile fragments, exhibited the highest
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efficiency. The introduction of the acetic acid fragment into the structure of 5-amino-1,2,3-
triazole (inhibitors 2b, 3b) negatively affected their protective properties. This pattern is
most likely related to the corrosion inhibition mechanism of this class of compounds, which
has been extensively described in previous publications. This mechanism can be
characterized by the “head-tail” principle, which involves the formation of an adsorbed layer
of the 1,2,4-triazole derivative, complexed with copper atoms in the studied chloride-
containing media. The triazole matrix acts as the “head”, ensuring the adsorption of the
molecule on the metal surface through the aforementioned complexation mechanism via N—
H acidity, along with additional coordination, hydrogen bonding, Van der Waals, and other
types of binding. Electron-accepting substituents in the 3rd position of the triazole can
increase the tendency for complexation by enhancing the N—H acidity of the endo-nitrogen
atom, following the ligand-acceptor principle. Meanwhile, the side chain, specifically the
substituents in the 3rd position of the triazole ring, serves as the “tail”, providing sufficient
hydrophobicity and limiting the contact of the aggressive medium with the metal surface,
thus ensuring the protective properties of the inhibitor. We hypothesize that for the 5-amino-
1,2,3-triazoles 2a and 3a with thioacetonitrile and sulfinylacetonitrile substituents, the
primary factor determining the overall inhibitor efficiency is the high electron-accepting
effect of these substituents while maintaining their hydrophobicity. In the case of acetic acid
derivatives 2b and 3D, the carboxyl fragment, on the contrary, exhibits higher hydrophilicity
and promotes greater interaction with the medium, reducing the degree of inhibitor film
adsorption on the surface and consequently lowering the protection efficiency.

Table 2. Results of determining the corrosion rates k, inhibition coefficients vy, protection degrees Z, and the
time of the first signs of corrosion in the salt spray chamber 7z based on the direct corrosion tests.

Cinh, k

. , 0
Inhibitor mol/L g-m2-day1 Y Z, % T, hour
without 0 ~22.8 — — 2
N—N 10 11.0 2.1 51.75 44
J\ />\ T 5 6.9 3.3 69.74 41
N . . .
N/\S
2a 1 13.3 1.7 41.67 39
N—N 10 21.6 1.1 5.26 28
HO /L )\NHZ
7/\5 N 5 21.9 1.0 3.95 25
(0]
2b 1 22.6 1.0 0.88 20
NN 10 2.3 9.9 89.91 40
M
N/\ﬁ ¥ 5 2.8 8.1 87.72 37
(0]

3a 1 7.6 3.0 66.67 28
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oy - Cinh, k1 [0)
Inhibitor mol/L g-m2-day1 Y Z, % T, hour
NN 10 13.7 1.7 39.91 30
HO /L />\NHZ
W\/\ﬁ N 5 15.9 1.4 30.26 22
(0] [0]
3b 1 15.3 1.5 32.89 19

Polarization curves obtained on copper in solutions with the addition of the investigated
compounds are shown in Figure 1.
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Figure 1. Anodic (1-4) and cathodic (1°—4") polarization curves obtained on copper in borate
buffer (pH=7.40) with the addition of 0.01 M NaCl and 3-(sulfinyl(5-amino-1H-1,2,4-triazol-
1-yl) acetic acid with concentration Cinn (mmol-dm=): 1, 7’ — without addition; 2, 2’ — 0.01;
3,3"-0.10; 4, 4" — 1.00.

When adding 2-((5-amino-1H-1,2,4-triazol-3-yl)mercapto)acetonitrile  2a in
concentrations of 0.01, 0.10, and 1.00 mmol-dm=3, E. shifts to the cathodic region by
~15 mV, ~25 mV, and ~55 mV relative to the control experiment, respectively. At the initial
sections of the anodic polarization curves, a decrease in current density relative to the control
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experiment was observed for all studied concentrations. For additive concentrations of 0.01
and 0.10 mmol-dm3, the shift of the potential by ~+40 mV and ~+125 mV relative to Ecorr
on the anodic polarization curve is accompanied by an increase in anodic current density,
with no passivation region present. At an additive concentration of 1.00 mmol-dm3, the
active dissolution peak of copper does not form, and the anodic current density remains
constant up to pitting potentials Epix of ~+0.81 V. At Epir, the anodic current increases
sharply, and the potential itself is shifted by approximately +90 mV relative to the control
experiment. The passivation current density is up to two times lower compared to the control
experiment.

