A \

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

DFT Study on Corrosion Inhibition by Tetrazole Derivatives:
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ABSTRACT: Corrosion is one of the problems that most industries ’R H, CH3, OCH3, OH,F, CN, NOZ
face. Our aim in the current study is to perform density functional l

theory calculations and Monte Carlo simulation to theoretically é%
investigate the corrosion inhibition of the copper (1 1 1) surface by Ei

tetrazole molecules and a group of their derivatives. These compounds With inhibitor
have electron-donating groups (CH;, CH;0, and OH) and electron-

. ) . 5 ) compounds
withdrawing groups (F, CN, and NO,). Two different isomeric forms of o ﬁ \(c( ivat
. . . . . oppel'

tetrazole molecules and their derivatives, including 1H and 2H

tautomers, were studied in two configurations, parallel and perpendic- Without inhibitor
ular to the Cu (1 1 1) surface. With the help of DMol3 calculations, the comﬁounds ' Corroded surface
most important parameters related to the molecular ability of tetrazole S -

derivatives as corrosion inhibitors include the adsorption energy (AE),

Enomor ELumor Egapy and issues related to chemical reactions, including total hardness (), electronegativity (y), and electron fraction
transitions from the anti-corrosion molecule to the copper atom (AN), were calculated and compared in the tetrazole molecules and
their derivatives. Also, with the help of adsorption locator calculations, the inhibitory effects of these compounds were theoretically
investigated in an acidic environment. Through these calculations, it was determined that tetrazole molecules with electron-donating
groups adsorbed perpendicularly to the copper (1 1 1) surface, by forming a stronger bond, are considered suitable corrosion
inhibitors. Also, among the examined molecules, the 2H-tetrazole isomer form plays a more influential role than the 1H-tetrazole
form.

1. INTRODUCTION formation and the corrosion rate is higher. Typically, copper
structures are used in corrosive environments such as salt
water that contains corrosive anions. Corrosion on the surface
of copper and the formation of products resulting from it have

The fifth most prevalent metal in the earth’s crust and the
oldest metal used by humanity is copper, which is used in the
pure or alloyed form in various industries such as electronic

industries, offshore industries, electrical plants, cooling towers, adverse effects on the performance of systems made of copper
heat exchangers, and medicine. Among the properties of and reduce their efficiency. Therefore, protecting copper metal
copper and its alloys, we can mention resistance to corrosion, against corrosion is an essential and practical issue.” ™ Anti-
good electrical and thermal conductance, mechanlcal perform- corrosion compounds, especially organic molecules whose
ance, flexibility, and antimicrobial properties."”> Corrosion is physicochemical properties can be modified by altering the
an electrochemical and natural process that occurs between substituents connected to their structure, are used to protect
the metal and its surrounding environment, in which the metals against corrosion. These compounds react with the
property of the metal changes. In terms of thermodynamics, metal surface and form a protective substrate to mitigate this
corrosion products are at a lower energy level than metal phenomenon. The application of these molecules as an anti-
Therefore, the tendency to reach a lower energy level causes corrosion agent and a deterrent is more cost-effective and

corrosion. Copper resists corrosion in the atmosphere by
forming a protective oxide layer. Still, it is weak against
corrosive agents such as nitrite, sulfate, and chloride ions, and
pitting corrosion occurs. Moisture also plays a vital role in
metal surface corrosion by providing electrolytes in cathodic
and anodic processes. Among the factors affecting the
corrosion rate are salts and impurities in the environment,
which facilitate the exchange of electrons between materials
involved in the corrosion process by creating an electrolyte.
Also, in acidic environments, the speed of electrolyte

convenient due to their easy preparation and efficiency
compared with other techniques, such as self-healing methods
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or the application of corrosion-resistant alloys.”” The copper
atom has empty orbitals in the capacitive layer which makes
its surface prone to corrosion. Therefore, electron-donating
compounds should be used as anti-corrosion compounds on
the copper surface.®

Among the organic molecules, azoles (five-membered
heterocyclic comprising at least one nitrogen atom) are
considered efficient corrosion inhibitors of metals.””"> Among
azoles, tetrazoles with four nitrogen atoms in the ring are
heavily investigated due to their attractive properties.
Generally, tetrazoles exist in two tautomeric forms (1H and
2H, see Scheme 1), in which the 2H-form prevails in the gas

Scheme 1. Tautomerization in Tetrazoles
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phase, while the 1H-form is more stable in the liquid.'® Also,
while tetrazole rings are weak bases, by having a proton
connected to the N1 or N2 position, they show strong acidic
character in the range of carboxylic acids (pK, ~ 4.75)."” """
Moreover, tetrazole derivatives are aromatic, and the structural
parameters are considerabzr affected by the quiddity of the
substituent in the ring.”"

Due to their exciting properties, tetrazoles have been used
in various applications such as explosive and propellant
materials,”> medicinal chemistry,24 solar cells,*>° agricul-
ture,””** and anti-corrosion compounds.””~>’

Recently, computational chemistry, as a fast, inexpensive,
and reliable tool, has garnered interest in the investigation and

evaluation of corrosion inhibitors’ performance in different
media and metal surfaces. Many documents have been
published in the literature dealing with the mechanism and
assessment of effective parameters of corrosion inhibitors on a
molecular scale. In one study, four compounds, 1,2,34-
tetrazole (TZ), 1-phenyl-1,2,34-tetrazole (PTZ), S-amino-
1,2,3,4-tetrazole (ATZ), and 1-phenyl-S-mercapto-1,2,3,4-
tetrazole (PMTZ), were employes as anti-corrosion com-
pounds of the copper (1 1 1) surface in the acidic condition.
The outcomes of DFT calculations and Monte Carlo (MC)
simulations show the following efficiency: TZ > ATZ > PTZ
> PMTZ. The planar skeleton of these compounds, the
electron clouds on the aromatic rings, and the presence of
several lone pair electrons are the reasons for these results.*®

