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Abstract:
Density Functional Theory (DFT) was employed to investigate the global reactivity
descriptors and Mulliken charge distribution, along with structure—activity relationship (SAR)
analysis and molecular dynamics (MD) simulations. These computational methods were
applied to examine how the electronic properties of two compounds namely 2-thiophene
carboxylic acid (TC1) and 2-thiophene carboxylic acid hydrazide relate to their effectiveness
in inhibiting the corrosion of carbon steel in an acidic environment. The results from the
reactivity descriptors, SAR analysis, and MD simulations aligned well with experimental
findings, confirming their corrosion inhibition performance. Furthermore, the Mulliken
charge analysis provided insight into the reactive sites within the molecules, identifying the
atoms most likely involved in electron transfer processes.
Keywords: DFT, global reactivity parameters, Mulliken charges, SAR, MD, TC1, TC2.
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General introduction

General introduction

Carbon steel, a type of iron alloy containing between 0.12% and 2% carbon, is commonly
used in the construction of piping and valves for refineries and petrochemical facilities. Its
popularity is largely due to its cost-effectiveness. However, in offshore environments, carbon
steel is vulnerable to corrosion caused by harsh substances like carbon dioxide (CO,) and
hydrogen sulfide (H,S) found in oil and gas, which can result in significant financial impacts
[1,2].

An effective approach to protecting carbon steel involves the incorporation of organic
molecules as corrosion inhibitors. These molecules have molecular structures containing
heteroatoms (N, P, S, and O), conjugated bonds, and aromatic rings. The adsorption of such
compounds onto the metal surface has proven to be an excellent means of protection [3,4]. By
using these corrosion inhibitors, the adverse effects of aggressive environments on aluminum

can be mitigated, thus ensuring the preservation of its integrity and longevity.

Laboratory techniques, including electrochemical impedance spectroscopy (EIS), gravimetric
analysis, and scanning electron microscopy (SEM), serve as the primary means of
experimental investigation of the anticorrosion activity of the aforementioned chemical
species. However, these techniques have certain limitations. They can be expensive, time-
consuming, not always readily available, and provide insufficient depth to fully understand
the phenomenon under study and its associated mechanisms [5].

Advances in computer technology have paved the way for the use of computational chemistry
as a powerful tool to better understand ambiguities encountered in experimental results [6].
By exploiting the capabilities of computational chemistry, a more comprehensive
understanding of corrosion processes and associated mechanisms can be achieved, thus

offering valuable contributions to the field of corrosion research.

Density functional theory (DFT) approaches have proven very effective in the field of
computational chemistry. By using DFT-based global reactivity descriptors, it becomes
possible to elucidate the underlying reasons for the order of inhibition efficiency observed
during experimental testing of the compounds studied. Furthermore, using Fukui function
analyses, the specific atoms involved in electron transfer during the inhibition process can be
precisely identified and characterized [7]. These results highlight the significant contributions

of DFT methodologies in understanding the complex mechanisms governing the inhibition
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General introduction

process and provide valuable information on the electronic properties and reactivity of the

tested compounds.

The Structure-Activity Relationship (SAR) analysis plays a crucial role in the development of
corrosion inhibitors, aiming to establish a quantitative link between the molecular structure of
inhibitor compounds and their effectiveness in preventing metal corrosion. By examining the
structural features of these compounds, SAR analysis allows for the prediction of their
inhibition efficiency. As a result, it becomes an essential tool in the careful design and

optimization of corrosion inhibitors [7].

Molecular Dynamics (MD) simulation has become an essential tool in corrosion inhibition
research, offering valuable insights into the molecular interactions and mechanisms at play

between corrosion inhibitors and metal surfaces.

In a study, the potential of 2-thiophene carboxylic acid (TC1) and 2-thiophene carboxylic acid
hydrazide (TC2) to protect carbon steel against corrosion in acidic media was extensively
investigated. The results revealed that these two tested compounds exhibit exceptional
inhibitory properties, effectively protecting carbon steel from corrosion. Furthermore, the
comparison of their inhibition efficiencies demonstrated that TC2 outperforms TCI,

indicating that it provides superior corrosion protection for aluminum alloy substrates [8].

The aforementioned research lacks a comprehensive theoretical background to explain the
complex experimental observations previously reported. In this current scientific contribution,
density functional theory (DFT) calculations and structure-activity relationship (SAR)
analyses were used to fully understand the relationship between the anticorrosive activity of
the thiophene derivatives studied and their electronic properties at the molecular level.
This dissertation represents a theoretical study based on DFT and SAR calculations to provide
an explanation of the inhibition efficiency at the molecular level. This manuscript is
structured around three main chapters:
= The first chapter presents a state-of-the-art review of corrosion and protection
methods.
= The second chapter details the quantum computational methods, global chemical
reactivity, local chemical reactivity, and the software used in this study.
= The third chapter presents the computational procedure and discusses the various

theoretical results obtained.
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Chapter 1: State-of-the-art review of corrosion and protection methods

1.1. Introduction:

The first chapter provides general information about the phenomenon of corrosion, its various
impacts, its forms, the parameters that influence corrosion, and experimental methods for
studying this problem. Methods for combating and preventing corrosion are then detailed

here. This chapter will be achieved with a conclusion.
1.2. Definition of corrosion:

Corrosion is a natural chemical process that occurs when metallic materials interact with their
environment and undergo gradual degradation or deterioration. It is defined as the
deterioration of metals and their alloys caused by chemical reactions with corrosive factors

such as oxygen, moisture, acids, bases, or other chemicals present in the environment [9].
1.3. Corrosion modes:
1.3.1. Chemical corrosion:

Chemical corrosion occurs when a metal undergoes a chemical reaction with corrosive
substances without requiring a complete electrical circuit. This can include corrosion by

aggressive chemicals such as strong acids or strong bases [10].

Corrosive media Corrosive media

Metal Metal H
i HQS i 2
(iron) L (iron) —  H,S
P
.{_/ HQS |—|2
H,S FeS (Corrosion
e product)
Reaction of metal iron with Fe +H,S - FeS+H,

anhydrous hydrogen sulfide (H,S)

Figure 1.1: Chemical corrosion mechanism of iron metal by hydrogen sulfide acid (H,S).

1.3.2. Electrochemical corrosion:

This is a corrosion phenomenon that manifests itself through electrochemical reactions

between a metallic material, an electrolyte (usually an aqueous solution), and a complete
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Chapter 1: State-of-the-art review of corrosion and protection methods

electrical circuit. It occurs as soon as a heterogeneity or irregularities exist in one of the
components of the couple formed by the metal and the reagent, thus leading to the creation of
small electrochemical structures, such as batteries or micro-batteries (anodes and cathodes),

which arise in the same region of the metal structure [11].
1.3.3. Bacterial corrosion:

Also called microbiological corrosion, is caused by the action of microorganisms such as
bacteria, algae, or fungi in the presence of a corrosive environment. These microorganisms
can colonize the surface of a metallic material and promote corrosive chemical reactions that
accelerate the degradation of the metal. It can occur under various conditions, including
industrial cooling systems, pipes, tanks, and other metallic infrastructure in contact with water
or liquids [12].

Figure 1.2: Metal corroded by bacteria.

1.4. Forms of corrosion:
1.4.1. Uniform corrosion:

This is characterized by uniform degradation over the entire surface of the material. It occurs
when the metal is exposed to a corrosive environment, generally in the presence of moisture
and oxygen. It can be easily controlled by monitoring weight loss or reducing the thickness of
the metal [13].

Page 4
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Figure 1.3: Metal affected by uniform corrosion.

1.4.2. Pitting corrosion:

Also called localized corrosion, it is characterized by attacks located on specific areas on the
surface of a metallic material by certain anions, particularly halides (chlorides, etc.). It results
in the creation of small perforations, cavities, or holes, often located in specific areas of the
material [14].

Figure 1.4: Metal affected by pitting corrosion.

1.4.3. Galvanic corrosion:
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Chapter 1: State-of-the-art review of corrosion and protection methods

Galvanic corrosion occurs when there is electrical contact between two dissimilar metals in a

conductive environment, causing an electrochemical reaction. Each metal has specific

electrochemical properties, including corrosion potential. When they come into contact, one

becomes the anode and the other the cathode. The anode is the more reactive metal, and

corrosion occurs on its surface. The cathode is the less reactive metal, and remains relatively

protected [15].

Zinc anode
(Zn — Zn2+ 4+ 2¢7)

Figure 1.5: Galvanic corrosion between zinc and iron in agueous environment.
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1.4.4. Intergranular corrosion:

Iron (or steel) cathode
(2H,0 + O, + 4e” — 40H")

Corrosion occurs along grain boundaries or interfaces between grains of a metallic material.

Intergranular corrosion can weaken the bonds between grains, which can cause the material to

disintegrate and crack along the grain boundaries. Crevice corrosion: Crevice corrosion

occurs in crevices or spaces between two or more joined metals. This type of attack is often

associated with small volumes of immobile solution generated by perforations, the surfaces of

joints, lap joints, surface deposits, and crevices under bolt and rivet heads [15].
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Figure 1.6: Metal affected by intergranular corrosion.

