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Abstract

The article describes an example of application of the twin molecule concept in the molecular
design of new organic corrosion inhibitors. We have developed a synthesis method and proved
the structure of new bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]alkanes as a result of the
condensation of 3-mercapto-5-amino-1,2,4-triazole with dihaloalkanes. The inhibitory effect of
the synthesized substances on copper corrosion in neutral and acidic chloride-containing media
was evaluated using direct tests in a salt-spray chamber and weight loss measurements as well
as potentiodynamic polarization measurements. It has been established that bis-[(5-amino-1H-
1,2,4-triazol-3-yl)mercapto]alkanes A—C at a concentration of at least 0.10 mmol - dm=3 show
high protective characteristics both in direct tests (from 64 to 192 h in salt spray and from 92 to
99% in 1 wt.% HCI solutions) and in electrochemical tests (from ~30 to ~85% in 10 mM NaCl
solutions). Moreover, the degree of protection increases smoothly with an increase in the
concentration of the inhibitor, as well as with an increase in the length of the linker hydrocarbon
fragment. These developed compounds can be used to protect various heat exchange equipment
made of copper or its alloys. They are promising for use in water circulation systems to prevent
corrosion and scale formation, as well as to protect copper in the production of conductor
materials, to prevent or slow down atmospheric corrosion of structural materials based on
copper and its alloys. The developed compounds can be used to protect various heat exchange
equipment made of copper or its alloys, are promising for use in water circulation systems to
prevent corrosion and scale formation, in the protection of copper in the production of conductor
materials, to prevent or slow down atmospheric corrosion of construction materials based on
copper and its alloys.
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1. Introduction

Copper and its alloys are widely used as a material for heat exchange equipment, as
constructional, roofing, plumbing materials, as well as conductors and various components
of electrical equipment in the fields of construction, transport, energy, microelectronics, light
and heavy industry, etc. One of the common approaches to reducing corrosion damage is the
use of corrosion inhibitors. Corrosion inhibitors provide corrosion resistance to copper and
its alloys in these industries against factors such as weather conditions, humidity, increased
chloride content, petroleum products, high temperatures, aggressive gases, aggressive
chemicals, and aggressive liquids. Azoles and their derivatives have found the widest
application in protecting copper and its alloys from corrosion [1-4].

Recently, more attention has been paid to them, as successful selection of substituents
can expand or, conversely, specify the application range of the obtained inhibitor [5-7].

In addition, it is well known that the presence of lyophilic and hydrophobic groups in
the inhibitor structure promotes the process of its adsorption on the electrode surface [8—
10]. Thus, a number of publications have been devoted to the study of the inhibiting activity
in an acidic environment of some traditional surfactants consisting of a single head group
and a single hydrophobic group [11-15]. In recent decades, new classes of surfactant
molecules have become widespread in industrial and research areas. One of such classes is
gemini surfactants, which have two hydrophilic head groups and two hydrophobic groups
per molecule separated by a spacer [16—18]. It is known that such surfactants have some
important properties (such as very low critical micelle concentration, high solubilizing
capacity, increased stability to destruction, etc.) compared to corresponding conventional
surfactants [19].

In light of these considerations, this study demonstrates the possibility of obtaining and
investigating the anticorrosive properties of new cross-linked molecules of azole class
corrosion inhibitors similar to gemini surfactants. This concept is not new, and there are
studies in this direction; however, such studies are usually limited to investigating existing
gemini surfactants as corrosion inhibitors [20, 21], while studies of heterocyclic inhibitors
with similar twin structures are few in number.

In early studies, we synthesized and studied a series of various derivatives of 5-amino-
1,2,4-triazole containing various aliphatic, alicyclic, aromatic, and heterocyclic substituents
in their structure. The matrix of 5-amino-1,2,4-triazole provides effective adsorption of the
inhibitor molecule on the metal surface. The mechanism and nature of the formation of such
adsorbed inhibitor layers remain not fully understood. However, the results of numerous
tests of derivatives of this class, including those described in our earlier studies [22, 23],
confirm their high efficiency in inhibiting corrosion of non-ferrous and ferrous metals under
conditions of chloride corrosion in neutral or acidic environments. The use of the twin-
molecule concept in the molecular design of new triazole derivatives appears to us as a
promising but understudied direction, both in terms of synthesis and in the investigation of
their anticorrosive activity. Considering the previously identified high anticorrosive activity



Int. J. Corros. Scale Inhib., 2023, 10, no. 1, 244-257 246

of 3-alkylmercapto-5-amino-1H-1,2,4-triazoles, we set out to study the targeted synthesis of
bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]alkanes by condensing 3-mercapto-5-amino-
1,2,4-triazole with dihaloalkanes and to investigate their inhibitory effect on copper in high
chloride containing media.