TAN et al. studied the inhibitory effect of S-phenyl-tetrazole
(PT), S-(4-bromophenyl)-2H-tetrazole (5-4-BPT), and 5-(2-
bromophenyl)-1H-tetrazole (5-2-BPT) on the surface of
copper by experimental methods and DFT calculations. The
order of corrosion inhibition performance according to
practical and theoretical results was 5-4-BPT > $-2-BPT >
PT.”” In another study, Chiter et al. performed DFT
calculations on 2-mercapto-benzothiazole (MBT) as a
corrosion suppressor for copper oxide surfaces. Analyses
showed that MBT replaces OH and H,O at the Cu,O surface
and forms a protective layer in the aqueous medium.*® Also,
Liu and co-workers studied the adsorption of S5-heteroaryl
tetrazoles on copper surfaces using electrochemical measure-
ment and DFT calculations. According to their results,
corrosion inhibition is achieved through a charge transfer
process.”” Kovacevic and Kokalj investigated DFT studies for
azole molecules, including imidazole, 1,2,3-triazole, tetrazole,
and pentazole on Cu (1 1 1) and Al (1 1 1) surfaces.
According to this research, it was found that increasing the
number of nitrogen atoms in the azole ring increases the
electronegativity and chemical hardness. As the hardness of
the inhibitor molecule increases, the hybridization with the
metal surface becomes more difficult, and the bond between
the inhibitor molecule and the phase surface decreases.
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Figure 1. Optimized molecular structure of tetrazoles and their derivatives (atom legend: white = H, gray = C, blue = N, red = O, and light blue

= F).
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Table 1. Calculation of HOMO, LUMO Energies, and E

Q)
Total Energy Difference of Each Tautomer before Adstg)rl;)tion
molecules AE o) before adsorption (keal/mol) Enomo (eV) Erumo (eV)

la 0 —6.782 —1.725
1b =3.1 —7.016 —2.024
2a 0 —6.538 —1.504
2b 2.4 —6.762 —1.778
3a 0 —6.556 —1.345
3b -2.1 —6.306 —1.81
4a 0 —6.803 —1.489
4b =3.1 —6.607 —1.978
Sa 0 =7.179 —2.001
Sb -2.2 —7.518 —2.435
6a 0 —7.611 -3.373
6b —6.1 —7.838 —3.008
7a 0 —7.704 —4.669
7b —-0.2 —7.356 —4.146

for Optimized Tetrazole Molecules and Their Derivatives and the

I(V) A(ev) n(ev) x(ev) o (eV) AN Eg,p (eV)
6.782 1.725 2.528 4.253 0.395 0.136 5.057
7.016 2.024 2.496 4.520 0.400 0.085 4.992
6.538 1.504 2.517 4.021 0.397 0.183 5.034
6.762 1.778 2.492 4.272 0.401 0.135 4.984
6.556 1.345 2.605 3.950 0.383 0.191 5.211
6.306 1.81 2.248 4.058 0.444 0.197 4.496
6.803 1.489 2.657 4.146 0.376 0.150 5.314
6.607 1.978 2.314 4.292 0.432 0.141 4.629
7.179 2.001 2.589 4.590 0.386 0.068 5.178
7.518 2435 2.541 4.976 0.393 —0.006 5.083
7.611 3.373 2.110 5.492 0.471 —0.128 4.238
7.838 3.008 2.410 5.423 0.414 —0.098 4.830
7.704 4.669 1.517 6.186 0.658 —0.408 3.035
7.356 4.146 1.600 5.751 0.623 —0.250 3.210

Therefore, imidazole with two N atoms showed the highest
bond strength (0.69 eV) with the Cu (1 1 1) surface.*” Kumar
and his colleagues investigated the inhibition mechanisms of
the copper surface by imidazole, adenine, purine, and 6-
benzylamine purine (BPA) compounds. In this research, DFT
and ReaxFF calculations were used. The optimization results
showed the trend of BPA > adenine > purine > imidazole in
corrosion inhibition. Also, the formation of a strong bond
between surface Cu atoms and N inhibitor molecules was also
proved.*' In another study by Kumar et al., by using DFT and
ReaxFF simulations, the synergistic effect between benzyl
azide (BA) and butyn-1-ol (BOL) molecules on copper
surface corrosion inhibition was checked out. Based on the
calculation of interaction energy, they predicted the trend of
BA—BOL > BA—BA > BOL—BOL on the Cu (1 1 1) surface.
The reason for this synergism was reported as side
interactions between Ny, and Hpo. "

In this study, using density functional theory (DFT)
calculations and MC simulation, we investigated the changes
in the adsorption energy of tetrazole molecules and their
derivatives on the copper surface and determined the most
stable state. Also, by examining the Mulliken charge and the
nucleophilic and electrophilic properties through the param-
eter of the Fukui function and comparing the density of states
(DOS) diagrams with the single surface, the inhibitory effects
of tetrazole molecules and different functional groups were
investigated. According to previous work, substitution at the
S-position fundamentally changes the physicochemical proper-
ties of the tetrazole ring.””~*® The studied compounds include
1H-tetrazole (la), 2H-tetrazole (1b), S-methyl-1H-tetrazole
(2a), S-methyl-2H-tetrazole (2b), S-methoxy-1H-tetrazole
(3a), S-methoxy-2H-tetrazole (3b), S-hydroxy-1H-tetrazole
(4a), S-hydroxy-2H-tetrazole (4b), S-fluoro-1H-tetrazole (Sa),
S-fluoro-2H-tetrazole (Sb), S-cyano-1H-tetrazole (6a), S5-
cyano-2H-tetrazole (6b), S-nitro-1H-tetrazole (7a), and $-
nitro-2H-tetrazole (7b), and their structures are shown in
Figure 1.