1.4.5. Selective corrosion:

Selective corrosion, also called selective dissolution corrosion, specifically affects one of the
elements in a homogeneous alloy, or one of the phases if the alloy is multiphasic, while the
other elements remain intact. This phenomenon results in the formation of pores in the metal

and a reduction in its strength [16].

Figure 1.7: Metal affected by selective corrosion.

1.5. Negative impacts of corrosion:

Corrosion has major repercussions on several levels including industry, the economy, and the

environment. It impacts in these three areas [17]:
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= Corrosion seriously affects metal structures including bridges, pipelines, factories,
reservoirs, etc.), leading to cracks, leaks, or collapses.

= |t can cause machinery or industrial processes to shut down, affecting productivity.

= Corroded equipment becomes dangerous for employees, with an increased risk of
accidents.

= Corrosion requires regular inspections, frequent repairs, and sometimes a complete
component replacement.

= Purchase of resistant materials, surface treatment, protective coatings, equipment
maintenance and replacement.

= Corrosion can cause a production downtime, business interruption, compensation for
accidents or environmental damage.

= Corroded assets lose their market value.

= According to the National Association of Corrosion Engineers (NACE), corrosion
costs approximately 3 to 4% of global GDP each year.

= Corroded structures such as pipelines can release harmful substances into the
environment (hydrocarbons, chemicals, etc.).

= The manufacturing and replacement of corroded parts increases the demand for raw
materials (steel, rare metals).

= The production of new materials to replace those destroyed by corrosion leads to
increased greenhouse gas emissions.

= Leaks caused by corrosion can Kill local flora and fauna.

In the light of previous point we can conclude that corrosion is a pervasive problem with
serious consequences. It harms the safety of industrial infrastructure, weighs heavily on the
finances of companies and governments, and causes considerable environmental damage.
Proactive management of corrosion through prevention, research, and innovation is essential

to minimize these impacts.

1.6. Corrosion protection:

The methods of protection and prevention against corrosion are as follows:
1.6.1. Protection by coating:

The structure to be protected is isolated from the corrosive environment using coatings, which

may be metallic or non-metallic [18].
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1.6.1.1. Metallic coatings:

Metallic coatings are commonly used to protect steel, especially against atmospheric

corrosion. Based on their behavior, they are categorized as [19]:

= Noble coatings where the coating metal is nobler than the base metal for example:
Nickel or copper coating on steel.
= Sacrificial coatings where the coating metal is less noble than the base metal for

example: Galvanization (zinc coating on steel).
1.6.1.2. Non-Metallic coatings:

These coating form a semi-impermeable barrier between the metal surface and the

environment. They include:

= Bitumen-based coatings for buried structures.
= Polymeric coatings such as rubber.

= Paints and varnishes.

= Conversion layers.

= Cement-based layers used in civil engineering [20].
1.6.2. Electrochemical protection:
1.6.2.1. Cathodic protection:

The metal is maintained at a sufficiently negative potential so that a reduction current flows,
preventing oxidation. The typical reaction is water reduction to hydrogen gas. This method

can be achieved in two ways [21]:

« Using a sacrificial anode (a more electronegative metal), directly connected to the protected

structure in the same electrolyte.

« Using an impressed current system, where a direct current power supply connects the

negative pole to the metal and the positive pole to an auxiliary anode.
1.6.2.2. Anodic protection:

This involves applying a slightly positive potential to the metal, just above its passivation
point. It is typically used with naturally passivating materials, such as stainless steel [22].
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1.6.3. Protection using corrosion inhibitors:

Protection by corrosion inhibitors involves adding chemical compounds at low concentrations
either as a permanent or temporary solution (during storage, cleaning, or acid pickling).
The used inhibitor slows or stops corrosion without affecting the physical or chemical

properties of the metal, especially its mechanical strength [23].
1.6.3.1. Properties of corrosion inhibitors:
In general, a good corrosion inhibitor should:

1. Reduce the metal’s corrosion rate without affecting its physical or mechanical
properties.

2. Be stable in the presence of other components in the environment, especially oxidizing
agents.
Be thermally stable at operating temperature.

3

4. Be effective at low concentrations.

5. Be non-toxic and comply with safety/environmental regulations.
6

Be cost-effective.

1.6.3.2. Classification of corrosion inhibitor:

The corrosion inhibitors can be classified using different criteria as following [24]:

1.6.3.2.1. Classification according to the nature of the inhibitor:

1.6.3.2.1.1. Organic inhibitors:

Organic inhibitors are generally made from by-products of the petroleum industry. They
comprise a non-polar, hydrophobic part, consisting of one or more hydrocarbon chains and a
polar, hydrophilic part, consisting of one or more functional groups: amine (-NH>), hydroxyl
(-OH), mercapto (-SH), phosphonate (-PO3zH,), sulfonate (-SOzH), carboxyl (-COOH) and
their derivatives.

Organic inhibitors are generally used in acidic environments; however, due to their
ecotoxicity, they are increasingly used in neutral/alkaline environments. Organic molecules
are destined for more than certain development as corrosion inhibitors: their use is currently
preferred to that of inorganic inhibitors mainly for ecotoxicity reasons. The inhibitory action
of these organic compounds is linked to the formation (by adsorption) of a more or less
continuous barrier, but of finite thickness, which prevents access of the solution to the metal.

Organic compounds used as inhibitors must possess at least one heteroatom serving as an
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active center for their attachment to the metal, such as nitrogen (amines, amides, imidazolines,
triazoles, etc.), oxygen (acetylenic alcohols, carboxylates, oxadiazoles, etc.), sulfur (thiourea
derivatives, mercaptans, sulfoxides, thiazoles, etc.), or phosphorus (phosphorates).
One limitation in the use of these products may be the increase in temperature, as organic
molecules are often unstable at high temperatures. The molecule binds to the surface through
its functional group, while its larger, non-polar portion partially blocks the active surface.
Other structural parameters that can influence the effectiveness of inhibitors include:
= The molecular area of the inhibitor projected onto the metal surface. This projection
depends on the different arrangement possibilities of organic ions or molecules at the
metal/solution interface [25].
= The influence exerted by molecular weight [26].
= The importance of molecular configuration, descriptors of the molecule, namely
HOMO energy, LUMO energy, and dipole moment p...) [27].
- The influence of the nature of the substituent [28].
1.6.3.2.1.2. Mineral inhibitors
Mineral inhibitors are used in neutral/alkaline media but rarely in acidic media. It is often
their dissociation products (anion or cation) that are effective as corrosion inhibitors. The
main inhibitory anions are XO-type oxoanions such as chromates, phosphates, molybdates,
nitrates, nitrites, silicates, etc. [29-31] and among the inhibitory cations we find mainly Ca®*
and Zn2+ ions and those which form insoluble salts with certain anions such as hydroxyl OH.
Mineral inhibitors are used less and less due to their toxicity. Their use is limited to certain
closed-circuit systems [32,33]. The number of molecules in use today is becoming
increasingly limited, because most of the effective products have a harmful side for the
environment. However, new organic complexes of chromium Il and other cations (Zn*,
Ca2+, Mgz+, Mn2+, ....Sr2+, A|3+, Zr2+, Fez+....) have been developed that are effective against
corrosion and non-toxic [34].
1.6.3.2.2. Classification according to the mechanism of action
Depending on the reaction mechanism, inhibition is distinguished by: Adsorption,
Passivation, Precipitation or Elimination of the corrosive agent. There is no single mode of
action for corrosion inhibitors. However, and regardless of the exact mechanism by which
each inhibitor acts under the conditions in which it is placed, there are a number of basic
considerations that apply to all inhibitors.

1.6.3.2.2.1. Electrochemical mechanism of action
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This classification of inhibitors takes into account the electrochemical nature of liquid-phase

corrosion, which involves at least two reactions:
- An anodic reaction of metal dissolution (oxidation reaction):
Mo>M"+ne
Example: Fe — Fe* +ne
- A cathodic reaction of reduction of an oxidant in the solution:
H* + e — 1/2 H, (non-aerated acidic medium)
Or: 0, + 4H" + 4 e — 2 H,0 (aerated acidic medium)

The role of the inhibitor will necessarily be to reduce the rate of one of the two reactions, and
in some cases both simultaneously. If the inhibitor slows the oxidation reaction by blocking
the anodic sites (the site of metal oxidation), it is called an anodic inhibitor. Similarly, if the
inhibitor slows the reduction reaction by blocking the cathodic sites (the site of dissolved
oxygen reduction in an aerated environment or the site of H* proton reduction in an acidic
environment), it is called a cathodic inhibitor. Mixed inhibitors act to reduce the rate of both

the anodic and cathodic reactions [35].
The inhibitor's action can be conceived as:

e The interposition of a barrier between the metal and the corrosive environment. In the
case of acidic environments, the role of adsorption of the compound on the surface
will be essential, strengthening a pre-existing barrier, generally the oxide or
hydroxide layer formed naturally in a neutral or alkaline environment. This
strengthening may consist of an extension of the oxide to the surface, or the
precipitation of salts in weak areas of the oxide: these salts are corrosion products
(reactions with metal cations).