2. Experimental

2.1. Methods for analyzing the chemical structure of inhibitors

Aminotriazoles were analyzed by high performance liquid chromatography with high
resolution mass spectrometric detection using electrospray ionization (HPLC-HRMS-ESI)
combined with UV detection. The device 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 by the internal standard method. *H
NMR spectra were recorded on a Bruker AV600 spectrometer (600.13 MHz) in DMSO-d6,
TMS was the internal standard. The IR spectrum was recorded on a Vertex 70 IR-Fourier
spectrometer using a Platinum ATR (Bruker) ATR attachment equipped with a diamond
prism in the frequency range from 4000 to 400 cm~! with a resolution of 2 cm~1. The result
IS obtained by averaging 16 scans.

2.2. Synthesis and analysis of inhibitors

As inhibitors of copper chloride corrosion, a series of new previously unstudied bis-[(5-
amino-1H-1,2,4-triazol-3-yl)mercapto]alkanes was obtained (Table 1).

Table 1. List of studied inhibitors.

Symbol Name Formula
1,1-(bis-[(5-amino-1H-1,2,4-triazol-3 AR N—N!

A yl)mercapto])methane HZN’<\N J\S A, /’I\N)\NHZ
1,2-(bis-[(5-amino-1H-1,2 4-triazol-3 HN =N N
,2-(bis-[(5-amino-1H-1,2,4-triazol-3- \ i

B yl)mercapto])ethane . /KN>\S\/\S /kN/>\ NH,
1,3-(bis-[(5-amino-1H-1,2,4-triazol-3 AR NN

¢ . vhn opropan e HN \ | NH,

yl)mercapto])propane ’<\N)\S/\/\S/kN/>\

It has been established that the interaction of such dihaloalkanes as methylene iodide,
1,2-dibromobutane, and 1,3-dibromopropane with the sodium salt of 3-mercapto-5-amino-
1,2,4-triazole in a molar ratio of 2:1 exclusively yields the twin 1,1-(bis[(5-amino-1H-1,2,4-
triazol-3-yl)mercapto])methane A, 1,2-(bis[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])ethane
B, and 1,3-(bis[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])propane C.
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HN—y HN—y N—NH
e i, e -
+
H,N N\ )\ Hal ""Hal -NaHal H,N N\ )\ /M\ /k 7 NH,
N SH N S ™S N

n=1 (A), n=2 (B), n=3 (C)

General procedure for the synthesis of 1,3-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)-
mercapto])alkanes A—C.

In a conical flask, 0.13 moles of 3-mercapto-5-amino-1H-1,2,4-triazole were dissolved
in a solution containing 5.3 g of sodium hydroxide in 40 ml of water. Then, while stirring
the resulting mass intensively at no less than 500 rpm, 0.065 moles of the corresponding
dihaloalkane-methylene iodide, 1,2-dibromoethane or 1,3-dibromopropane, were added
dropwise over 3 hours at a rate of ~5 drops per minute. The mixture was stirred for 5—
10 hours depending on the activity of the alkylating agent. The precipitate formed was
filtered off, washed with water, and recrystallized from water.

1,1-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])methane A. Yield 75%, white solid,
m.p. 191-193°C. *H NMR spectrum 4.60 (s, 2H, CH,), 6.12 (s, 2H, NH>), 12.02 (s, H, NH).
IR spectrum: 3276, 3305, 3346 (NH,, NH). Found, m/z: 245.0389 [M+H]*. CsHgNsS..
Calculated, m/z 245.0386.

1,2-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])ethane B. Yield 80%, white solid, m.p.
213-215°C. *H NMR spectrum: 3.68 (s, 4H, 2CH,), 6.20 (s, 4H, NH;), 12.02 (s, 2H, NH).
IR spectrum: 3275, 3300, 3351 (NH;, NH). Found, m/z: 259.0537 [M+H]". CsH1oNsS.
Calculated, m/z 259.0543.

