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Abstract: A theoretical study of the inhibition efficiency of three 2,3,4-trisubstitutedthiophenes has been
thoroughly probed using density functional theory B3LYP/6-31G(d) level. The calculated global quantities
such as electrophilicity and nucleophilicity show that the three organic inhibitors are nucleophiles. The
obtained values of charge transfer and energy of back-donation show that the 2-amino-4-(4-
bromophenyl)thiophene-3-carbonitrile is the best inhibitor. Parr function indices have been calculated to
determine the most preferred sites for the nucleophilic attacks towards the electrophilic transition metal
surface of copper. The electrostatic surface potential has been mapped in order to explore the major regions
of the molecules responsible of the inhibition. It is found that the zone surrounding the nitrogen atom and
the m-aromatic system of benzene are the one forming the protection layer. The theoretical results are in

good commitment with the experimental results.
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1. Introduction

Corrosion is a phenomenon that occurs when
metals get in touch with an aggressive environment;
resulting several consequences particularly in
industry: renewal of corroded materials, loss of
production, environmental pollution and serious
accidents causing sometimes severe economic
damages [1]. Most industrial equipment’s can
suffer from corrosion and must be designed with
anti-corrosion treatments and matters.

To control and combat this undesirable
phenomenon, various effective and preventive
strategies have been developed: material selection,
cathodic protection, coatings and the use of organic
inhibitors [2]. The latest strategy appears to be the
most practical and mildest.

In general, these inhibitors have shown good
inhibition performance for many metals. In recent
years rapid progress has been made in the synthesis
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of a variety of compounds such as quinols,
quinoxalines, triazoles  and
imidazolines [3]. Those molecules adsorb to the

pyridiniums,

metal surface, by physical or chemical interactions
blocking then one or more of the undesirable
reactions occurring at the solution/metal interface
and thus protecting the metal from dissolution [4].
This adsorption is carried out via heteroatoms such
as nitrogen, oxygen, phosphorus and sulfur, triple
bonds or even aromatic rings [5]. The Inhibition
efficiency follows the sequence O <N<S<Pasit
has been cited in literature [6].

Among the heterocyclic molecules which are
widely studied in corrosion protection are the
derivatives of thiophene. These molecules offer a
particular affinity for inhibiting metal corrosion in
acid solutions [7]. As suggested by Bockris and
Swinkels [8], this inhibition is caused by the great
affinity of sulfur atom to the metal and it is easily
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adsorbed on the metal surface by removing the
water molecules readily existing on that surface.
Thiophenes and related compounds containing
functional electronegative groups such as nitrile
group and nt-electrons in triple or conjugated double
bonds are usually good inhibitors [9]. For example,
a new benzothiophene-3-carbonitrile derivative has
been reported as an effective copper corrosion
inhibitor in hydrochloric acid. The structure of this
inhibitor holds another additional nitrile group [10].
On the other hand, in recent years, theoretical
chemistry and molecular simulation studies have
been used to put in evidence a better understanding
of some of the unknown properties of inhibitors
interacting with metal surfaces. Calculations based
on density functional theory have proved that they
are very powerful tool for studying the electronic
and structural properties of inhibitors [11-12].

The geometry of the inhibitor molecule in its
fundamental state and the nature of their molecular
orbitals (HOMO; highest occupied molecular
orbital and LUMO; lowest unoccupied molecular
orbital) are directly involved in the inhibiting
properties of these molecules.

Several articles have appeared in the literature
using DFT as a theoretical tool in correlating
inhibition efficacy and electronic
properties/molecular  structures of  organic
compounds used as corrosion inhibitors. For

instance, Benali et al. [13] investigated the carbon
steel corrosion inhibition of 2-mercapto-1-
methylimidazole (MMI) molecule in 1 M HCIO4
using DFT theoretical methods. Knowing that there
are two forms thiol and thione for the (MMI), the
HOMO and LUMO energies, energy gap, and
dipole moment were calculated for both forms. The
thione form was found to have the highest Exomo
and dipole moment, and the lowest Erumo and
energy gap values. In addition, Sahin et al. [14]
conducted a study on the dependence of the
inhibition efficiencies of three heterocyclic
compounds namely: 3-amino-1,2,4-triazole (3-
ATA), 4-hydroxy-2H-1-benzopyran-2-one (4-HQ),
and 4-hydroxy-3-(1H-1,2,4-triazol-3-ylazo)-2H-1-
benzopyran-2-one (3-ATA-Q) using B3LYP/6-
31G(d) method. According to their theoretical data,
a good agreement was found between experimental
and theoretical data on the basis of several
calculated parameters such as; HOMO and LUMO
energies, energy gap, net atomic power, charges,
dipole moments, and interaction energies.