e The formation of a barrier through interaction between the inhibitor and one or more
species in the corrosive medium: this type of mechanism is also specific to neutral or
alkaline environments. Considering these general concepts, it becomes clear that the
mechanism of action of an inhibitor can be considered from two perspectives: a

"mechanism" aspect (intervention in the fundamental processes of corrosion) and a
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"morphology” aspect (intervention of the inhibitor molecule in the inter-phase

structure).
1.6.3.2.2.2. Interphase Mechanisms of Action

Depending on the mode of attachment to the metal surface, two types of inhibitors are
distinguished: adsorption or "interface™ inhibitors and so-called "interphase™ inhibitors. The
former are more commonly observed in acidic environments and act by forming one- or two-
dimensional films of the molecules through adsorption on the metal surface, while the latter
are specific to neutral or alkaline environments and form three-dimensional films that

incorporate the dissolution products of the substrate.
1.6.3.2.2.3. Adsorption of inhibitor molecules on the metal surface

Corrosion can be slowed by the adsorption of an inhibitor on the metal surface. Inhibitors
acting by adsorption are generally organic inhibitors. They prevent the action of the
aggressive environment by attaching to the metal surface. Their attachment is primarily
achieved through the active function of the inhibitor; however, polar components can also be
adsorbed. Between the adsorbed species and the metal surface, there are two types of bonds:
electrostatic bonding and chemical bonding, thus two distinct types of adsorption:

physisorption and chemisorption.

The former, also called physical adsorption, preserves the identity of the adsorbed molecules;
three types of forces must be distinguished: Dispersion forces (Van der Waal, London), which
are always present; Polar forces, resulting from the presence of an electric field; Hydrogen
bonds due to hydroxyl or amine groups. Chemisorption, on the other hand, consists of the
sharing of electrons between the polar part of the molecule and the metal surface, which leads
to the formation of much more stable chemical bonds because they are based on higher
binding energies. The electrons come mainly from the unpaired doublets of the inhibitor
molecules such as O, N, S, P, etc. (all these atoms are distinguished from the others by their
high electronegativity). Chemical adsorption is accompanied by a profound modification of
the distribution of electronic charges of the adsorbed molecules, and often presents an

irreversible mechanism [34].

The degree of inhibition depends on the balance between dissolved and adsorbed species.
Such a balance is expressed by one of the adsorption isotherms. The effectiveness of

inhibition increases in the following order [35, 38]: O<N<S<Se<P
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1.6.3.2.2.4. Inhibition by passivation:

Inhibitors acting by passivation are generally mineral inhibitors. They cause spontaneous
passivation of the metal by reinforcing the oxide layer naturally formed on the metal surface.
They are reduced on the pores of the more or less protective oxide/hydroxide layer that
naturally forms on the metal surface. The chromate ion is one of the most effective
passivating inhibitors, but its carcinogenic nature and high toxicity significantly limit its use.
Buffering agents, which increase the pH near the metal surface, can also promote passivation
in certain cases.

1.6.3.2.2.5. Surface film formation by precipitation:

Precipitation inhibitors cause the formation of a surface film consisting of mineral salts or
poorly soluble organic complexes formed during the precipitation of cathodic reaction
products while blocking anodic dissolution. These are generally weak acid and strong base
salts such as borates, silicates, phosphates, polyphosphates, and zinc salts [21, 32, 39].
1.6.3.2.2.6. Corrosive Agent Removal Inhibition:

Only applicable in closed systems. It is particularly practiced in the closed hot water circuits
of thermal power plants. A small amount of sodium sulfite (Na,SO3) or hydrazine (N2Ha)
added to previously degassed and deionized water removes the last traces of oxygen and thus
eliminates corrosion [32].

1.6.3.4. Application of corrosion inhibitors:

Corrosion inhibitors can be distinguished for use in aqueous, organic, or gaseous media.
Those used in aqueous media are selected based on the pH of the medium. Inhibitors for
acidic media are used, among other things, to prevent chemical attack on metals during
pickling. In the petroleum industry, they are added to drilling fluids. Inhibitors for neutral
media are primarily used to protect cooling water circuits. In organic media, corrosion
inhibitors are used in engine lubricants and gasoline. These fluids often contain traces of
water and ionic species that can cause corrosion. Inhibitors are also used in paints (inorganic
pigments or tannins). Finally, gas-phase inhibitors are generally used for temporary protection
of various metal objects during transport and storage. These are most often organic
compounds with high vapor pressure. These compounds adsorb onto the metal surface and
protect it against atmospheric corrosion [15].

1.7. Experimental methods used to study corrosion [40]:

1.7.1. Gravimetric test:

This method has the advantage of being simple to implement and not requiring extensive

equipment, but does not allow for an understanding of the mechanisms involved during

Page 14



Chapter 1: State-of-the-art review of corrosion and protection methods

corrosion. Its principle is based on measuring the weight loss M (mg.cm-2.h-1) experienced
by a sample with a surface area S during immersion time t in a corrosive solution maintained
at a constant temperature.
The corrosion rate was determined after 24 hours of immersion at a temperature of 25°C. It is
calculated using the following formula:
M (1) M = M1 - M2 (2)
M represents the difference between the initial mass M1 and the final mass M2 after a time t
equal to 24 hours. S is the surface area of the metal exposed to the test solution. This
corrosion rate value is the average of two tests carried out under the same conditions for each
concentration.
The inhibitory efficiency value is given by the following formula:
El % 100 (3)
Where , represent the corrosion rates in the absence and presence of the inhibitor,
respectively.
1.7.2. Linear Polarization Resistance (LPR):
Principle:
Applying a small potential variation around the corrosion potential (10-20 mV) to measure
the current density.
Obtained parameters:
Polarization resistance (Rp), this parameter is inversely proportional to the corrosion rate.
Advantages:

v Fast.

v Non-destructive test.

v Can be used in situ.
Limitations:

v" This technique requires a well-defined electrolyte solution.

v Itis not always suitable for thick passive layers.
1.7.3. Potentiodynamic Polarization:
Principle:
In this technique, we exerted a wide potential range (anodic and cathodic) to plot the current-
potential curve.
Obtained parameters:

v Corrosion potential (Ecorr).

v Corrosion current (lcorr).
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v' Passive behavior.

v' Activation zones.

v" Transpassivation.
Advantages:

v" Mechanistic study.

v" Characterization of corrosion modes can be performed with this technique.
Disadvantages:

v' It is a destructive method.

v’ The test cannot be repeated frequently on the same sample.
1.7.4. Electrochemical Impedance Spectroscopy (EIS):
Principle:

Application of a low-amplitude alternating signal over a wide frequency range.
Obtained results:

Nyquist or Bode plots.

Extracted information:

v" Corrosion resistance.

v Double-layer capacitance.

v Behavior of the protective film or passive layer.
Advantages:

v Highly sensitive method.

v" Non-destructive test.

v Applicable in situ.

Applications:
v Coating monitoring.
v Assessing the corrosion inhibition.
v Long-term degradation detection.
1.7.5. Electrochemical Noise (EN):
Principle:
Measurement of spontaneous current and potential fluctuations between two identical
electrodes.
Use:
Early detection of localized corrosion (pitting, stress cracking).
Advantages:

v" Non-invasive method.
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v Applicable to complex systems.
Limitations:
More complex data analysis; parasitic noise.

1.8. Thiophene and its derivatives as considerable corrosion inhibitors:

Five-membered heterocycles represent an important class of organic compounds due to their
potential properties and applications [41]. Among these compounds, the family of thiophene
derivatives is distinguished [42]. In the five-membered ring, the sulfur atom acts as an
electron-donating heteroatom, contributing two electrons to the aromatic sextet; thiophene is

therefore considered an electron-rich heterocycle.

The literature is indeed abundant with documents concerning the synthesis of thiophene and
its derivatives, given their importance in biology [43], chemistry [44], industry [45], and
medicine [46]. In addition, these compounds have proven to be excellent corrosion inhibitors

for various metals and alloys.

In a study, the inhibitory effectiveness of thiophene-derived Schiff bases on the corrosion of
mild steel X52 in 1 M hydrochloric acid and 1 M sulfuric acid has studied using
electrochemical impedance spectroscopy measurements and surface analysis by X-ray
photoelectron spectroscopy, it was reported that the presence of the Schiff base (L) behaves as
a mixed-type inhibitor by inhibiting both anodic metal dissolution and the cathodic hydrogen
evolution reaction. Besides, the interaction between the surface and the molecule can occur in

both physical and chemical adsorption [47].

Other research examined the protection of copper against corrosion using 3-thiophenemalonic
acid. The experimental data showed that the organic compound was chemically adsorbed onto
the copper surface and that the inhibition mechanism was both anodic and cathodic. Khaled
and collaborators have investigated the inhibitory effect of 2-thiophenecarboxylic acid methyl
ester on iron corrosion in a 1M HCI solution. It was observed that the molecules under probe

could act as excellent cathodic inhibitors [48].