2. COMPUTATIONAL METHODS

2.1. Quantum Chemical Calculations. DFT is one of
the computational procedures in the field of science that has
many applications in theoretical discussions.*” For this project,
the DMol3 package in Materials Studio version 2017 was used
to perform DFT calculations. Geometric optimizations were

9980

executed based on the generalized gradient approximation
(GGA) function and Perdew—Wang exchange (PW91) and
using the OBS method for DFT-D correction. In the
convergence tolerance, the relevant options were set as
follows: quality = fine, energy = 1.0 X 10~> Ha, max. force =
0.002 Ha/A, max. displacement = 0.005 A, max. interactions =
1000, and max. step size = 0.3 A. The base settings DNP was
set for effective core potentials and k-point 3 X 3 X 1. Options
for quality of geometry, integration accuracy, and SCF
tolerance were also set as fine. The smearing parameter was
selected as 0.02 Ha. Also, max. SCF cycles were set to 1000
and multipolar expansion to octupole. To build the surface, a
supercell 3 X 3 X 1 with a vacuum thickness of 20.00 A was
used.”® The adsorption energy and binding energy of tetrazole
molecules and their derivatives on the Cu (1 1 1) were
calculated by eqgs 1 and 2, respectively. Binding energy is the
negative equivalent of adsorption energy.’®*’

AEaldsorption =Etotal compound/Cu(111)

_(Etotal Cu(111) + Etotal compound) (1)

AEbinding = —AE

adsorption
= (Etotal Cu(l11) + Etota] compound)
—Eioal compound/Cu(1 1 1) (2)

In these relations, Eyo compound/cu (1 11) i the total energy of
the adsorbed compound on the surface, Eoicy (i1 1) iS the
total energy of the copper surface (1 1 1) alone, and
Eotal compound 18 the total energy of the desired compound
alone.”

2.2. MC Simulation. The interaction between tetrazole
molecules and their derivatives with the Cu (1 1 1) surface
was investigated through MC simulation. For this purpose, the
adsorption locator module was used in Materials Studio
software version 2017. Low energy configuration and energy
distribution properties were calculated using a simulated
annealing task, COMPASS force field, optimized geometry,
and bounding box location settings. In the simulated
annealing section, the number of cycles was set to 3, and
the step per cycle was set to 15000. Also, in the optimized
geometry section, the energy and force options were selected
as 0.001 kcal/mol and 0.5 kcal/mol A, respectively, and the

https://doi.org/10.1021/acsomega.2c07185
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automated temperature control option was activated. In the
summation method section, electrostatic was set on a group-
based, and Van der Waals was set as atom-based. To check
the solvent effect, 80 water molecules and 2 HCI molecules
were loaded in the medium.*”>'~>*

3. RESULTS AND DISCUSSION

3.1. Quantum Chemical Calculations on Tetrazole
Derivatives in the Gas Phase. One of the significant factors
for recognizing the properties and effectiveness of a corrosion-
inhibiting molecule is to study its electronic and spatial
structures. For this purpose, quantum chemical calculations
were performed for tetrazole molecules and their derivatives.”*

According to calculations (Table 1) and in agreement with
previously reported data,'®*" tetrazole derivatives, 2H-forms,
are more stable in the gas phase. For example, for the S-
cyanotetrazole, the 2H-form is more durable than 1H by —6.1
kcal/mol, while for the S-nitrotetrazole, the 2H-form is more
stable by —0.2 kcal/mol. It is clear that for electron-donating
substituents, the energy difference between two tautomeric
forms decreases. Also, Table 1 shows the energy values for
HOMO (highest occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital), and E,, (gap energy between
HOMO and LUMO), and values of the Eg,, were calculated
using the following equation

E

gap — Erumo — Enomo

()

The values related to hardness (77), softness (o), electro-
negativity (y), and a fraction of transferred electrons (AN) for
tetrazole molecules and their derivatives were calculated using
the following relationships” 36739

I=—Epomo (4)
A =—Eumo (%)
n=(1-A4)/2 (6)
x=(I+A4)/2 ™)
c=1/y (8)
AN = (D = Xompound)/ Xeompound )

Using HOMO and LUMO energies and calculating the gap
energy, the chemical reactivity of molecules with the metal
surface could be determined. HOMO energy is related to the
molecule’s tendency to donate electrons, and LUMO energy
determines the molecule’s direction to accept electrons.”’
With the increase in HOMO energy, or in other words,
decrease in Eg,, the capability of the molecule to form bonds
with the metal surface increases.""”®" Figure 2 shows the
HOMO and LUMO plots of the optimized molecules,
respectively. As Table 1 shows, in general, in tetrazole
molecules in the 2H-form, E,, values have decreased for all
functional groups. In tetrazole molecules in the 1H-form, we
see a decrease in the E,, for the electron-withdrawing groups
and an increase in the E,,, for the electron-donating groups.
For example, it is predicted that the functional group OH in
the form of 2H-tetrazole as an electron-donating group with a
gap energy of 4.629 eV compared to the functional group of
CN in the form of 2H-tetrazole as an electron-withdrawing
group with the gap energy of 4.830 eV, could better control
the corrosion of the metal surface. According to the calculated
data, it can be concluded that in tetrazole molecules with
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Figure 2. HOMO and LUMO plots of optimized tetrazoles and their
derivatives.

electron-withdrawing functional groups, the distance between
the HOMO and LUMO energy levels is shorter. Because of
the negativity of AN values, the reaction with the surface
through electron transfer from metal to the inhibitory
molecule is carried out, which is an undesirable process for
corrosion resistance.