The aim of this study is to investigate theoretically
the inhibition efficacy of three organic heterocyclic
molecules (Figure 1) on copper using DFT method
and various theoretical approaches such as global
and local indices, charge transfer, energy of back-
donation.

2-amino-4-p-tolylthiophene-3-carbonitrile

(ATTC)

2-amino-4-(2-methoxyphenyl)thiophene-3-
carbonitrile

(AMTC)
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g
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2-amino-4-(4-bromophenyl)thiophene-3-
carbonitrile (ABTC)

Figure 1. Chemical structures of the studied inhibitors ATTC, AMTC, and ABTC.

2. Computational Method

The theoretical calculations have been performed
using Gaussian 09 suite of program [15]. All the
structures have been optimized and localized at
B3LYP DFT method in conjunction with the basis
set 6-31G(d) [16-20]. Each optimization has been
followed by frequency calculation to check that
each structure corresponds to a real minimum.
Within the standpoint of frontier molecular orbital
theory, the ionization potential IP and electron
affinity EA related to the highest occupied
(HOMO) and lowest unoccupied molecular orbitals
(LUMO) can be defined by the following equations
[21]:

EA ~ —0.65E, 0 — 0.38 (1)
/P~—0.78E om0 + 317 )

Hence, x and 1 can be written as [22]:

1

X= _E(ELUMO + Enomo) 3)
1

n=s3 (Erumo — Enomo) )

The electrophilic power of a given system is
characterized by the electrophilicity index o [23]:

w=+ (5)

The nucleophilicity is defined by Domingo’s group
by the expression [24]:

N = Eyomowu) — Enomocrce) (6)

where EHOMO(TCE) is the highest occupied
molecular orbital energy of tetracyanoethylene

(TCE) taken as reference since it presents the
lowest HOMO energy.

In order to calculate Parr indices [25-30], the
Mulliken atomic spin densities (ASD) were
calculated and the following expressions were used
[31]:

Py = pi°(k) for electrophilic attack @)
Pt = pi*(k) for nucleophilic attack (8)

where p$¢ (k) is the cation atomic spin density, and
pi%(k) is the anion atomic spin density.

Using P; and P, it is possible to define the local
electrophilicity N;, and the local nucleophilicity
N_k indices as follow:

Wy, = wPF )

N, =NP; (10)

The number of transferred electrons (AN) was
calculated as [32, 33]:

(Xcu—Xinh)
AN = ——11— 11
2(Mcu+ Ninn) an
where ycu and ywn are the absolute

electronegativities, Ncu and minh are the absolute
hardness of copper and the inhibitor, respectively.
The theoretical value (yc,=4.48 eV.mol 'and n = 0
eV.mol ") for copper were obtained from the
literature [34].

The interaction between the molecule acting as an
inhibitor and the surface of a metal produces a
charge transfer in the way of donation and back
donation of charges. The back donation was
calculated on the basis of the following expression
[35-38]:
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- (12)

The charges transferred to the molecule, are

AEpack-donation =

energetically favored when 1> 0 and AEpack-donation <
0.

3. Results and discussion

In this investigation, we have opted for weight loss
methods to capture a more accurate portrayal of
uniform corrosion, mirroring real-world conditions
with greater fidelity than electrochemical methods.
Our approach aligned with the methodology
outlined in Attar’s prior work [39-40], conducting
measurements in triplicate and calculating the mean
weight loss value, which formed the basis of our
analysis. To quantify the corrosion rate (‘CR”) and
gauge the effectiveness of inhibitors, we employed
the following equation [39]:

CR = Aw/(S X t) (13)

Where, the weight loss (Aw) is expressed in
milligrams (mg), the sample area (S) is represented
in square centimetres (cm?), and the immersion
time (t) is denoted in hours (h).

The corrosion inhibition efficiency (IE %) and
surface coverage (8) were derived from CR values
using the equations [39]:

IE = 100 x (CR — CRy,,)/CR (14)
0 = IE/100 (15)

where CR represents the corrosion rate observed in
the absence of the inhibitor, while CRimn
corresponds to the corrosion rate obtained in the
presence of the inhibitor

Through experimental exploration, we established
the optimal immersion time of 2 hours and a
concentration of 103 g/L, as determined via
gravimetric measurements conducted on copper in
a 1M HNO:; solution at the optimal temperature of
25°C. The inhibition efficiency values are reported
in Table 1.