A scientific contribution assessed the corrosion inhibitory performance of certain thiophene
derivatives of the carbon steel surface in an acidic medium. The results show that the
inhibition efficiency increases with increasing inhibitor concentration and temperature. They
also observed that the adsorption of thiophene derivatives on the carbon steel surface obeys

the Langmuir adsorption isotherm [49].
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Other scientific reports demonstrated that the presence of small amounts of 2-(thiophen-3-
yl)ethanamine and 2-(thiophen-2-yl)ethanamine significantly reduces the corrosion process of
steel in sulfuric acid aggressive media [50,51]. Indeed, the inhibitory effect of 2-thiophene
carboxaldehyde on zinc corrosion in 1M H3PO, medium was studied. However, the results
obtained revealed that carboxaldehyde is an effective corrosion inhibitor for zinc in HzPO,

solutions [52].
1.9. Conclusion:

Corrosion is a natural phenomenon that causes component degradation and failure. Although
general or uniform corrosion damage results in maximum destruction of the metal component,
it is easier to prevent. However, other types of corrosion, such as intergranular corrosion or
stress corrosion, are highly destructive to engineering components. All these types of
corrosion have an impact on the environment, the economy, and human life. The results of

various studies have led to the conclusion that timely protective measures can resist corrosion.
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2.1. Introduction:

The physical and chemical properties of matter in its atomic, liquid, and solid forms
and their understanding can be described through the behavior of their constituents,
namely the electron and the nucleus, and their interactions. The interactions among a

large number of electrons give rise to the properties of solids.

The calculation of the electronic structure of molecules and solids is a field that
emerged during the last century and has experienced remarkable growth over the past
forty years, thanks to advances in computing and the increasing power of computers.

For calculating the electronic, structural, and mechanical properties, among others, of
the most complex systems, ab-initio methods have become fundamental tools. These
models are based on quantum mechanics, more specifically on the many-body

Schrédinger equation.

However, since the number of interacting particles is usually enormous, solving the
Schrodinger equation becomes impossible. Therefore, alternative approaches have
been developed to overcome this difficulty. One such approach is Density Functional
Theory (DFT).

The second chapter presents the importance of quantum chemistry, the Schrodinger
equation and its resolution, and the various approximations and methods used for
quantum computing. The descriptors of global reactivity and local reactivity are then
detailed. This chapter concludes with a brief description of the computing software

used in this local study.

2.2. The significance of quantum chemistry:

Quantum chemistry is a branch of chemistry that applies the principles of quantum
mechanics, consisting of the Schrddinger equation, to study and understand the
properties and behavior of chemical systems. It plays a crucial role in understanding
chemical reactions, molecular structure, and the properties of materials. Here are

some of the main advantages of quantum chemistry [53]:
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1. Understanding chemical reactions: Quantum chemistry makes it possible to predict
and explain reaction mechanisms, reaction rates, reaction products, and activation
energies. This allows chemists to design more efficient chemical reactions and

develop new catalysts.

2. Prediction of Molecular Structure: Quantum chemistry can determine the three-
dimensional structure of molecules, including bond lengths, bond angles, and
intermolecular interactions. This helps understand the chemical and physical

properties of molecules, such as polarity, solubility, and reactivity.

3. Study of Material Properties: Quantum chemistry is used to study the properties of
materials, including electrical conductivity, thermal conductivity, adsorption capacity,
mechanical strength, and more. This allows the design of new materials with specific
properties for applications such as electronics, batteries, catalysts, magnetic materials,

and more.

4. Modeling Complex Chemical Processes: Quantum chemistry can model complex
chemical systems such as enzymatic reactions, gas-phase reactions, and interactions
between molecules under real-world conditions. This allows for a better
understanding of complex chemical processes and the optimization of experimental

conditions.

5. Drug Design: Quantum chemistry plays an important role in drug design by
predicting the biological activity of chemical compounds, understanding their
interaction with target proteins, and modeling their stability and pharmacokinetics.
This facilitates the development of more effective and safer drugs. In summary,
quantum chemistry offers a powerful tool for understanding and predicting the
behavior of chemical systems. It enables the improvement of chemical processes, the
design of new materials, and the development of more effective drugs. Its use
continues to advance and have a significant impact on many areas of chemistry and

materials science.

2.3. Schrodinger Equation:

Let us consider a system composed of N atoms and N electrons. In order to obtain

interesting quantities such as the energy E or the wave function, which is a function of
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the coordinates of the nuclei and electrons and contains all the information of the
system, we must solve the time-independent Schrddinger equation, which was

established by Erwin Schrodinger in 1925 [54]. It is written as follows:
H|Y >=E|Y > (2.1)
Where H is the non-relativistic, non-magnetic Hamiltonian, defined as follows:

H=T.+T,+Vee *Vne +Vin (2.2)

Such as:

N >
T, =— z :—mvf : is the kinetic energy of the electrons.
i

Na
T, =— ZA Zh— VZ: s the kinetic energy of atoms.

E Z Ir — . is the electron-electron interaction potential.
JEI A 1
E Z er . is the nucleus-electron interaction potential.

Z 2475°” . s the nucleus-nucleus interaction potential.
pza|Ra—Rs|

We can write the Hamiltonian H in the form:
N N,
h2 a
NN LN EIDNE
;2m ot 4 2Ma ji |rl r]| 7i-Ry
l (ZZNCZ ZAZBez (2 3)
2 B =4 |Ra=Rs| .

Where M, m, 7; and R, denote respectively the mass of the nucleus, the mass of the

electron i, the electronic and nuclear position vectors used to locate each of the

electrons in the system and each of its nuclei A , centered on its atomic sites. The
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indices i= (1,...... , N)and A = (1,....., N ) are thus adopted in order to distinguish

electronic quantities from nuclear quantities.
The Schrddinger equation can therefore be represented in the form:

(Te+Tn+Vee +Vne+Vnn) ¢ (rl, r2,...... R1,R2,...)=E vy (r1, r2,....R1,
R2,...... ), (2.4)

In solid-state physics, the number of interacting particles is of the order of Avogadro's
number~ 10%. This requires a solution to a system of Schrédinger equations
containing a number of simultaneous differential equations of the order of 10%. Since
this system of equations is difficult to solve, it is important to ensure that the
equations are given even in cases of interactions involving a small number of
particles. Therefore, the many approaches to solving this equation rely on a few
fundamental approximations. We begin with the first approximation, the Born-

Oppenheimer approximation.
2.4. Born-Oppenheimer approximation:

The first approximation was developed jointly by Born and Oppenheimer in 1927
[55]. It consists of decoupling the motion of nuclei from that of electrons. Its
justification lies in the fact that nuclei are much heavier than electrons (the mass of a
proton or neutron is approximately 1836 times as large as the mass of an electron).
Atoms are considered to be much slower (because they are larger) than electrons.
Electronic motion can thus be separated from that of nuclei: electrons then move on a
potential energy surface in the field of nuclei. In other words, nuclei appear
motionless to electrons. If nuclei are motionless, their Kinetic energies are zero, and
the interaction between nuclei becomes constant. The wave function can be written as

the product of an electronic wave function and a nuclear wave function according to

Y(7.R) = Yu(R)Y(7.R), (2.5)
The Hamiltonian can thus be defined as:

H=Hc+ Hp , (2.6)
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Where He and Hn denote the electronic and nuclear Hamiltonians, respectively,

subsequently the electronic Schrédinger equation is written:

N N N, N N
_ h? 2 a erZ 1 e?
He=-) JoVi- ) ) "Eoaiy ) o @)
i i A t ; JEI LY

or else:

N
N
He = h ZN et 2.8)
= ) M) Qe -
i

Where hi is the one-electronic Hamiltonian.

The electronic Schrodinger equation can then be written as follows:

H. ., = E ., (2.9)

The Born-Oppenheimer approximation is called adiabatic because it separates the
electronic problem from the lattice vibration problem. This approximation
significantly reduces the degree of complexity. However, since the new wave function
of the system depends on N bodies, other additional approximations are required to
effectively solve this equation.

2.5. Self-consistent field approximation:
2.5.1. Hartree approximation:

This approximation was first introduced by Douglas Hartree in 1928 [56]. Since
Equation 1.9 is a many-body problem (due to the electron-electron interaction term),
it cannot be solved exactly (except for cases involving a single electron The treatment
consists of reducing the many-body problem to a single-particle problem, which
allows for the consideration of approximate wave functions. For this, the simplest
approximation consists of considering the electrons as independent, in which each
electron moves in a mean field created by the nuclei and the other electrons, so their
motion is not correlated. Thus, if we consider two electrons 1 and 2, the probability of
the presence of the electron with coordinates rl in orbital i is independent of that of
the electron with coordinates r2 as exhibited by Figure 1-1.
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Figure 2.1: Electron-electron repulsions.