1,3-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])propane C. Yield 79%, white solid,
m.p. 202-204°C. *H NMR spectrum: 1.94-1.98 (m, 2H, CH,), 3.01 (t, 4H, 2SCH,), 6.03 (s,
4H, 2NH,), 11.91 (s, 2H, 2NH). IR spectrum: 3277, 3306, 3347 (NH;, NH). Found, m/z:
273.0694 [M+H]". C7H12NsgS,. Calculated, m/z 273.0699.

To evaluate the protective effect of the synthesized compounds (A—C), a complex of
electrochemical and direct corrosion tests was used.

2.3. Potentiodynamic polarization measurements

Electrochemical measurements were performed at room temperature (~25°C) on copper
(M1) electrodes in an unstirred borate buffer aqueous solution (pH 7.4) with natural aeration,
in the presence of the inhibitor and 10 mM NacCl. A classical electrolytic three-electrode cell
without separation of anode and cathode compartments was used in order to accelerate
transient measurements.

A saturated silver chloride reference electrode was placed in a separate container linked
to the electrolytic cell by an agar-agar-based salt bridge filled with a potassium nitrate
saturated solution. The auxiliary electrode was a platinum gauze. The working copper
electrode was polished by K3000 sandpaper, degreased in 96% ethanol, and washed with
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distilled water. The potentials of the working electrode (£) are given according to the
standard hydrogen electrode (SHE) scale. The current density i was calculated by dividing
the actual current | by the geometric area of the working electrode (0.75 cm?).
Electrochemical measurements were performed using an IPC-PRO potentiostat. In
order to remove an oxide film, the working Cu-electrode was cathodically pre-polarized at
E=-0.60V for 15 minutes prior to the experiment. The electrode was then held in the
solution for about 3 to 5 minutes until the corrosion potential (£..r) stabilized. An NaCl
solution was then added to the working solution while stirring, so that the concentration of

chloride ions would be C_ =10 mM. The studied inhibitors were also added to the solution

in the concentration of Cj,;,=0.01, 0.10 and 1.00 mM. After the new E. value was
established, the polarization curve was registered by scanning the potential towards either
the anode or the cathode at 0.2 mV/sec. The activation potential (E,) was identified by a
rapid increase in the current on the anode polarization curve. Pits were then visually
identified on the surface of the electrode. The measurement error for E..; was below 0.03 V.

The rate of corrosion in current units (icr) Was determined by the polarization resistance
technique as summarized by Mansfeld [24].

The effectiveness of the inhibition activity of the bis-[(5-amino-1H-1,2,4-triazol-3-
yl)mercapto]alkanes was evaluated by the degree of protection

g — 1
,0 ,inh

Z, =20 _ooninh  100%,
Icor,O

where icoro and icorinn are the corrosion current densities with and without an inhibitor
respectively.

2.4. Direct corrosion tests

Direct corrosion tests were carried out on copper plates 20 x50x0.10 mm in size, which were
pre-polished with K3000 sandpaper and degreased with acetone.

The experiments, which lasted t =7 days, were carried out on three samples in an
unstirred naturally aerated 1% HCI solution. The plates were then washed with distilled
water and treated according to GOST 9.907-83 “Methods for the removal of corrosion
products after corrosion tests”. The corrosion rate was determined according to the weight
loss of the samples and calculated using the equation:

M, —m
ih = "Gt
where mg and m is the weight of the sample before and after the corrosion tests respectively,
S — summarized area of the plate, m?, t — experiment time, days.
The inhibition efficiency was evaluated by the value of the degree of protection:
_ ko — kinh

Z, k—oxlOO%,
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where ko and kinn are the rates of corrosion in the HCI solution with and without the inhibitor
respectively. The parameter ko was ~19.2 g-m~2-day 1.

Atmospheric corrosion of copper was accelerated by a salt spray test to determine the
effectiveness of inhibition of bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]alkanes in the
inter-operation protection of copper products. Protective inhibitor films were obtained by
keeping copper plates in an aqueous solution with an inhibitor for 60 minutes at 60°C. The
samples were wiped with filter paper and air-dried at room temperature for 2 hours. Then,
they were placed into a sealed chamber with a volume of 14000 cm? and 95—-100% humidity.
A 5% solution of NaCl was sprayed into the chamber using a pump with 6 hydraulic nozzles,
which were automatically turned on for 1 second every hour (the solution flow rate per
nozzle was approximately 7 ml). The samples were examined 3 times every 24 hours in
order to establish the time of appearance of the first signs of corrosion (zcor).