Important geometrical parameters of tetrazole rings are
presented in Table 2. A closer look at Table 2 indicates that
bond lengths are affected by changing the substituent. For
example, the 1H isomers of the tetrazole ring with NO,, and
CH;0 substituent N1-N2, and N1-CS bond lengths are
1.345, 1.368, 1.349, and 1.352 A, respectively.

One of the significant parameters in the scrutiny of anti-
corrosion compounds is the calculation of hardness (17) and

Table 2. Important Geometrical Parameters of Tetrazole
Derivatives

Ni1- N2— N3-— Ni1- N4—

N2 N3 N4 CS CS N1-H N2-H
la 1.358 1.299 1.364 1.349 1.320 1.013
1b 1.329 1335 1.314 1.332 1.355 1.013
2a 1.359 1.298 1.362 1.353 1.325 1.015
2b 1.333 1.336 1.313 1.338 1.363 1.014
3a 1.368 1.296 1.368 1.352 1.321 1.012
3b 1.340 1.334 1315 1.338 1.359 1.013
4a 1.370 1.296 1.367 1.347 1.318 1.013
4b 1.339 1.333 1.318 1.355 1.355 1.013
Sa 1.363 1.300 1.368 1.347 1.306 1.014
Sb 1.334 1.336 1.318 1.328 1.346 1.014
6a 1.348 1.302 1.350 1.360 1.334 1.015
6b 1.324 1.344 1.30S 1.343 1.367 1.014
7a 1.345 1.309 1.349 1.349 1.321 1.016
7b 1.322 1.34S 1.308 1.334 1.354 1.016
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After adsorption in

Figure 3. Optimal structures of 1H-form tetrazole molecules and their derivatives in parallel and perpendicular on the Cu (1 1 1).

softness (6). The softer a combination is, the more reactive it
is. The electronegativity (y) index, also expresses the
propensity of compounds to accept electrons in forming a
back bond. These donation and back-donation processes
strengthen the adsorption of the desired compound on the
metal surface.”’ According to the data in Table I, the softness
values are higher for electron-donating groups. For example,
in molecule 2a, the ¢ is equivalent to 0.397 eV, and in
molecule 64, it is equal to 0.471 eV. Therefore, the reactivity
of the 6a molecule with the copper surface is higher than that
of the 2a molecule. Also, with the incorporation of electron-
withdrawing groups, the tendency to transfer electrons from
the surface to the molecule increases, which harms protecting
the surface against corrosion (y: 1b = 4.520, 4b = 4.292, 7b =
5.751; eV). The transferred electron fraction parameter
describes how the surface reacts with the metal. If AN < 0,
it means that the electron has been moved from the surface to
the molecule, and if AN > 0, the electron has been
transmissive from the molecule to the surface.”® @ is the
work function in equation number 8, and its value for copper
is 4.96 eV.*

9982

The positive values of AN in the electron-donating groups
(Table 1) indicate the transfer of electrons from tetrazole
molecules to the surface of copper (1 1 1), while the negative
values of AN in the electron-withdrawing groups (Table 1)
are a confirmation of electron transfer from the surface of
copper (1 1 1) to tetrazole molecules. The highest value of
AN for 3b = 0.197, and the lowest value for 7b = —0.250.
The higher the value of AN, the greater its effect in protecting
the metal surface against corrosion.

3.2. DFT Calculations. Examining the process of
adsorption of molecules on the surface by DFT gives us a
better understanding of how corrosion is inhibited.®® With the
help of these calculations, the functions of Fukui can be
determined, which determine the locations of nucleophilic and
electrophilic attacks. According to Parr and Yang’s theory, fi
will have the maximum value in nucleophilic attacks and fi in
electrophilic attacks.”**> Another parameter considered in
DFT calculations is the Mulliken charge. The higher the
negative charge of an atom, the more it tends to react with the
metal surface by giving it an electron.’® Also, to understand
the nature of the reaction between the surface and the

https://doi.org/10.1021/acsomega.2c07185
ACS Omega 2023, 8, 9978—9994
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After adsorption in

Figure 4. Optimal structures of 2H-form tetrazole molecules and their derivatives in parallel and perpendicular on the Cu (1 1 1).

corrosion inhibitor at the electron surface, the predicted DOS
was investigated. After the inhibitory molecules are adsorbed
by the metal surface, the partial DOS (PDOS) peaks become
wider, indicating the hybridization of the molecule and metal
orbitals. In general, by examining the PDOS diagrams, it can
be said that before the adsorption of the corrosion inhibitor
molecule, the peaks are sharper. After the adsorption, the
broadening of the peaks can be seen, which is due to the
hybridization of 2p-N with 3d-Cu.””*® The more substantial
the interaction between the inhibitory molecule and the metal,
the more effective it will be in preventing corrosion of the
copper surface.””’% In this section, adsorption geometries
parallel to and perpendicular to the copper surface (1 1 1) for
tetrazole la and 1b molecules were investigated. Then, the
electron-donating groups (CH; CH;0, and OH) and the
electron-withdrawing groups (F, CN, and NO,) were replaced
with hydrogen atoms attached to carbon, and their adsorption
action was studied. Total adsorption energies, binding
energies, Fukui functions, Mulliken charges, and PDOS
diagrams were determined for each case. Figures 3 and 4
show the optimal structures of tetrazole molecules and their

9983

derivatives parallel and perpendicular to the copper surface (1
11).