Hartree's potential is written:

H_ ;3 ()
v = [ dr e

Where v is the Hartree potential for the i electron, which replaces the electrostatic
electron-electron interaction with all other electrons. The electron density in Equation

1.10 is given by:
N 2
pi=) || 210)
jU=D

The Hamiltonian of such a system is written:

He =YV h,, (2.11)

Where h; is the one-electronic Hamiltonian defined as:
h? 2 H
hi = _ﬂ Vi + Vext + Vi ) (212)

h? L ) .
o V? : represents kinetic energy of electron i .- *Electrons are considered to be

independent particles (independent particle approximation), and each electron in the

system moves in the mean field created by the other electrons.
Vexe. Fepresents both the potential due to the nuclei.
V¥ is the Hartree potential for the ith electron.

Furthermore, the total wave function is written as
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IIJHP = (T—{, T—Z), 'ﬁ\l)) = ¢l(r—1))ﬂ ¢](r—2))' ""¢i(r1)' (213)

This function is a product of single-electron spin-orbitals. It is called the Hartree
Product (HP).

The hi operator has a set of eigenvalues/eigenfunctions that turn out to be spin-
orbitals:

hoi(r,) = &¢;(T), (2.14)
Where g;: is the energy associated with the presence of an electron in the orbital spin.

The Hartree potential, given by Equation 1.10, which determines the single-electron
wave functions, is expressed in terms of these same wave functions according to
Equation 1.11.This is why this approach is called the self-consistent field

approximation.

The main flaw in the Hartree method is that it does not take into account the Pauli
principle; the HP wave function is not antisymmetric with respect to the exchange of
coordinates between two electrons. This method treats electrons as discernible
particles and completely neglects electron correlation and exchange effects. The
Hartree-Fock method is a significant refinement of the Hartree method, in which the
Hartree product is replaced by a wave function given by a Slater determinant, which
satisfies the condition of antisymmetry and allows the introduction of electronic

exchange effects.
2.5.2. Hartree-Fock approximation:

The shape of the multi-electron wave function, which correctly describes the
behavior of electrons, can be determined from considerations that take into account

electron physics:

- Electrons are indistinguishable particles; electronic correlation must not be

neglected.

- Electrons are fermions characterized by spatial coordinates and spin coordinates

(intrinsic angular momentum).
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The wave function must therefore be antisymmetric, meaning that the exchange of

two electrons in the wave function must result in the appearance of a negative sign.

¢(x1)x2) = _lp(xZ'xl)! (215)

In 1930, Fock [57] showed that the Hartree approximation does not accept this
characteristic of exchange interactions, because the Hartree multi-electron wave
function violates the Pauli Exclusion Principle and does not satisfy the antisymmetry
condition. To correct this flaw in the Hartree approach, Fock proposed writing the
multi-electron wave function as the Slater determinant of single-electron (spin orbital)

wave functions that are antisymmetric with respect to electron pair exchange:

h1(x1) P2 (x2) =+ Py (x1)
b1 (x2) P2 (x2) - Py (x2)

1

Y = (g, xg, o, 23) = (2.16)

¢1.(xN)¢2.(xN) oy (3.CN)

Where \/% is the normalization constant of this wave function,¢i(j) denotes the i

spin monoelectron orbital and (j) indicates the spatial and spin coordinate of electron

j grouped in the variable

The orbital spins are given by the product of an orbital function qbi(rj) and a spin

function a(o;) where

spin a(l) o= L

2 ¢ @1

a=il
2spin BQ) o=—7

The spin functions, a and B obey, the condition of orthonormality:

(ala) = (B|B) =1 and (a|B) = (Bla) = 0, (2.18)

The Slater determinant satisfies the principle of antisymmetry because it changes sign
if two rows or two columns are swapped. Swapping two rows amounts to changing
the space and spin coordinates of the electron pair. We therefore have the property of

antisymmetry with respect to this exchange [58].
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The spin ¢;(r;) orbitals are the solutions to the Hartree-Fock equation:

Fo;(x;) = g;¢p;(xi), (2.19)

Where F is the Hartree-Fock operator defined for an electron by
hl
F=- %V,-Z + Voye + VHF, (2.20)

Where V™ is the Hartree-Fock potential, which represents the potential applied to
electron i by the other electrons. This potential is expressed using two operators, J and
K [59].

VHF = 3V Ji(x1) — ki(x9), (2.21)

With:

JixD(x1) >= ([ i (02) === di(x2) dxz ) |9(x1) >, (2.22)

1
[r2—74]

Where j;(x4)|is the Coulomb operator representing the average repulsion potential

exerted by an electron located in ¢; on electron 1.
Ki(x)|i(x0) >= (] i (x0) =E= dilx) dxz ) /i(x1) > (2.23)

Where k;(x,) is the exchange operator which comes from the anti-symmetric nature
of the wave function, and has no classical equivalent: the action of k;(x;) on

¢;(x4) causes the exchange of electron 1 with electron 2.

This Hartree-Fock approximation leads to good results, particularly in molecular
physics. However, it always provides an upper bound on the energy. It does not take
into account electronic correlation effects because it assumes that a given electron is
subject to the average influence of the electrons surrounding it, that the electron is
immersed in a mean field created by the other electrons [58].The treatment of
extended systems such as solids remains difficult [59]. It can therefore only handle
systems with few electrons, such as small molecules. The Hartree-Fock method
nevertheless remains an indispensable benchmark. This is why the density functional

method is often used because it considerably and surprisingly simplifies calculations.

2.6. Density Functional Theory (DFT):
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Historically, the Density Functional Theory (DFT) has its origins in the model
developed by Thomas and Fermi. [60,61] in the late 1920s, but 28tw as not until the
mid-1960s that the contributions of Hohenberg and Kohn [62] on the one hand and
Kohn and Sham [63] on the other hand made it possible to establish the theoretical
formalism on which the DFT we use today is based. It states that the energy of a
multi-electron system can be expressed using the electron density, which allows the

latter to be used instead of the wave function in order to calculate the energy [64].
E =E(p) (1.24)

The starting point of DFT is the expression for electron density. If we consider a
system comprising N electrons described by the wave function, the probability of
finding the electron labeled 1 in the portion of space delimited by x; and dx; is given
by [65]:

p(x1) d(x1) = NJ P(xg, x5, x3)P" (X1, X2, e X))y, . dxy, (2.25)

With x, is the spin-orbit coordinate. p(r;) is the density function associated with
electron 1 .Integrating over the spin coordinate o;allows us to define the electron

density

p(ry) = [ p(xday, (2.26)

Electron density has the following properties this theory simplifies the solution of
Schrodinger equation 1.1. Here, the N electrons (3N spatial coordinates) are replaced
by the total electron density which depends on only three spatial variables. The
principle of DFT is to reformulate a quantum many-body problem into a one-body
problem (a function of spin) with the electron density as a variable Vanishes at
infinity and integrates with the total number of electrons (integrating the electron
density with respect to r; (the spatial coordinate associated with electron 1) allows us

to find the number of electrons):

lim P(r) = 0 (2.27)

The number of electrons per unit volume in a given state is called the electron density

and it is denoted p(r):

Jp(r)dr; =N, (2.28)
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Where N represents the number of electrons in the studied system.

Unlike the wave function, electron density is an observable that can be measured by

neutron X-ray diffraction.
2.6.1. Hohenberg-Kohn Theorems:

Once the various quantities have been defined, it is now necessary to lay the
foundations of DFT. These were first expressed in 1964 by Hohenberg and Kohn,
based on their theorems based on the idea of describing the external potential Veys,
and through it the total energy, as a unique functional of the density p(r),a quantity

adopted as the basic variable of DFT. They are broken down into two theorems.

First Theorem: The total energy of the ground state E of a multi-electron system is a

unique functional of the electron density (r) for a given external potential Vey:.

Hohenberg and Kohn's first theorem states that any observable of a non-degenerate
stationary ground state can be calculated, exactly in theory, by means of the electron
density of this ground state. Indeed, the Hamiltonian of a system depends only on the
number of electrons considered and the external potential Ve, Which represents the
interaction between the electrons and the nuclei. The energy functional is expressed

as:
Elp] = T[p] + Veelp] + Vexelp] (2.29)

Or:

- T[p] : is the kinetic energy functional.

-Veelp] : is the interaction potential which represents the interaction between

electrons and electrons.

- Vot lp] : The external potential which represents the interaction between electrons

and nuclei.

Les deux premiéres quantités sont rassemblées en une fonctionnelle universelle FHK,

indé pendante du potentiel extérieur [65] :

Elp] = Fup + [ p(r1)Vex(ry) dry, (2.30)
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The question here is: how can we be sure that such a density is really the density of
the ground state we are looking for? The answer to this question is given by the 2™
Hohenberg-Kohn theorem [58].

Second Theorem: The total energy functional of any multi-particle system has a
minimum that corresponds to the ground state and the ground state particle density
[66].

Hohenberg and Kohn's second theorem states that the energy of a non-degenerate
ground state can be determined by the density minimizing the ground state energy.