For the cathodic polarization curves, an expansion of the low cathodic current region
(the polarization curve is pressed to the zero current axis) is noted. The position of the region
of increasing cathodic current density is shifted by ~—100 to —250 mV relative to the control
experiment. Protective action of mercaptopropyl-1H-1,2,4-triazole can be assumed at a
concentration of no less than 1 mmol-dm=3.

Table 3. Results of Ecorr control and calculation of corrosion current icorr for solutions containing 2-((5-
amino-1H-1,2,4-triazol-3-yl)sulfinyl)acetic acid.

Inhibitor Ecorr, MV
Cinh - 0.01 0.10 1.00
2a +176 +160 +150 +120
2b +176 +200 +200 +75
3a +176 +174 +179 +200
3b +176 +230 +210 +179

Upon the introduction of 3-[mercapto-(5-amino-1H-1,2,4-triazole)-1-yl]-acetic acid 2b
at concentrations of 0.01 mmol/L and 0.10 mmol/L, Ec. shifts to the anodic region by
approximately 25 mV relative to the control experiment. At an additive concentration of
1.00 mmol/L, the open-circuit potential, Ecorr, Shifts to the cathodic region by approximately
100 mV relative to the control experiment. In the initial sections of the anodic polarization
curves for additive concentrations of 0.01 mmol/L and 0.10 mmol/L, an increase in current
density is observed up to potentials of approximately +260 mV and +300 mV, respectively,
which is close to the control experiment. The position of the anodic current density maxima
is lower than in the control experiment and is shifted cathodically by 100 mV and 50 mV,
respectively, along the potential axis. After passing the maximum, the current decreases and
remains constant up to Epix values of approximately +800 mV and +900 mV, respectively.
Activation occurs, accompanied by a sharp increase in anodic current density. The
passivation current density is similar to that of the control experiment for the additive
concentration of 0.01 mmol/L and is twice as low for the additive concentration of
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0.10 mmol/L. The value of Epx is 100-150 mV more positive relative to the control
experiment.

For a concentration of 3-[mercapto-(5-amino-1H-1,2,4-triazole)-1-yl]-acetic acid at
1.00 mmol/L, the polarization curve has a more complex appearance. The initial section is
accompanied by an intense increase in current density, forming two current density maxima.
The position of the anodic current density maxima along the potential axis is more negative
by approximately 200 mV relative to the control experiment. During further polarization,
the current decreases to a E of approximately +160 mV, after which it increases again. The
second peak forms at a potential of +300 mV. For the maxima, the current density exceeds
the control value by 1.5-2.0 times. During further polarization, the current density decreases
smoothly to values close to the control experiment up to the Epi: of approximately +900 mV,
where a sharp increase in anodic current density is observed. The value of Egx is 200 mV
more positive relative to the control experiment.

The cathodic polarization curves obtained on copper for 3-[mercapto-(5-amino-1H-
1,2,4-triazole)-1-yl]-acetic acid at concentrations of 0.01 mmol/L and 0.10 mmol/L are close
to the control polarization curve. For an additive concentration of 1.00 mmol/L, a sharp
increase in cathodic current density is observed in the initial stage. Thus, 3-[mercapto-(5-
amino-1H-1,2 4-triazole)-1-yl]-acetic acid does not provide a protective effect at the
investigated concentrations.