3.2.1. Comparison of Total Adsorption Energies and
Binding Energies. Although the exact function of organic
molecules as corrosion inhibitors is unknown, it has been
found that proper adsorption of inhibitor molecules on the
surface is a valuable approach to achieve the desired effects in
corrosion prevention. Information about the adsorption
energy of tetrazole molecules and their derivatives is given
in Table 3. As can be seen, the adsorption energy of molecules
placed perpendicular to the copper (1 1 1) surface is more
negative than their parallel state. Also, the 2H-form is more
stable than the 1H-form in both adsorption positions.
Tetrazole molecules with electron-donating groups (2a, 2b,
3a, 3b, 4a, and 4b) have more negative adsorption energy
compared to tetrazole molecules (la and 1b) and tetrazole
molecules with electron-withdrawing groups (Sa, Sb, 6a, 6b,
7a, and 7b). For example, in the perpendicular position, the
adsorption energy (Table 3), in molecule 3b (with electron-
donating group CH;0) is equal to —20.2 kcal/mol, and in
molecule 6b (with electron-withdrawing group CN) is equal
to —15.3 kcal/mol. Binding energy is classified similarly to
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ACS Omega 2023, 8, 9978—9994


https://pubs.acs.org/doi/10.1021/acsomega.2c07185?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07185?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07185?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07185?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Geometrical Parameters of Tetrazole Derivatives after Adsorption on the Cu (1 1 1) Surface”

Afi Afi” Afi Afi” Afi Afi” Aq
AE, gsorption (keal/mol) AEpnding (kcal/mol) N2 N2 N3 N3 Cu* Cu* N2 N3 Cu*
Parallel
1a —-12.7 12.7 —0.193 —0.169 —0.008 —0.011 0.003 0.013
1b —12.8 12.8 —0.195 —0.166 —0.015 —0.008 0.004 0.011
2a —13.0 13.0 —0.197 —0.163 —0.014 —0.011 0.006 0.035
2b —-13.2 13.2 —0.199 —0.149 —0.010 —0.010 0.007 0.035
3a —13.6 13.6 —0.200 —0.140 —0.017 —0.011 0.008 0.039
3b —13.7 13.7 —0.205 —0.135 —0.018 —0.017 0.012 0.021
4a —14.0 14.0 —0.210 —0.098 —0.008 —0.013 0.018 0.042
4b —-14.1 14.1 —-0.214 —0.097 —0.015 —0.013 0.024 0.040
Sa —12.1 12.1 —0.186 —0.180 —0.015 —0.013 —0.010 0.027
Sb —-12.3 12.3 —0.191 —0.171 —0.013 —0.013 —0.005 0.041
6a —10.1 10.1 —0.134 —0.184 —0.014 —0.013 —0.016 0.024
6b —12.0 12.0 —0.141 —0.181 —0.013 —0.012 —0.015 0.025
7a -85 8.5 —0.093 —0.189 —0.010 —0.010 —0.053 0.004
7b -9.4 9.4 —0.101 —0.185 —0.009 —0.015 —0.022 0.021
Perpendicular
1a —16.5 16.5 —0.205 —0.187 —0.021 —0.013 0.065 0.015
1b -17.1 17.1 —0.206 —0.185 —0.035 —0.022 0.069 0.00S
2a —-18.4 18.4 —0.211 —0.184 —0.022 —0.012 0.071 0.012
2b —18.6 18.6 —0.218 —0.168 —0.018 —0.017 0.072 0.004
3a —194 194 —0.218 —0.161 —0.018 —0.015 0.073 0.015
3b —20.2 20.2 —-0.219 —0.158 —0.020 —0.015 0.074 0.009
4a —21.8 21.8 —0.222 —0.131 —0.015 —0.018 0.075 0.016
4b —-22.8 22.8 —0.229 —0.121 —0.017 —0.018 0.077 0.012
Sa —16.0 16.0 —0.193 —0.195 —0.019 —0.015 0.040 0.011
Sb -16.3 16.3 —0.203 —0.191 —0.017 —0.019 0.058 0.008
6a —15.0 15.0 —0.145 —0.197 —0.024 —0.013 0.037 0.004
6b —-158.3 18.3 —0.160 —0.196 —0.017 —0.019 0.039 0.006
7a —14.3 14.3 —0.113 —-0.206 —0.020 —0.018 0.029 0.002
7b —14.7 14.7 —0.126 —0.198 —0.025 —0.013 0.031 0.001
“Aq = q (after adsorption) — g (before adsorption), Aff = fi (after adsorption) — fi (before adsorption).
adsorption energy. Therefore, in the optimized states where 6Fe® 2H-Form
the adsorption energy and the binding energy have a larger gl Bee= NO,
absolute value, they are more effective against copper surface aF
corrosion. According to the data in Table 3, the binding 12 ocu, S -
energy for molecule 4b, which has an electron-donating OH -15 | om y;“gg;’g' 12.408
group in the form of 2H-tetrazole, is in the perpendicular 2 T -
position of 22.8 kcal/mol, and this value is the most stable Paralilel 0,
compared to the rest. o =
One of the tools for studying and checking the correlation -12 | 0(325,'1;}13,,1: : o
between different substituents and the nature of the = il & y=ndsadns 12352
interaction of molecules is to use the Hammett equation. In E RRE
Figure S, the adsorption energy graphs are drawn in terms of 2 sk * Pef;'ﬂ;;’;ﬂ
the para substitution (5p) constant for tetrazole molecules and = NO,
their derivatives that are adsorbed perpendicular and parallel g 6 CN
to the copper (1 1 1) surface. As can be seen, for all cases, the E-195f § = 5.5882x - 1841
regression coefficient (R?) is greater than 0.7, which indicates & o34 L oy R =0.7659
a good correlation with the Hammett equation.”’ . ® IH-Form
3.2.2. Geometrical Parameter Study. Adsorption of -11.7 - Perpendicular No,
tetrazole isomers in parallel and perpendicular modes on the -15.6 - _cm, o . puet -
copper surfaces caused some geometrical changes in rings. 1195 _0"0(".*3 . y = 5.2559x - 17.865
According to Table 4, which presents the essential geometrical ik . . (R?=0.7902
parameters of tetrazole derivatives adsorbed on the copper " 042 021 000 021 042 063 084

surface, for the NO, and CH;O substituents, the N1-N2
bond length was obtained 1.357 and 1.366 A, in parallel
configuration, while for the perpendicular mode were 1.350
and 1.363 A for the 7a and 3a isomers, respectively. These
values for the b isomers were 1.330 and 1.346 A (in the
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8,