Table 1. Inhibition efficiency (IE) values of copper metal surface in 1 M HNO; at 10> mol/L
concentration of the studied inhibitors (2 hours of immersion) at 298 K.

Inhibitors IE %
2-amino-4-p-tolylthiophene-3-carbonitrile(ATTC) 83.11
2-amino-4-(2-methoxyphenyl)thiophene-3-carbonitrile (AMTC) 95.51
2-amino-4-(4-bromophenyl)thiophene-3-carbonitrile(ABTC) 96.54

Table 2. HOMO and LUMO energies, EA, IP, global reactivity indices p, n, ®, N, gap, charge
transfer, and the energy of back-donation for the three compounds at B3LYP/6-31G(d) level of theory.

ATTC AMTC ABTC
Enovo(eV) 75.68 75,58 75.88
Erumo(eV) -0.79 -0.66 -1.10
EA (eV) 0.14 0.05 0.33
IP (eV) 7.60 7.53 7.76
o (eV) 1.1 1.0 13
N (eV) 3.7 3.8 3.5
Gap (eV) 4.89 4.92 479
AN 0.79 0.77 0.83
AEback-donation(eV) -1.22 -1.23 -1.20

°
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Figure 2. Frontier molecular orbitals HOMO/LUMO graphs for molecules ATTC, AMTC and ABTC.

As it can be seen in Table 1, the ABTC inhibitor
shows excellent inhibition efficiency with respect
to ATTC and AMTC compounds. The order of the
experimental inhibition efficacy can be done as:
IEagrc> IEamrc™> IEarrc. In  the fOHOWil’lg
subsection, several theoretical approaches will be
deployed to investigate the experimental findings
cited above.

3.1. Global reactivity index

The quantum chemical calculation of the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies as
well as global quantities i.e. chemical potential p,
hardness m, electrophilicity ®, and nucleophilicity
N are given in Table 2.

The nucleophilicity values vary from 3.5 for
molecule ABTC to 3.8 for AMTC. These values are
about three times greater than electrophilicity ones
that are about 1 unit. Basically, this means that the
inhibitor molecules are nucleophiles and then can
exchange electrons with the copper transition metal
ions (acceptors) as donors.

Corrosion inhibition efficiency has to do with the
HOMO energy. The inhibition efficiency of
inhibitors increases as the energy of HOMO
increases as well.

The HOMO explains the capacity of a given
molecule to donate electrons. The HOMO energy
order goes as: Eamrc>Eatrc> Easrtc. The three
molecules have additional -electrons; oxygen,
nitrogen and benzene ring, and thus have the ability
to give unshared pairs of electrons to the empty
orbitals of copper atoms (d-orbitals).

It is worthy to note here that the energy gap value
is little bit larger and is in the same order of
magnitude, where AEamtc>AEartc>AEABTC. In
fact, the inhibition efficiency increases with the
decrease in energy gap of the frontier molecular
orbitals. Therefore, it can be said that the inhibitor
ABTC having the lowest gap presents the highest
inhibition efficiency. This is quite obvious since
this compound has a bromine halogen atom in
addition to nitrogen atoms. This is in good
agreement with the experimental study since the
copper metal surface is electrophile and then its
adhesion to the inhibitor will produce a protection
layer against the acidic media.

The HOMO and LUMO density distribution of the
three molecules are shown in Figure?2.

It is clear that the HOMO is located mainly on the
region surrounding sulfur atom, while the LUMO is
located on the benzene part of the molecules and
this for all the inhibitors.

This leads to say that the region surrounding the
sulfur atom will be the one responsible of reaction
with the copper surface.

The charge transfer AN is of the order of lunit for
the three inhibitors. This fraction of electrons
transferred is lower than 3.6, so the three inhibitors
can be considered as strong electron donors. The
order of charge transfer is:
ANABTc>ANATTc>AN AMTC. The inhibitor ABTC has
the highest AN and is considered to have the highest
inhibition efficiency. Hence, increasing electron-
donating capacity at the metal surface means an
increasing in the inhibition efficiency.

In addition, the back-donation energy calculated
value is negative which means that the charge
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transfer to the entitled inhibitors under study is
energetically favored. This energy decreases in the
following order: ANaprc>ANatrc>ANamrc. This
indicates that the back-donation is much favored for
inhibitor ABTC and is, by this, the best inhibitor.