Upon the introduction of 2-((5-amino-1H-1,2,4-triazole-3-yl)sulfinyl)acetonitrile 3a up
to 0.10 mmol-dm=, Ec is similar to the value of the control experiment. At an additive
concentration of 1.00 mmol-dm=3, a shift of E to the anodic region by approximately
25 mV relative to the control experiment is observed. In the initial sections of the anodic
polarization curves, a decrease in current density relative to the control experiment is
observed up to a E of approximately +250 mV for all studied concentrations. For an additive
concentration of up to 0.01 mmol-dm=3, with further polarization, an increase in anodic
current density is observed, which exceeds the control value by more than 2 times at the
maximum point. The position of the anodic current density maximum along the potential
axis is close to the control experiment at approximately +380 mV. After passing the
maximum, the current decreases and remains constant up to the Epix of approximately
+750 mV, where a sharp increase in current density is observed, i.e., the value of Epiy is
approximately 100 mV more positive relative to the control experiment. The passivation
current density is similar to the control experiment within the measurement error. For an
additive concentration of 0.10 mmol-dm=2 of 2-((5-amino-1H-1,2,4-triazole-3-
yl)sulfinyl)acetonitrile 3a, a maximum current does not form, and the current density
remains constant up to the activation potential (approximately +950 mV) — a shift relative
to the control by approximately +300 mV. The current density in the passivity region can be
up to three times lower than in the control experiment. Upon the introduction of an additive
concentration of 1.00 mmol-dm=, a maximum current also does not form. The further
course of the anodic polarization curve is similar to the experiment with the additive of
0.10 mmol-dm=3. Epy is shifted relative to the control by approximately +400 mV.
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Cathodic polarization curve at a concentration of 2-((5-amino-1H-1,2,4-triazole-3-
yDsulfinyl)acetonitrile 3a 0.01 mmol-dm=3 shows an expansion of the region of small
cathodic currents (the curves are pressed to the zero current axis) by 30—40 mV. When the
additive is introduced at 0.10 mmol-dm3 and higher, the position of the rising cathodic
current density region shifts by 180—-200 mV relative to the control experiment.

Comparison of the results of the anodic and cathodic polarization curves and the
calculation of the corrosion current density suggests the protective effect of 2-((5-amino-1H-
1,2,4-triazole-3-yl)sulfinyl)acetonitrile 3a at concentrations of 0.10 mmol-dm= and higher.
A protective effect of at least three times is noted.

At the minimum studied concentration of 2-((5-amino-1H-1,2,4-triazole-3-
yl)sulfinyl)acetic acid 3b (0.01 mmol-dm=), Ecrr shifts to the anodic region by
approximately 55 mV relative to the control experiment. At an additive concentration of
0.10 mmol-dm=, Er shifts to the anodic region by approximately 35 mV. At an additive
concentration of 1.00 mmol-dm=3, the open-circuit potential is similar to the control
experiment. In the initial sections of the anodic polarization curves, a decrease in current
density is noted relative to the control experiment up to a potential of approximately
+230 mV for all studied concentrations. At an additive concentration of 0.01 mmol-dm3,
with further polarization, the anodic current density increases, which is half the control value
at the maximum point. The position of the maximum anodic current density on the potential
axis is close to that in the control experiment, E~+350 mV. After passing the maximum, the
current decreases and remains constant up to the Epi; of approximately +600 mV. Activation
is accompanied by a sharp increase in anodic current density. The passivation current density
is close to the control experiment. The electrode potential, at which the anodic current
sharply increases, is approximately 130 mV more negative relative to the control
experiment. At an additive concentration of 0.10 mmol-dm=3, the current maximum on the
anodic polarization curve does not form. The passivation current density is twice as low as
the control experiment. E, is shifted by approximately —130 mV relative to the control.
When the additive is introduced at 1.00 mmol-dm=3, the current maximum does not form.
The further course of the anodic polarization curve is similar to the experiment with the
additive of 0.10 mmol-dm. Ey shifts by +100 mV relative to the control.

Cathodic polarization curves obtained on copper for all concentrations of 2-((5-amino-
1H-1,2,4-triazole-3-yl)sulfinyl)acetic acid are hardly distinguishable from the control curve
within the measurement error. Comparison of the results of the anodic and cathodic
polarization curves suggests the protective effect of 2-((5-amino-1H-1,2,4-triazole-3-
yl)sulfinyl)acetic acid at concentrations of about 1.00 mmol-dm=3. In this case, the protective
effect may be no more than 1.5-2 times.