Figure S. Graphs of adsorption energy in terms of para substitution
for different functional groups in tetrazole molecules.
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Table 4. Important Geometrical Parameters of Tetrazole Derivatives after Adsorption on the Cu (1 1 1) Surface

NI1-N2 N2—-N3 N3—-N4 N1-CS N4-CS N1-H N2—-H N2—Cu* N3—Cu*
Parallel
la 1.358 1.300 1.365 1.347 1.324 1.016 3.244
1b 1.331 1.338 1.319 1.336 1.357 1.018 3.168
2a 1.358 1.306 1.359 1.353 1.330 1.018 2.788
2b 1.346 1.346 1.347 1.335 1.363 1.019 2.556
3a 1.366 1.311 1.361 1.355 1.327 1.020 2.594
3b 1.346 1.346 1.347 1.335 1.363 1.019 2.461
4a 1.367 1.300 1.364 1.348 1.324 1.018 2.362
4b 1.338 1.336 1.330 1.338 1.354 1.019 2.229
Sa 1.363 1.312 1.365 1.349 1.310 1.018 3.354
Sb 1.335 1.340 1.327 1.329 1.345 1.019 3.277
6a 1.353 1.305 1.352 1.362 1.340 1.019 3.489
6b 1.326 1.345 1.311 1.347 1.370 1.019 3.336
7a 1.357 1.301 1.359 1.355 1.337 1.016 3.551
7b 1.330 1.341 1.312 1.345 1.367 1.017 3.382
Perpendicular
la 1.335 1.313 1.349 1.344 1.328 1.029 2.111
1b 1.326 1.344 1.322 1.339 1.350 1.026 2.092
2a 1.357 1.309 1.349 1.346 1.334 1.030 2.109
2b 1.327 1.341 1.319 1.343 1.357 1.025 2.089
3a 1.363 1.306 1.356 1.348 1.328 1.027 2.108
3b 1.335 1.337 1.322 1.342 1.355 1.026 2.086
4a 1.366 1.306 1.354 1.313 1.326 1.029 2.099
4b 1.331 1.339 1.325 1.342 1.347 1.027 2.080
Sa 1.361 1.314 1.355 1.344 1.313 1.029 2.125
Sb 1.331 1.343 1.326 1.332 1.341 1.027 2.114
6a 1.352 1.318 1.334 1.361 1.346 1.025 2.166
6b 1.322 1.350 1.315 1.350 1.364 1.026 2.121
7a 1.350 1.322 1.337 1.351 1.332 1.023 2.183
7b 1.328 1.349 1.320 1.351 1.343 1.022 2.173

parallel mode for 7b and 3b) and 1.325 and 1.335 A for the
perpendicular mode, respectively. One of the main geo-
metrical parameters which may pertain about the molecular
inhabitation of tetrazole derivatives is the N—Cu* distance.
The results of calculated N—Cu* bond lengths are presented
in Table 4. For the tetrazole derivatives in the parallel mode,
the calculated values for the 1H and 2H-tautomers are in the
range of 2.362—3.551 and 2.229-3.382 A, respectively. The
tetrazoles with electron-donating groups lay at the least
lengths and in parallel mode. On the other hand, the distances
of tetrazole rings from the copper surface are in the range of
2.099-2.183 and 2.080—2.173 A for the 1H and 2H-
tautomers in the perpendicular mode, respectively. The least
distance was observed for the S-hydroxy tetrazole, indicating
the effect of the substituent on adsorption efliciency.

3.2.3. Comparison of Mulliken Charges and Fukui
Functions. Electric charges in corrosion inhibitor molecules
are one of the most substantial factors which are accountable
for the interaction with a metal surface. In Table 3, critical
quantum chemical factors dependent on the molecular
electronic structures of tetrazole derivatives and metal surface,
including the difference between the Mulliken charges (Ag),
tendency nucleophilic attack (Aff), and electrophilic attack
(Afy) before and after the tetrazole adsorption are presented.
Through the Mulliken population analysis, information can be
obtained about the charge values of the d center in each atom
in a molecule. By Mulliken atomic charge analysis, inhibitor
adsorption centers and charge distribution in the entire
framework of the molecule are estimated. Aq positive for the
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N2 atom in 1H-form and the N3 atom in 2H-form (Figures 6
and 7) show that the electron transfer from the inhibitor
molecule to the copper surface has occurred. As can be seen
from Table 3, Aq has become positive for most of the
molecules, which indicates their good effect on surface
protection. It should be mentioned that in the molecules Sa,
Sb, 6a, 6b, 7a, and 7b, which are placed parallel to the surface,
the charge has been transferred from the surface to the
inhibitor molecule and Aq has a negative value (respectively,
equal to —0.010, —0.005, —0.016, —0.015, —0.053, and
—0.022). Also, Aq is higher in molecules with electron-
donating groups and in the 2H-form. For example, in the
perpendicular mode, in the case of 4b (having an electron-
donating OH group), the value of Aq for N3 is 0.077 and for
Cu* is 0.012, while in molecule 7b (having an electron-
withdrawing nitro group), these values are equal to 0.031 and
0.001, respectively. Therefore, the electron transfer from the
molecule to the surface is better in 4b than in 7b.