3.2. Local reactivity index

On the other hand, calculation of Parr function
indices is very interesting and important in terms of
locating the most reactive sites i.e. nucleophilic and
electrophilic sites of a given molecule. The sites of
the molecules with higher values of Pi" are electron

poor sites and tend to be attacked by electron
abundant atoms of another molecule. On the
contrary, the positions of the molecules which have
higher values of Py are nucleophilic sites and can
interact with electron poor positions of another
molecule. Thus, it can be possible the determination
atoms responsible and even the area of the reaction
and in our case the ones that form the protection
layer with copper metal.

The calculated Parr functions for the studied
inhibitors are displayed in following Tables 3-5.

Table 3. Parr functions Px*, Pk, local electrophilicity wx™ and local nucleophilicity Nk of inhibitor
ATTC using Mulliken ASD at B3LYP/6-31G(d).

Atom k Pt Py ok’ Nk
C1 0.07103 0.03322 0.07614 0.12251
C2 0.11064 0.10648 0.11861 0.39264
C3 0.04307 0.02745 0.04617 0.10121
C4 -0.01035 -0.00391 -0.01109 -0.01440
C5 0.17826 0.13952 0.19110 0.51446
Cé6 -0.03476 -0.00706 -0.03727 -0.02603

C11 -0.05769 0.03478 -0.06184 0.12823
C12 0.24308 0.09709 0.26059 0.35800
C13 -0.01635 -0.00614 -0.01753 -0.02264
N17 0.02167 0.16643 0.02323 0.61371
C20 0.01745 -0.01689 0.01871 -0.06230
N21 -0.00161 0.02990 -0.00172 0.11025
S22 0.09371 0.01576 0.10047 0.05811
C23 0.00415 -0.01530 0.00445 -0.05640
C24 0.33127 0.41011 0.35514 1.51225

Table 4. Parr functions P, Pi, local electrophilicity @x* and local nucleophilicity Nk of inhibitor
AMTC using Mulliken ASD at B3LYP/6-31G(d).

Atom k Pt Py okt Nk
C1 0.02769 0.08503 0.02746 0.32172
C2 0.10994 0.11807 0.10903 0.44673
C3 0.09582 -0.05595 0.09503 -0.21169
C4 -0.04547 0.11320 -0.04510 0.42829
C5 0.20843 0.05046 0.20670 0.19091
Co 0.00313 -0.01081 0.00310 -0.04091

C10 -0.04243 0.05001 -0.04208 0.18920
C11 0.21878 0.08306 0.21697 0.31426
N12 0.00969 0.15554 0.00961 0.58848
C15 0.01563 -0.02508 0.01550 -0.09488
N16 -0.00081 0.04714 -0.00081 0.17835
S17 0.10692 0.00715 0.10604 0.02706
C18 0.00092 -0.02497 0.00091 -0.09446
C19 0.28048 0.33572 0.27816 1.27018
022 0.00190 0.09394 0.00189 0.35543
C23 0.00097 -0.00573 0.00096 -0.02168
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Figure 3. Atom numbering for inhibitor ATTC.
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Figure 4. Atom numbering for inhibitor AMTC.

24

Figure 5. Atom numbering for inhibitor ABTC.

Table 5. Parr functions Px*, Pk, local electrophilicity @k" and local nucleophilicity Nk of inhibitor
ABTC using Mulliken ASD at B3LYP/6-31G(d).

Atom k Pt Py ok’ Nk
C1 0.07766 0.02294 0.09872 0.07997
C2 0.15053 0.09167 0.19137 0.31956
C3 0.05179 0.01822 0.06584 0.06350
C4 -0.00422 0.00318 -0.00536 0.01108
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Cs 0.21937 0.09892 0.27888 0.34485
Co -0.02983 0.00026 -0.03792 0.00090
C11 -0.04640 0.04344 -0.05899 0.15143
C12 0.15514 0.09152 0.19723 0.31904
N13 0.01437 0.16860 0.01827 0.58777
C16 0.01133 -0.01904 0.01440 -0.06639
N17 -0.00884 0.03354 -0.01123 0.11694
S18 0.08446 0.01324 0.10737 0.04614
C19 0.01027 -0.01791 0.01306 -0.06242
C20 0.33352 0.39006 0.42399 1.35978
Br22 0.00283 0.09012 0.00360 0.31418
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Figure 6. ESP map visualization for studied inhibitors ATTC, AMTC, and ABTC.

Table 6. Values of energy, enthalpy, Gibbs free energy, and entropy calculated in the gas phase at
B3LYP/6-31G(d).