For inhibitor 3a, which exhibited the best protective characteristics in both direct and
electrochemical tests, studies of the adsorption layer formed on the copper surface were
conducted using scanning electron microscopy combined with surface elemental analysis.
According to the surface elemental analysis (Table 4), it is evident that after exposure to the
inhibitor 3a solution, there is deposition of the inhibitor on the surface (nitrogen and sulfur
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content of 6.46% and 3.44%, respectively). In the case of exposure to the inhibitor solution
in 1% HCI, the sulfur, nitrogen, and chlorine content increases even more significantly.
These results indicate the formation of an inhibitor complex film on the copper surface,
formed with the participation of dissolved copper ions and chloride ions.

Table 4. Elemental surface composition (at. %) of the copper electrode.

Plate Cu, at. % N, at. % S, at. % Cl, at. %
(@) 96.36 3.64 - -

(b) 90.10 6.46 3.44 -

(c) 77.11 - - 22.89
(d) 71.21 12.90 6.78 9.11

In the provided images (Figure 2), it is evident that the surface of the plate (c) is severely
damaged due to corrosion, showing significant dissolution and oxidation of the copper layer
— the surface is porous, with substantial pits and irregularities. Meanwhile, the copper sample
(d) that was exposed to a 1% HCI solution in the presence of 10 mmol/l of inhibitor 3a
retained the overall surface structure, with no significant pitting observed. Even to the naked
eye, it is visible that a glass-like layer has formed on the plate, most likely a self-organized
film of the complex based on the inhibitor and dissolved copper ions. This effect can also be
observed in the micrographs in Figure 2 (d) — the investigated surface is almost entirely
smooth, with the scratches from the sandpaper greatly diminished compared to the copper
before the corrosion tests.

The fact that such an effect is observed only in the case of the plate after exposure to
1% HCI solution with the inhibitor, as well as the results of elemental analysis, indicate that
the formation of complexes with copper atoms and chloride ions presumably occurs in the
structure shown below.

— N\‘ /N— 2+
S N N S 201
P N N
0 \( NH HN Y 0
N\ ll/ /N

5y

NHZ HzN -

Thus, the studied derivatives of aminotriazoles with thioacetonitrile and
sulfinylacetonitrile substituents can be considered promising copper corrosion inhibitors
under chloride corrosion conditions at concentrations from 0.10 mmol/dm?.
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(d)

Figure 2. SEM micrographs of the copper surface (a) before corrosion tests in 1% HCI,
(b) before corrosion tests in 1% HCI+10 mmol/l inhibitor 3a, (c) after corrosion tests in
1% HCI, and (d) after corrosion tests in 1% HCI+10 mmol/l inhibitor 3a.

Conclusion

This study confirms the high potential of 5-amino-1H-1,2,4-triazole derivatives, particularly
those containing thioacetonnitrile and sulfinylacetonitrile fragments, as effective inhibitors
of copper corrosion in chloride environments. Among the substances studied, 2-((5-amino-
1H-1,2,4-triazol-3-yl)sulfinyl)acetonitrile 3a, at a very low concentration of 0.10 mmol-dm3,
demonstrated good anticorrosion properties with Z=87% according to corrosion tests. These
results are consistent with studies using the potentiodynamic polarization method. Anodic
polarization curves obtained upon their addition showed a significant shift in the Ei,
indicating a high degree of anodic passivation on copper in the presence of the investigated
compounds. On the other hand, analysis of cathodic curves revealed that all studied
compounds shift the region of cathodic current increase towards the cathodic area by 180—
200 mV. Thus, the obtained direct and potentiodynamic experimental results correlate well
with each other. Results from SEM analysis indicate the formation of a complex compound
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film on the metal surface based on copper, 2-((5-amino-1H-1,2,4-triazol-3-yl)sulfinyl)-
acetonitrile 3a, and chloride ions.

Therefore, it is demonstrated that introducing a sulfinylacetonitrile substituent at the

third position of the 5-amino-1H-1,2,4-triazole molecule has a positive influence on the anti-
corrosive properties of such an inhibitor regarding copper corrosion in 1% chloride-
containing solutions.
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