In the following, we will discuss the Fukui functions.
Generally, the larger the Af{ in the N2 atom for the 1H-form
and the N3 atom for the 2H-form (Figures 6 and 7), the more
suitable that molecule is for nucleophilic attacks or, in other
words, for surface protection. By transferring the negative
charge to N2 in the 1H-form and N3 in the 2H-form, the
electron-donating groups make them good nucleophiles, and
conversely, the electron-withdrawing groups increase their
electrophile. This fact is evident in the values of Aff.
According to Table 3, for molecules 2a, 2b, 3a, 3b, 4a, and 4b
in the perpendicular position, the values of Afy are equal to
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After adsorption in
Parallel

Figure 6. Optimized distances of N2—Cu* in 1H-form tetrazole
molecules and their derivatives on copper (1 1 1) surface after
adsorption in perpendicular and parallel positions.

—0211, —0.218, —0.218, —0.219, —0.222, and —0.229, and
the values of Af; are equal to —0.184, —0.168, —0.161,
—0.158, —0.131, and —0.121. For molecules Sa, Sb, 6a, 6b, 7a,
and 7b in the perpendicular position, values of —0.193,
—0.203, —0.145, —0.160, —0.113, and —0.126 for Af; and
values of —0.195, —0.191, —0.197, —0.196, —0.206, and
—0.198 for Afy are observed, respectively. Therefore, in the
2H-form molecules with electron-donating groups of CHj,
CH;0, and OH, we see an increase in Af, and in the 2H-
form molecules with electron-withdrawing groups of F, CN,
and NO,, we also see a decrease in Aff.

After adsorbing the inhibitory compound, the Cu* atom
becomes more negatively charged, its tendency to electrophilic
attack decreases and its tendency to nucleophilic attack
increases. After the perpendicular adsorption of the 2b
molecule on the copper (1 1 1) surface, the values of Ag,
Afi, and Afy for Cu* are —0.018, —0.017, and 0.004,
respectively.

3.2.4. Comparison of PDOS Diagrames. In Figure 8, PDOS
diagrams related to the 3d orbital of Cu* and 2p orbital for
N2 in the 1H-form and N3 in the 2H-form of tetrazole

9986

’ After adsorption in ’

Figure 7. Optimized distances of N3—Cu* in 2H-form tetrazole
molecules and their derivatives on copper (1 1 1) surface after
adsorption in perpendicular and parallel positions.

molecules and their derivatives before and after adsorption are
drawn. As can be seen, before the adsorption of the inhibitor
molecule, the peaks related to the 2p orbital are sharp, and
after that, they are wide. Also, all positive energy peaks have
been removed after adsorption, which indicates the interaction
of the 2p orbitals of N2 or N3 with the 3d orbital of Cu*. The
peaks related to orbital 3d Cu* have also remained almost
constant. Also, in these graphs, the Fermi energy level, which
is marked with a dashed line, is set to zero, and the energy
value is approximately in the range of —25 to +20 electron
volts. By examining the PDOS diagrams (Figure 8), it was
observed that among molecules 1a and 1b, the intensity of the
peak of molecule 1b had decreased more in conditions
perpendicular to the copper surface. Also, these changes in
tetrazole molecules in the 2H-form, which are perpendicular
to the copper surface with electron-donating functional
groups, are more than electron-withdrawing groups (especially
in molecule 4b with the OH functional group) and therefore
have a more effective reaction with the surface.

3.3. MC Simulation Study. The optimized structures of
tetrazole molecules and their derivatives on the copper (1 1 1)

https://doi.org/10.1021/acsomega.2c07185
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Figure 8. PDOS diagrams related to 2p-N and 3d-Cu* orbitals of tetrazole molecules and their derivatives before adsorption and after adsorption

parallel and perpendicular to the copper (1 1 1) surface.

surface, along with 80 water molecules and 2 HCI molecules,
are shown in Figure 9. The information obtained from the
MC simulation is also listed in Table 5. As seen, in both
adsorption modes (perpendicular and parallel), the absolute
value of the adsorption energy of inhibitor molecules is higher
than the adsorption energy of water and HCI molecules.
Therefore, tetrazole molecules and their derivatives are
successful in the adsorption competition on the copper
surface. For example, in 1a, 2a, and 6a molecules in paralle],
the amounts of adsorption energy are equal to —826.0,
—834.7, and —813.5 kcal/mol, respectively, and the amounts
of water adsorption energy for them are —10.3, —11.4, and
—11.6 kcal/mol, and the values of this parameter for HCI are
reported as —6, —7.3, and —3.6 kcal/mol, respectively.

Also, in Table 5, by examining the total energies of tetrazole
molecules and their derivatives, the role of each of them in
preventing surface corrosion can be compared. For example,
in the molecules of 1b, 4b, and 7b, the total energy values are
—828.2, —843.1, and —815.3 kcal/mol, respectively, in the
state perpendicular to the surface. Therefore, inhibitory
molecules with electron-donating groups (CH,;, CH;0O, and
OH), which are placed perpendicularly to the Cu (1 1 1)
surface, have a greater effect in protecting the surface against
corrosion by donating electrons to the d orbital of the copper
surface.

3.4. Comparison of Previous Studies with This
Project. Considering the importance of protecting the copper
surface against corrosion, many theoretical and practical
studies have been conducted in this field. In Table 6, the
values of absorption energy in previous research are given for
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comparison with this study. As can be seen, the absolute value
of the absorption energy for the studied compounds in the
case perpendicular to the copper surface in this project is
greater than the others, which indicates a better connection
with the surface and more effective protection against
corrosion.

In this study, the calculation of various parameters showed
that electron transfer to the surface is better in compounds
containing electron-donating groups. Also, the adsorption of
the inhibitor perpendicular to the copper surface shows a
greater ability to transfer electrons from the molecule to the
surface. These findings were confirmed by comparing the
adsorption energies, reducing the N—Cu* bond length,
increasing the amount of negative Mulliken charge in Cu,
and reducing its electrophilic character.