We have:
Ey < Elp], (2.31)

Thus, to obtain the energy of the ground state, we will seek to minimize the Energy
functional, and it can be calculated by applying a similar variational principle, but this

time applied to the electron density:

[f—ﬂpo =0, (2.32)

Energy minimization is achieved through the use of the Lagrange formalism,
establishing a Lagrangian with the restriction of the N-representability of the density
[67]:

L[p] = E[p] — u[p(r) dr — N], (2.33)
Where u is the unknown Lagrange multiplier. Minimizing the Lagrangian implies:

5
xp(r)

{Elp] —ulp(r)dr—N]} =0 , (2.34)
as the differential of a functional is expressed in the form :
8F
oF = [ 6—f§f(x) dx |, (2.35)

We can thus rewrite 1.34 as:

8E[p]
[ {W”) - u} Sp(r)dr=0 , (2.36)

This last formula is called the fundamental equation of DFT, and implies that:
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_ SE[P] _ SF uilp]
=g = Vext(r) + 3p(r) (2.37)

DFT states that, if we know the form of Fyk [p] , it is relatively easy to determine the
ground state energy in a given Ve (r). The whole problem now lies in the
formulation of this functional and more precisely comes from the kinetic energy term
T [p] because its expression as a function of electron density is not known. Indeed,
the two Hohenberg-Kohn theorems confirm the existence of this functional, but they
no longer give its form and offer no practical guide for the explicit construction of
Fuk [p] and its components. The only solution to this problem, established with the
aim of providing the necessary foundations to effectively exploit Hohenberg and
Kohn's theorems, is the formalism proposed in 1965 by Kohn and Sham [66]. This
made it possible to circumvent the difficulty in determining Fpx exactly. The Kohn-
Sham (KS) formalism was developed from the simple observation that the exact

kinetic energy of a non-interacting model system is easily calculated.
2.6.2. Kohn-Sham Approach:

In 1965, Kohn and Sham [66] developed a practical method for performing this
calculation approximately. The brilliant idea was to replace the system of N real
interacting particles, which was difficult to study, with a real system of independent
(non-interacting) particles that could be easily studied, such that in the ground state
these two systems had the same density. The starting point was a reference
Hamiltonian in which the electrons did not interact with each other, Ve = 0. They
were only subject to the external effective Kohn-Sham potential Vs (r) = Ve (). This
Hamiltonian behaved in such a way that the density extracted from solving the
equations associated with H was equal to the real density of the system. In this
approximation, the Hamiltonian was written as follows:

N
hZ
Hio=3lih==) Lv+3l,v,0), (2.38)

i=12m

Since Hgs does not contain the electron-electron interaction term, its ground-state
wave function s is described exactly by an antisymmetric wave function with
respect to the exchange, given by a Slater determinant of the monoelectron
spinorbitals ¥ (r) called Kohn-Sham orbitals, exactly as in the HF approximation, this

determinant are obtained after solving the equation:
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[_5 v+ vs] i = &:¢;, (2.39)

Solving equation 1.39 allows us to determine the value of the Kinetic energy
functional without interaction Ts which does not know its expression as a function of
p(r), we know on the other hand how to calculate it by reintroducing an orbital

description.

h2

=2y (oi]-22] ) (240)

2m

It should also be noted that the Kohn-Sham formalism is not solely based on the
use of electron density in the strict sense, since the calculation of the Ts(p) term is

done from molecular orbitals. The density is given by:

N/2
p=23"7 g% (2.41)
For this non-interacting system, the fundamental equation of DFT (equation 1.37)

becomes:

8Ts[p]
sp(r) ’

p=Vs(r)+ (2.42)

We have seen that the expression for the energy of a system containing N electrons

interacting with each other is given by 1.30:

Elp] =Tlp] + [ p(r)Vere () dr + V. [p] (2.43)
With:
T [p]: the kinetic energy functional of the interacting system ,-
Vext[p] : the external potential,-

- Vee[p]: containing both the exchange-correlation functional and the Coulomb
potential. The difference between the two kinetic energies 1.40 and 1.43 is denoted

AT[p] After simplifications, we find that the effective potential Ve (r) is given by:

Very (1) = Vexe (1) + Vi (1) + [ £ 2ol (2.44)

T{-77]

where V,,..(r) is the term due to the external potential coming from the nuclei.
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Ny 2
Vext(r):55ext[P(T)] — _Z Zpe (245)

8p(r) 4 R4’

where Vxc (r) of the exchange-correlation energy is the exchange-correlation

potential defined as a functional derivative Exc:

SExelp()]
Vie(r) = =500 (2.46)

We must thus resolve:

hisdp; = €9, (2.47)

where the Kohn-Sham Hamiltonian is given by:
h2 2
hys = - Vit Veff(r), (2.48)
The solution is performed as follows:

-First, a set of test molecular orbitals is used to determine the density.

-This allows the calculation of the effective potential Vex(r), which allows the
determination of the solutions to 1.43, namely the eigenvalues ¢;and the eigenvectors

¢;. This procedure must be repeated until convergence
2.6.3. The exchange and correlation functional:

In Expression 1.44, the only unknown is the exchange-correlation potential Vxc (p).
The more precise the knowledge of this potential, the more precisely the density will
be known, and therefore the closer the energy will be to the exact energy. This implies
that it is necessary to find an expression for the exchange-correlation functional that
most closely matches the exact expression. To this end, various exchange-correlation

functionals have been proposed.
2.6.4. Local Density Approximation (LDA):

The simplest is the LDA (Local Density Approximation) approach. It was proposed in
the original Kohn-Sham paper in 1965 [66], which consists of considering the density
as that of a homogeneous electron gas for which the electron density is constant at all
points in space, the density varies slowly with position. The electron density is

assumed to be locally uniform. The influence of density variations around a point r on
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the exchange-correlation is neglected, and the exchange-correlation functional is

written.
EX4p()] = [ 24[p(M)]p(r) dr, (2.49)

Where €LP4[p(1)] is the exchange-correlation energy density (energy/particle) of a
uniform electron gas of density (1), :24[p(r)] = €#E6¢[p(r)] . The exchange and
correlation potential corresponding to equation 1.46 becomes:

vlA(r) = POl a2 ()]

(2.50)

8()

The ELPA[p] functional can be decomposed into the exchange contribution

ELPA[p]and the correlation contribution ELP4[p] as [17]:

Ex’lp]l = Ex"[p] + Ec[p] (2.51)

The Dirac formula [27] is given The exchange energy for a homogeneous gas of

electrons ELPA[p] = —C,.[ p*/3(r) dr

exP4p] = —Cep'/3(r), (2.52)
With:

C.=-3/93/m, (2.53)

The method X,proposed by Slater [28], can be considered as an LDA where the

correlation energy is neglected and the exchange part is given by:
eXolp] = — 5 alp'3(), (2.54)

Where a denotes a parameter that was initially taken to be equal to 1. It was
subsequently evaluated for all neutral atoms by Schwartz [68]. It should also be noted
that Kohn and Sham realized that the equation X, was equivalent to LDA and was
identical to the expression of Dirac 1.49 if the correlation was ignored and if in
additiona =2 / 3.
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For the correlation part, no explicit analytical expression of this type is known.
The parameters contained in this functional were determined from the interpolation of
a set of correlation energy values based on quantum Monte Carlo calculations.
Finally, Ceperley and Adler [69], and more recently Ortiz and Ballone [70], have
numerically determined the contribution of correlations by quantum Monte Carlo

simulations.
2.6.5. The Generalized Gradient Approximation (GGA):

The LDA method is local due to the consideration of a density equivalent to that of a
homogeneous gas While most of the corrections that have been introduced to LDA
are based on the idea of taking into account local variations in density, the electron
density gradient was introduced, leading to the Generalized Gradient Approximations
(GGA), which allows for the variation in density in the vicinity of each point to be
taken into account and thus allows, in many cases (but not systematically), a better
description of the bond and therefore provides better results on the total energies and
better geometries for weak bonds [71]. The exchange and correlation energy in GGA

is written as follows:

ESEpM] = [ f(p),|Vpw|)d,. (2.55)

We introduce the improvement factor f. Where f is a function of the local density and

the gradient of the local density.

Most gradient-corrected functionals are constructed as the addition of a correction to
an LDA functional. The most popular exchange functional was developed by Becke
in 1988 [72] and by Perdew and Wang (PW86 and PW91) [73]. For correlation, we
have the functionals of Perdew [74], Lee, Yang and Parr [75], and Perdew and Wang
[76]. However, it should be noted that the GGA approximation does not necessarily
lead to better results than LDA; it all depends on the property being calculated and the

system being treated.
2.6.6. Solving the Kohn and Sham equations:

Solving the Kohn-Sham equations 2.39 requires:
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- the choice of the basis of the wave functions to project the monoelectronic Kohn-
Sham states which can be taken as a linear combination of orbitals called Kohn-Sham

(KS) orbitals written in the following form:

Y;(r) = ﬁ1 CiaPo(T), (2.56)

Where ¢, (r): are the basis functions, C; are the expansion coefficients of the wave

function i, and M represents the number of basis functions.

Solving the Kohn and Sham equations boils down to determining the coefficients C;,

for occupied orbitals that minimize the total energy.