AE (eV) AH (eV) AG (eV) AS (cal.K'.mol")
ATTC -26421,78 -26416,18 -26417,72 119.338
AMTC -28468,16 -28462,40 -28463,97 121.133
ABTC -95315,74 -95311,17 -95312,70 118.749

As it can be seen in Table 4, the values of Parr local
reactivity indices show that the N12, and C19 sites
are the most favored positions for the nucleophilic
attack. Nevertheless, the carbon atoms C1, C2, and
C4 are the most nucleophilic of the benzene cycle
and ought to contribute in the adhesion on the
copper surface.

From the results for the local reactivity descriptors
Nk shown in Table 5, it can be concluded the N13,
and C20 exhibit the highest values and thus will be
preferred sites for a nucleophilic attack. However,

the positions C2, C5 and Br22 of the conjugated
system of benzene seem to have the most
nucleophilic sites.

3.3. Electrostatic potential

Electrostatic potential (ESP) map for the studied
structures is shown in Figure 6. The blue and red
colored spheres correspond to ESP varying from
minimum to maximum level [41-45].

The negative ESP regions are indicated in red,
while the positive regions in blue. The potential
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As it is listed in Table 6, Gibbs free energy

calculation of the inhibitors show that the energy

AGATTc>AGamTc>AGaBTc, S0 that the
can be done as:

that ATTC

surface provides a useful visualization of the total
charge distribution for a given molecule,
subdivided to many colored regions coded in the  order is:
order: red < orange < yellow < green < blue, order of reactivity
indicating the most negative part (red) to the most ~ATTC>AMTC>ABTC meaning
positive one (blue) in order to identify different  molecule is the least stable one and most reactive
whereas inhibitor ABTC is the most stable and then

is the least reactive one.

potentials.
As it is depicted in Figure 6, the most negative areas

are mostly localized on the nitrogen atom belonging
to —CN group and the very nearest surrounding area  3.5. The suggested inhibition mechanism

going down the benzene moiety. This effect The adsorption mechanism of the
corresponds to the abundant m-electron cloud and  molecules acting as corrosion inhibitors follows
itri some steps. The studied inhibitors can adsorb on the

aggregation of electron density due to the nitrile
metal surface through replacement of water

triple bond. However, the most positive zones are
observed at the nitrogen atom of-NH» group and its ~ molecules [46].

organic

immediate neighboring region.
Inhibitor(soiny + XH2O(ads) — Inhibitor(ads) + HoO(soln)
Cu— Cu? +2¢”

3.4. Thermodynamics calculations
The calculated values of different thermodynamics Cu'? + Inhibitorggs) — [Cu — Inhibitor] (s

energy are listed in Table 6.

%.
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Figure 7. Schematic presentation of the suggested mechanism for the adsorption of the studied inhibitors

on the copper surface.
of electrons and the benzene rings, which lead to

form an efficient adsorption mechanism
On the basis of the obtained results shown
previously, the adsorption of the three studied
on copper metal surface can be

Metal ions Cu*? can coordinate with the inhibitor
molecules to produce a copper-inhibitor complex
that forms the protection layer of copper against the
corrosion media (acid) [47]. The type of adsorption
of the organic inhibitor on the metal surface is  inhibitors
directly related to the type of interaction between  schematized as:
the metal surface and inhibitor molecules. The
studied molecules contain nitrogen atoms as donors
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4. Conclusions
In this study, a theoretical study at B3LYP/6-

31G(d) has been done to explore the inhibition
efficiency of some organic molecules on copper
metal using different approaches. The obtained
results show that the three studied molecules
exhibit a nucleophilic character. Parr functions
analysis show that the nitrogen, bromine and some
carbon atoms especially the ones of the benzene
aromatic cycle are the most reactive sites to attack
the metal surface. ESP investigation reveals and
demonstrates clearly the most nucleophilic region
is located on nitrogen atom and the area
surrounding the benzene ring to be the donor of
electrons to the poor electrophilic transition metal
surface of copper. Among the three studied organic
compounds, the 2-amino-4-(4-
bromophenyl)thiophene-3-carbonitrile ~ (ABTC)
displayed the lowest energy gap, the highest charge
transfer and back-donation energy indicating that it
is a strong electron donor and has the best inhibition
efficiency. The inhibitor ABTC presents effective
anti-corrosion potential. The thermodynamics
results show a good stability of the inhibitors
studied. The results of quantum chemical
calculations using B3LYP/6-31G(d) level of theory
comply well with the available experimental data.

inhibitor
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