4. CONCLUSIONS

In this research, a theoretical investigation was carried out by
calculation of quantum chemical parameters, DFT calcu-
lations, and MC simulation for the anti-corrosion properties of
tetrazole tautomers and their derivatives on the copper (111)
surface. Among the different surfaces of copper, a 3 X 3 X 1
supercell was created for copper (1 1 1). MC simulation was
also done with 80 H,O molecules and 2 HCl molecules.
These calculations were performed for the electron-donating
groups CH;, CH;O, and OH, as well as for the electron-
withdrawing groups F, CN, and NO,, in two different
configurations of the tetrazole molecule (1H- and 2H-form),
and in the perpendicular and parallel states of the Cu (1 1 1)
surface. The results showed that tetrazole molecules and their
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After adsorption in

Figure 9. Optimized structures of tetrazole molecules and their derivatives after perpendicular and parallel adsorption on the Cu (1 1 1) surface
by MC simulation in the presence of 80 H,0O molecules and 2 HCI molecules.

derivatives having negative and larger adsorption energies than
H,O and HCI can be used as corrosion inhibitors to protect
copper surfaces. In this process, by transferring electrons from
anti-corrosion compounds to the copper atom, or in other
words, by compensating for the lack of electrons in the copper
atom, protection against corrosion is created by inhibitory
molecules. Also, molecules with electron-donating groups in
the form of 2H isomers and perpendicular to the surface
(especially, the S-hydroxy-2H-tetrazole molecule with absorp-
tion energies equal to —22.8 and —860.6 kcal/mol,
respectively, in the gas phase and in 2% hydrochloride
solution) have a better performance against corrosion. They
show copper. Also, the analysis of PDOS, Mulliken charges,
Fukui function, geometric parameters, and MC simulation
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confirm these findings. These results can help researchers in
designing and synthesizing more effective molecules in
corrosion protection. We hope that the experimental
investigation of this process and its comparison with the
theoretical results obtained in this work will be done in the
future. In addition, the coverage-dependent feature of the
inter-adsorption interaction should be calculated by perform-
ing calculations with the help of CASTEP tool to investigate
the formation of periodic structures or islands on Cu (1 1 1)
and the strength of inter-adsorption interactions. Also, on
other surfaces of copper and most supercells, and with the
help of MC simulation in solutions with higher concen-
trations, the anti-corrosion properties of these compounds
should be investigated.
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Table S. Data from MC Simulation in the Presence of 80 H,0 Molecules and 2 HCI Molecules

total energy

(kcal/mol)
la —808.5
1b —-813.1
2a —817.2
2b —820.1
3a —820.4
3b —821.0
4a —836.1
4b —838.4
Sa —799.6
Sb —806.5
6a —796.0
6b =797.1
7a =797.1
7b =794.7
la —826.2
1b —828.2
2a —830.2
2b —832.6
3a —833.1
3b —833.9
4a —838.8
4b —843.1
Sa —822.3
Sb —826.2
6a —817.2
6b -817.7
7a —804.9
7b —815.3

adsorption energy
(kcal/mol)

—826.0
—830.6
—834.7
—837.6
—837.9
—838.5
—853.6
—855.9
—817.1
—824.0
—813.5
—814.7
—814.7
—812.2

—843.7
—845.7
—847.7
—850.1
—850.6
—851.5
—856.3
—860.6
—839.8
—843.7
—834.7
—835.2
—822.5
—832.8

rigid adsorption energy deformation energy dE, 4/ dN; water
(kcal/mol) (kcal/mol) (kcal/mol) dE,4/dN; HCI (kcal/mol)
Parallel
—876.0 50.0 -10.3 —6.0
—881.3 50.7 —-11.2 =59
—885.9 S1.3 —114 =73
—888.6 51.0 —-10.2 —4.7
—888.6 50.6 —13.1 2.4
—889.4 51.0 —-12.0 —4.4
—903.8 50.1 —-12.7 —6.2
—905.9 50.0 —13.1 =54
—867.2 50.1 —10.2 =75
—872.1 48.2 —-12.3 -3.4
—863.8 50.3 -11.6 -3.6
—865.3 50.7 —-11.9 —4.6
—865.3 50.7 —-11.9 —4.6
—862.1 49.8 -9.0 —4.6
Perpendicular
—893.9 50.2 —-12.5 =3.1
—896.2 50.5 —-12.2 =7.5
—898.4 50.7 —-12.6 —6.1
—899.3 49.2 —-12.9 =7.0
—900.4 49.7 —-12.7 —6.3
—900.4 48.9 —-13.0 —6.6
—905.7 493 -13.0 —4.5
—910.8 50.2 —-13.3 -3.8
—890.1 50.3 —11.1 -3.6
—894.4 50.7 —-13.0 —4.9
—885.9 S1.3 —-11.4 =73
—885.6 50.4 —-12.2 =73
—873.3 50.9 —-12.3 =5.0
—884.7 52.0 —-11.9 —4.6

Table 6. Comparison of Adsorption Energy of Previous
Studies with This Project

41
Kumar.et al.

137

Tan.et al

Kovatevi¢ and Kokalj*’

Kokalj.et al.”’

this study

adsorption energy

(kcal/mol)

compound parallel perpendicular
imidazole —-11.9 -14.0
purine —-16.6 —16.8
adenine -21.6 -17.9
PT —14.5 -15.9
5-2-BPT —16.6 -16.8
5-4-BPT —14.9 -16.3
imidazole —15.9
triazole —12.68
tetrazole —-9.91
pentazole -5.07
ATA —-13.8
BTAH —16.6 -9.2
BTAOH —22.3 -10.6
la —-12.7 -16.5
1b —12.8 —-17.1
2a —-13.0 —18.4
2b —-13.2 —18.6
3a —13.6 —19.4
3b —-13.7 -20.2
4a —14.0 —-21.8
4b —14.1 —-22.8
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