3. Results and Discussion

3.1. Direct corrosion tests

The results of direct tests are the closest approximation to the real corrosion conditions and
best reflect the effectiveness of the studied inhibitors in their actual use. It was found that
the average protection degree of all tested substances was >90%. The minimum value was
75% for inhibitor A at a concentration of 0.01 mmol-dm= in the test solution. It should be
noted that all investigated inhibitors are limited soluble in aqueous chloride-containing
solutions, but their maximum efficiency is observed at Ci; =0.10 mmol-dm=3. Such
inhibitor concentration is achievable for all investigated compounds, and therefore the
solubility issue does not affect the effectiveness of the developed bis-triazolyl-mercapto-
alkanes.

Salt spray test results were generally consistent with weight loss measurements. At
the same time, the time of appearance of the first signs of corrosion on copper plates treated
with 1,3-bis[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]propane C solution was 2—3 times
longer than for methane and ethane derivatives. This is probably due, on the one hand, to
the increase in the length of the aliphatic chain that crosslinks the mercaptotriazole cycles
and, on the other hand, to the lower solubility of derivative C, which makes its desorption
from the metal surface more difficult and, consequently, provides longer protection of the
latter.
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Table 2. Results of anticorrosion tests of bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]alkanes by
gravimetric and salt spray test methods.

Inhibitor Cinh, mmol - dm=3 Kinh, Zk, % Teor, N
None _ 19.2 _ 2
HN= N—NH 0.01 48 75.0 48
2 \ I 2
! N’&N*sAS*N)\ s 0.10 0.9 95.3 64
A 1.00 0.2 99.0 66
N N—NH 0.01 36 813 48
\ | 2
= \N>\S\/\SAN/>\ o 0.10 14 927 54
B 1.00 1.2 93.8 70
HN=N N—NH 0.01 1.2 93.8 169
) | [ )
oL S
c 0.10 05 97.4 192

3.2. Potentiodynamic polarization measurements

In continuation of the study, potentiodynamic measurements were carried out to record the
full anodic and cathodic polarization curves and evaluate the corrosion current density (icor)
in a borate buffer with NaCl addition in the presence of studied inhibitors.

It has been found that the addition of the studied concentrations of 1,1-bis[(5-amino-
1H-1,2,4-triazol-3-yl)mercapto]methane A results in a shift of the corrosion potential, Ecor,
towards the cathodic region by 30—-60 mV relative to the control experiment. At the initial
stages of the anodic polarization curves, a decrease in the current density relative to the
control experiment was observed up to the potential region of ~+200-220 mV for all studied
concentrations. At concentrations of 0.01-0.10 mmol-dm=, an increase in the anodic
current density was observed upon further polarization beyond 200 mV, which exceeded the
control value by ~1.5-2 times at the maximum point. The position of the maximum of
anodic current density on the potential axis is ~+300-320 mV. After reaching the maximum,
the current decreased to 5.3 pA and then sharply increased. The pitting potential, at which
the anodic current sharply increased, was shifted towards the cathodic region by ~+120—
130 mV relative to the control experiment. At an additive concentration of 1.00 mmol-dm-3,
no current maximum was formed. The pitting potential was shifted by +30 mV relative to
the control. Therefore, a significant influence on the anodic half-reaction was observed at a
concentration of at least 1 mmol-dm=3. At inhibitor concentrations of 0.10 and
1.00 mmol - dm=3, the corrosion current density value near the free corrosion potential was
reduced relative to the control. The degree of protection according to the polarization
resistance method was approximately 30% and 84%, respectively.

On the cathodic polarization curves, at inhibitor concentrations of at least
0.10 mmol-dm=3, an expansion of the region of small cathodic currents (the polarization
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curve was close to the zero axis of currents) was observed. The position of the region of
increasing cathodic current density was found to be shifted towards the cathodic region by
—-50 mV and —-150 mV, respectively, relative to the control experiment. Therefore, at a
concentration of 0.10 mmol-dm=3, 1,1-bis[(5-amino-1H-1,2,4-triazol-3-yl)mercapto]methane
can act as a cathodic inhibitor, and at a concentration of at least 1 mmol-dm3, as a mixed
inhibitor.

50

[ 1, pA-cm?

-0.40

Figure 1. Anodic (1-4) and cathodic (1°—4") polarization curves of copper in borate buffer
(pH=7.40) with 10 mM NacCl and 1,1-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])methane
(A) at concentrations Cinn (mmol - dm=): 1, 1 — without an inhibitor; 2, 2" —0.01; 3, 3" - 0.10;
4,4 —1.00.