- The choice of the form of the effective potential generated by an infinite number of
nuclei or ions, the external potential, which can be determined in a self-consistent
manner. From a density inp™(r), we calculate Vy and Vxc for a chosen

approximation. The eigen states will generate a charge density out p{’;ﬁtdifferent from

in pi*(r), a new Hamiltonian matrix must be constructed, and the corresponding

eigen states are calculated.
2.7. Hybrid functionals:

Hybrid functionals combine the exchange-correlation of conventional GGA methods
with an exact Hartree-Fock percentage exchange. Providing a significant
improvement over GGA functionals for many properties, they have become very
popular and are now widely used. Among the best known are the PBEO functional
[45, 46] and the B3LYP functional [47]. Hybrid meta-GGA methods (HM-GGAS)
represent a new class based on the same concept as meta-GGA functionals. The
difference lies in the fact that they are derived from meta-GGA functionals rather than
standard GGA functionals. Therefore, these functionals depend on the Hartree-Fock
exchange, the electron density, its gradient, and the kinetic energy density. These
methods represent an improvement over previous formalisms, particularly in
determining energy barriers and atomization energies. Examples include the meta-
GGA hybrid functionals M06 [48, 49] and M0-62X [50] used in my work. Recently, a
new range of hybrid functionals characterized by an exact Hartree-Fock exchange
percentage that varies with the intramolecular distance has emerged to address, in

particular, the long-range exchange potential (Range separated hybrids functionals)
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that classical hybrid functionals cannot adequately address. Examples of these so-
called long-range functionals include the CAM-B3LYP (Coulomb Attenuated Model-
B3LYP) functional [51] and the LC-PBE (Long-range-Corrected-PBE) functional
[52].

2.8. Solvation Method [63]:

We have seen how to obtain the electronic energy, electron density, and energy for an
isolated molecule. The ability to integrate solvent effects into the calculation of
various properties of chemical systems remains a challenge in quantum chemistry, as
it involves the intervention of statistical mechanics and therefore adds higher-order
difficulties. Given that the majority of chemical and biological reactions take place in
solution, theoretical chemists prefer to use models that account for solvent effects.
Two main classes of solvation models are distinguished: ¢ Discrete models, in which
the solvent molecules are explicitly treated in the calculation. They are suitable for
accounting for short-range solute-solvent interactions. The major drawback of this
technique is the considerable increase in the size of the system to be modeled. °
Continuum models, in which the solvent effects are simulated by a dielectric. They
are suitable for reproducing solute-solvent interactions by simulating an electric field
created by the solvent. This technique is considered in this work.

2.8.1. The Polarizable Continuum Model (PCM) [63]:

The Polarizable Continuum Model (PCM) is a good approach for representing
solvation effects, due to the reduced computational time required to simulate a
molecule in solution. Another advantage is that the continuum model is a systematic
approach that eliminates the need to construct solvation shells for each system
studied. In the continuum model, the system considered is an infinitely dilute solution
at equilibrium, represented by the dielectric constant of the real solvent. Using this
model, which is based on the principle of the self-consistent reaction field (SCRF), all
average interactions between the solute and the solvent at thermal equilibrium are
calculated. This approximation is only valid if no specific interactions exist between
the solute and the solvent. To calculate the solute-solvent interaction energy, the first
step is to define the solute-solvent boundary obtained by forming a cavity that
encloses the solute within the dielectric medium and is inaccessible to the solvent.
This cavity is constructed using spheres centered on each atom so as to respect the

shape of the solute; it has a dielectric constant equal to 1 to simulate a vacuum. The
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external dielectric medium has the dielectric constant of the solvent in question es. In
a second step, the solute is placed in the cavity and interacts with the continuum. This
interaction takes place through the charge distribution of the solute, which polarizes
the surface of the continuum cavity. Charges appear at the solute-continuum interface
and induce a reaction potential that modifies the electron density of the solute. The
continuum must then adapt to a new change in the charge distribution that appears at
the solute-continuum interface, and so on until electrostatic convergence is achieved
between the solute-specific charge distribution and that of the cavity surface. The total
solute-solvent interaction energy is given by: The dispersion and repulsion terms
(AEdis /(AErep ) are related to the solute-solvent interactions at the cavity interface.
The total electronic energy of the solvated molecule is the sum of the solute's
electronic energy Eélec calculated by the DFT method in the absence of the solvent
and the interaction energy (AEdinter between the solute and the solvent). The PCM
model used in this work is the Cancés-Tomasi integral equation formalism
implemented in the Gaussian software.
2.9. Global and local reactivity descriptors:
Global and local reactivity descriptors are tools derived from density functional
theory (DFT) used in theoretical and computational chemistry to predict the chemical
reactivity of a molecule or a particular site within that molecule. They allow us to
understand where and how a molecule is likely to react [69].
2.9.1. Global reactivity descriptors:
They characterize the reactivity of the entire molecule.

» HOMO and LUMO energy:
- The Highest Occupied Molecular Orbital HOMO gives an idea of the molecule's
ability to donate electrons.
- The Lowest Unoccupied Molecular Orbital LUMO gives an idea of its ability to
accept electrons.
- The HOMO-LUMO gap provides an indication of chemical stability and reactivity:
a small gap generally indicates a more reactive molecule.

» lonization potential:
The energy required to remove an electron from a neutral molecule.

I = —Eyomo (2.57)

» Electron affinity:
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The energy released or consumed when a molecule captures an electron.
A =—Eymo (2.58)

> Electronegativity:

This quantum parameter measures a system's tendency to attract electrons.
I+ A
X =

2
» Chemical Hardness and softness:

Measures a system's resistance to changing its electron density.

n="22 (2.59)
(2.60)

» The fraction of electrons transferred
The fraction of electrons transferred from the corrosion inhibitor to the electron
deficient metal is defined using the equations below:

_ XFe_Xin
T (2.61)

2.9.2. Local reactivity descriptors
These identify specific reactive sites in a molecule.
» Fukui functions
Indicates the local reactivity of an atom during a nucleophilic or electrophilic attack:

+For a nucleophilic attack (addition of electrons):
F*=qfis1—qi (2.62)

*For an electrophilic attack (withdrawal of electrons):
F™ =q{ — qfi-1 (2.63)

2.10. Molecular dynamics (MD) simulation:

Molecular dynamics (MD) simulation is a widely used computational method for
studying interactions between molecules at the atomic level, particularly in the field
of corrosion inhibitors. Here is a structured overview of how this approach can be
applied to study a corrosion inhibitor.

Molecular dynamics simulation allows:

= To observe in detail the adsorption of the inhibitor on the metal surface.
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= To predict the physicochemical properties (adsorption, diffusion, interaction
energy).
= To analyze the stability of the inhibitor layer.
= To study the effect of different parameters (pH, temperature, concentration,
metal type).
2.11. Calculation programs used in this study:
2.11.1. Gaussian:
Gaussian is a very powerful computational chemistry software program, originally
created by John Pople and released in 1970. This quantum chemistry program gets its
name from Pople's use of Gaussian orbitals to speed up calculations compared to
software using Slater orbitals. Gaussian can predict energies, molecular structures,
vibrational frequencies, and many molecular properties from these basic types of
calculations [77].
2.11.2. HyperChem:
HyperChem is chemical molecular modeling software developed by Hypercube Inc.
It works by combining 3D visualization and animation with quantum chemistry
calculations, molecular mechanics, and dynamics. It is easy and flexible. HyperChem
Release 8.0 integrates even more powerful computational chemistry tools than ever
before, as well as support for several third-party applications. Its drawing and
rendering capabilities and ease of use are industry standards [78].
2.11.3. Materials Studio:
Materials Studio is a molecular modeling and materials simulation software
developed by BIOVIA Accelrys. It is widely used in the fields of chemistry,
materials, physics, and nanotechnology to model, simulate, visualize, and analyze
molecular and crystalline structures [79].
2.11.3.1. Materials Studio Key Features:
e Molecular and crystal modeling.
e Construction of molecular structures, polymers, crystals, and surfaces.
e Interactive 2D/3D visualization.
e Quantum and atomistic simulation.
e Materials properties analysis including electronic, mechanical, and thermal
properties.

e Adsorption, diffusion, chemical reactivity.
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e Simulated IR, Raman, and NMR spectroscopy.

e Simulation of amorphous materials.

e Design of new materials (semiconductors, catalysts, composites.
e Studies of surfaces and interfaces.

e Nanotechnology research.
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3.1. Introduction:

The final chapter of our study focuses on correlating previously reported experimental results
on corrosion, with the aim of better understanding the behavior of corrosion inhibitors at the
molecular level. This chapter adopts a comprehensive approach. First, we present the selected
experimental study, highlighting some essential information such as the materials used,
experimental conditions, and results obtained. Next, we describe in detail the DFT, SAR, and
MD procedures. We explain the underlying principles of these methods and their applications
in our study. This section highlights the molecular and electronic aspects involved in the
corrosion process and the effectiveness of the inhibitors studied. Finally, we provide an in-
depth discussion of the global reactivity parameters. We also analyze the Mulliken charges to
better understand the electronic distribution of the molecules under probe. In addition, we
examine SAR indices and to assess the relationship between the molecular structure of
inhibitors and their anticorrosion activity. MD simulation has been performed to give more
insights about the interactions between the examined compounds and the carbon steel and to
reveal the adsorption type of each corrosion inhibitor. The objective of this discussion is to
clarify the role of each studied molecule and to identify the key factors contributing to their
effectiveness as corrosion inhibitors.