In the presence of 0.01 mmol-dm= of 1,2-bis[(5-amino-1H-1,2,4-triazol-3-
yl)mercapto]ethane B, the free corrosion potential, Ecor, shifts by 20 mV towards the
cathodic region relative to the control experiment. At additive concentrations of
0.10 mmol -dm=3and 1.00 mmol - dm=3, E.r Was shifted towards the anodic region by 55 mV
relative to the control experiment. At an inhibitor concentration of 0.01 mmol-dm3, the
potential shift of 50 mV relative to E.,r was accompanied by a sharp increase in the anodic
current density, which at the maximum point (i=16 pA-cm~2 at E~+270 mV) was three
times higher than the control value. The maximum was found to be shifted by —50 mV
relative to the control experiment. After the maximum, the current decreases and remains
constant up to the activation potential of ~+550 mV (approximately 180 mV more positive
than the control experiment). At inhibitor concentrations of 0.10 mmol - dm= and above, no
maximum anodic current was formed. The current density remains constant up to activation
potentials of ~+580 mV and ~+700 mV for concentrations of 0.10 mmol-dm= and
1.00 mmol - dm3, respectively. The passivation current density is three times lower than that
of the control experiment. At an inhibitor concentration of 0.10 and 1.00 mmol-dm=3, the
value of the corrosion current density near the free corrosion potential was reduced relative
to the control. The degree of protection according to the polarization resistance method is
~70%.
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On cathodic polarization curves for inhibitor concentrations of 0.10 mmol-dm= and
1.00 mmol-dm™3, an expansion of the region of small cathodic currents was observed
(polarization curves were more compressed towards the current axis). The position of the
increasing cathodic current density region was shifted by —180 mV and —200 mV relative
to the control experiment, respectively. Thus, 1,2-(bis-[(5-amino-1H-1,2,4-triazol-3-
yl)mercapto])ethane at a concentration of at least 0.10 mmol-dm= can act as a mixed-type
inhibitor.

50 i pA-em?

L%
“w
~

Figure 2. Anodic (1-4) and cathodic (1°—4") polarization curves of copper in borate buffer
(pH=7.40) with 10 mM NaCl and 1,2-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])ethane
(B) at concentrations Cinn (mmol - dm=): 1, 1" — without an inhibitor; 2, 2" —0.01; 3, 3" — 0.10;
4,4 —1.00.

In the presence of 0.01 mmol-dm= mmol-dm= of 1,3-bis[(5-amino-1H-1,2,4-triazol-
3-yl)mercapto]propane C, a shift of the free corrosion potential by 45 mV towards the anodic
direction was observed relative to the control value. At a concentration of 0.10 mmol-dm3,
the potential shift was 5 mV towards the cathodic direction. At an inhibitor concentration of
0.01 mmol-dm™3, a maximum anodic current density was observed on the anodic polarization
curve, shifted by 30 mV towards the anodic direction relative to the control experiment,
while at a concentration of 0.10 mmol-dm=, no maximum was formed. The passivation
current density for a concentration of 0.01 mmol-dm exceeded the values of the control
experiment by 5 times, whereas for a concentration of 0.10 mmol-dm3, it was reduced by a
factor of 5. The value of the electrode potential at which the anodic current sharply increased
was +690 mV for a concentration of 0.01 mmol-dm=3 and +1000 mV for a concentration of
0.10 mmol-dm=3, with no visible pitting on the electrode surface. At inhibitor concentrations
of 0.01 and 0.10 mmol-dm3, the corrosion current density near the free corrosion potential
decreased relative to the control. The degree of protection according to the polarization
resistance method was approximately 77% and 84%, respectively. On the cathodic
polarization curves, an expansion of the region of small cathodic currents was observed for
an additive concentration of 0.10 mmol-dm™ (the polarization curve was compressed to the
current axis). The position of the region of increasing cathodic current density was shifted
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by —160 mV relative to the control experiment. The cathodic polarization curve with the
addition of 0.01 mmol-dm=3 was within the experimental error range of the control.
Therefore, 1,3-(bis-[(5-amino-1H-1,2 4-triazol-3-yl)mercapto])propane at a concentration
of 0.10 mmol-dm= can be a highly effective inhibitor of a mixed type.

| i pA-cm?
50 +

~
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Figure 3. Anodic (1-3) and cathodic (1°—3") polarization curves of copper in borate buffer
(pH=7.40) with 10 mM NaCl and 1,3-(bis-[(5-amino-1H-1,2,4-triazol-3-yl)mercapto])propane
(C) at concentrations Cinn (mmol - dm=): 1, 1 — without an inhibitor; 2, 2" —0.01; 3, 3" — 0.10.

Table 3. Open circuit potential, corrosion current density, and degree of protection of copper electrode in
0.01 M NaCl solutions with inhibitors studied.

Inhibitor Cion, mmol-dm=  Ecor, V. icor, pA-CM~2 Zi, %
None — 0.176 1.2+0.3 —
HN— N—NH 0.01 0.145 3.7+1.1 —208.33
H,N | | NH
’ ’«N)\S/\s/i\N)\ : 0.10 0.147 0.83+0.19 30.83
A 1.00 0.120 0.19+0.05 84.17
=N N—NH 0.01 0.155 2.5+0.9 —108.33
D AP
xS S~ N N 0.10 0.120 0.36::0.04 70.00
B 1.00 0.120 0.36+0.12 70.00
HN—y N—NH
0.01 0.220 0.27+0.11 77.50
LN— | | )—x~u
2 ’—<N)\S/\/\S/LN>“ 2
C 0.10 0.170 0.19+0.10 84.17

Thus, the results of electrochemical corrosion tests indicate that the synthesized bis-
triazolyl-mercapto-alkanes exhibit a moderate protective effect against copper corrosion at
concentrations of at least 0.10 mmol-dm=3. Furthermore, the protective characteristics
increased with the length of the linker hydrocarbon fragment. Similar results were obtained
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in direct corrosion tests, which additionally demonstrate the influence of the hydrocarbon
linker length on the protective characteristics of the inhibitor molecule.

Scientific publications dedicated to the study of inhibitors of the 5-amino-1H-1,2,4-
triazole class extensively describe the formation of adsorbed layers of derivatives of this
class on the surface of metals. Most scientists agree that the sorption of 5-amino-1H-1,2,4-
triazoles on the surface of copper occurs through a combination of physical adsorption and
chemical coordination involving hydrogen bonds and Van der Waals forces, as well as the
formation of coordination bonds between the triazole molecule and copper. The endocyclic
NH- and exocyclic NH,— groups are the primary binding sites in this mechanism [25-27].
In light of these findings, the cross-linked inhibitors synthesized in this work likely form
protective films on the metal surface through a similar mechanism, with the only difference
being that the number of potential binding centers in their molecule is twice as high. In this
case, the fundamental scheme of inhibitor binding to the surface can be illustrated by
Figure 4. This interpretation of the inhibitor sorption mechanism further explains the effect
of increasing the length of the linker fragment on the inhibitory ability — as its length
increases, the distance between heterocycles increases, steric hindrances for their
coordination on the metal surface decrease, and hypothetically, the area of the protected
surface per molecule of inhibitor increases.

S S
™,
N/< >\ N
o X
H,N E FI
VAR
I Metal surface -

Figure 4. The basic scheme of self-organization of protective layers of bis-triazolyl-mercapto-
alkanes on the surface of metal.

NH,

4. Conclusion

Thus, as a result of the condensation of 3-mercapto-5-amino-1,2,4-triazole with
dihaloalkanes, a series of bis-[(5-amino-1H-1,2,4-triazol-3-yl)thio]alkanes was obtained.
Their inhibiting ability towards copper chloride corrosion was studied using a combination
of direct and electrochemical methods. It was found that at concentrations of no less than
0.10 mmol-dm3, bis-[(5-amino-1H-1,2,4-triazol-3-yl)thio]alkanes A—C exhibit extremely
high protective characteristics both in direct tests (from 64 to 192 hours in salt mist and from
92 to 99% in 1 wt.% HCI solutions) and in electrochemical tests (from ~30 to ~85% in
10 mM NaCl solutions). The best anti-corrosion activity was observed for 1,3-bis-[(5-amino-
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1H-1,2,4-triazol-3-yl)thio]propane C, which contains the longest linker aliphatic fragment
among the studied substances.

These research results confirm the feasibility of further using the concept of twin molecules
in the molecular design of new organic corrosion inhibitors. The chemical structure of the
heterocyclic corrosion inhibitor double molecules can be improved in terms of the length
and structure of the linker fragment, as well as the modification of the heterocyclic matrices
and their side substituents. All of this opens up a wide synthetic and research space for the
development of new highly effective corrosion inhibitors in the future.
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