3.2. Experimental background:

A.S. Fouda and co-workers synthesized two thiophene derivatives, namely 2-thiophene
carboxylic acid (TC1) and 2-thiophene carboxylic acid hydrazide (TC2) as shown in Figure
3.1[8]:

S (@]

W

2-thiophene carboxylic acid
TC1

¢}
2-thiophene carboxylic acid hydrazide

TC2
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Figure 3.1: Molecular structures of the tested derivatives.
Their anticorrosion properties for carbon steel in a 1 M HCI solution were studied by
electrochemical impedance spectroscopy and potentiodynamique polarization at 293 K. The
reported results are shown in Table 3.1.
Table 3.1: Corrosion potential (Ecorr), corrosion current density (icorr), Tafel slopes (Bc,Ba),
and inhibition efficacy (IE) in 1M HCI at 298K for tested molecules

. Concentration Ecorr icorr Be Ba IE
Medium 5
(mol/L) (Mv/Ag/AgCl) (MA/cm?) (mV/dec) (mV/dec) (%)
1M HCI 453 972 200 129
1x10° 547 190 102 884 80.5
3x10° 584 141 89 617 85.5
5x107° 542 121 101 152 87.6
TC1 .
7x10° 536 117 128 123 88.0
9x10° 538 108 114 136 88.9
11x10° 531 86.1 105 145 91.1
1x10° 538 99.2 109 130 89.8
3x10° 506 90.4 122 104 90.7
5x10° 473 55.0 130 85 94.3
TC2
7x10° 506 51.7 119 96 94.7
9x10° 503 46.3 116 94 95.2
11x10° 382 22.1 124 33 99.7

From the previous results, it is found that the corrosion inhibition efficiency of TC2 molecule
is higher than that of TC1 molecule. We make a theoretical calculation to understand the close
relationship between the anticorrosive efficiency of the studied thiophene derivatives and their
electronic properties at the molecular scale.

3.3. Calculation details:

3.3.1. Calculation of global reactivity indices:

In this theoretical study, the Gaussian 03 program was used to perform the necessary aqueous-
phase calculations of overall reactivity parameters. The GaussView 6.0 program was used to
process the Molecular Model files of the compounds studied and run the quantum
computations. The geometric optimization of the molecular structures of the corrosion
inhibitors studied was based on density functional theory (DFT), combined with the very
popular hybrid Becke, three-parameter, Lee-Yang-Par B3LYP functional. To ensure the
accuracy of the calculations, the 6-31G basis set was used, recognized for its high accuracy in
determining geometries and electronic properties for a wide range of organic compounds [80].
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Since electrochemical corrosion occurs in a liquid phase, it is appropriate to consider the
effect of the solvent in the calculations. For this purpose, the coherent reaction field theory
(SCRF) with Tomasi polarized continuum model (PCM) was used to perform the solution
calculations. This theoretical approach models the solvent molecules as a field of uniform
dielectric constant (DC = 78.5) and defines a cavity where the solute is placed as a uniform
series of nested atomic spheres [81]. Log-type results are used to calculate the global
reactivity indices, as mentioned in Chapter Il. The obtained chk files are used to visualize the
HOMO and LUMO frontier orbitals distribution within the molecules under investigation.
3.3.2. Mulliken charge analysis:

The contribution of each atom to the electron transfer between the inhibitors examined and
the metal substrate during corrosion protection was estimated by analyzing the Mulliken
charges; these charges are calculated at the DFT/B3LYP/6-31G level of theory.

3.3.3. SAR parameter calculations:

Structure-activity relationship (SAR) indices including polarizability, surface area, molecular
volume, and Log P partition coefficient were calculated using HyperChem 8.0 software.

3.3.4. Molecular dynamic simulation:

The interaction between the studied compounds and Fe (111) surface was performed using
discover module and carried out in a simulation box with periodic boundary conditions and
COMPASS force field (Condensed Phase Optimized Molecular Potentials for Atomistic
Simulation Studies) was used to optimize the structures of all components of the system [4].
Firstly, The Fe crystal was imported and cleaved along (111) plane and a slab of 6 A was
employed. The Fe (111) surface was relaxed by minimizing its energy using smart minimizer
method, and then enlarged to a (10 x 10) supercell to provide a large surface for the
interaction of the inhibitors. A vacuum slab with zero thickness was built. An amorphous cell
was then constructed with the optimized configuration of the inhibitors and water. All the
atoms in Fe (111) surface were kept frozen during the simulation process, only the inhibitors
and water molecules were allowed to contact the aluminum surface freely. Nonbonding, van
der Waals and electrostatic interactions were set as atom-based summations using the Ewald
summation method with a cutoff radius, spline width, and buffer width were set as 15.5 A, 1
A, and 05 A, respectively. The Andersen algorithm [6] was employed to control the
temperature of simulation at different levels. The simulation was performed at 298 K, NVT
ensemble, with time step of 1 fs and simulation time of 50 ps. The dynamic process was
performed until the entire system reached equilibrium, at which both the temperature and the

energy of the system were balanced.The interaction energy Einteraction D€tween Al surface and
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inhibitor molecule and the binding energy Binging Was calculated using the following equations
[71:

Einteraction = Etotal = (Esurface + Einhibitor * Esolution) (11D

Epinding = — Einteraction (12)
Where the Ey,q is defined as the total energy of the entire system, Eg,; rqce@nd Egopyrionar
defined as the total energy of iron surface and Solution respectively. the E;,nipitor 1S the
energy of the adsorbed inhibitor molecule on the surface.
3.4. Results and discussion:
Figure 3.2 shows the optimized molecular structures of the corrosion inhibitors studied,
calculated in aqueous phase at the DFT/B3LYP/6-31G level of theory.

) { 4 {»
f J J/( ‘e
TC1 TC2

Figure 3.1: The optimized molecular structures of the studied corrosion inhibitors, calculated

in agueous phase at the theoretical level DFT/B3LYP/6-31G.
3.4.1. Results of global reactivity parameters:
Quantum chemical parameters such as Enomo, ELumo, energy gap (AE = E_umo - Enomo),
chemical hardness and its reciprocal, chemical softness, electronegativity, chemical potential,
proton affinity, electrophilicity, and nucleophilicity are very effective and useful indices in
metal corrosion studies. The global reactivity indices of the studied corrosion inhibitors were
calculated in the aqueous phase and then collected in Table 3.2. In what follows, we will
discuss the effect of each of the descriptors mentioned in the table on the corrosion inhibition
effectiveness.

Table 3.2: Global reactivity descriptors of the studied corrosion inhibitors, calculated in the
aqueous phase at the DFT/B3LYP/6-31G theoretical level.

Parameter TC1 TC2
n 4.2743 5.4781
Enowmo -6.9294 -6.7253
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ELuvo -1.8871 -1.5536
AE 5.0423 5.1717

| 6.9294 6.7253

A 1.8871 1.5536

1 2.5211 2.5858

o 0.3966 0.3867

" 4.4083 4.1395
® 3.8540 3.3133
AN 3.2671 3.6984

The concept of frontier molecular orbitals (FMOs) proposed by Fukui Kinachi is very useful
for interpreting chemical reactivity. The electronic transition is attributed to the overlapping
interactions between the HOMO and LUMO orbitals of the reagents studied. It has been
found that the ability of a corrosion inhibitor molecule to donate an electron to the deficient
metal substrate increases with increasing HOMO energy (Enomo) [82]. In general, a higher
HOMO energy results in increased inhibition efficiency. The Exomo energy results presented
in Table 3.2 revealed that the inhibitor TC2 has a higher Egomo energy than TC1, which is

consistent with previously reported experimental inhibition efficiency results.

HOMO of TC1 LUMO of TC1
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HOMO of TC2 LUMO of TC2
Figure 3.3: The electronic distribution of the HOMO and LUMO frontier orbitals across the
molecular structures of the examined corrosion inhibitors.
The chemical reactivity of inhibitor molecules is also assessed using another important
quantum descriptor: the energy gap (AE), which is the difference between the E ymo and
Enomo Values. It is expected that a chemical species with the smallest energy gap will be more
reactive and will better protect the metal surface [83]. The theoretical results, presented in
Table 3.2, show that the AE values of the corrosion inhibitors studied follow the trend: TC2 >
TC1, which is in contradiction with the experimental results.
The global chemical hardness (1) and its inverse; the chemical softness (o), are two indicators
of reactivity; chemical hardness quantifies the resistance of a molecule to deformation or
polarization of the electron cloud induced by a chemical reaction. Corrosion inhibitor
molecules with lower chemical hardness values are more effective in protecting metals [84].
The results presented in Table 3.2 indicate that the chemical hardness of thiophene derivatives
follows the trend: TC2 > TC1, which implies that the chemical softness follows the opposite
trend: TC1 > TC2. These results do not validate the order of corrosion inhibitory effectiveness
previously reported.
Electronegativity () represents the ability of an atom in a chemical compound to attract the
shared electron pair. This quantum index is useful for evaluating the chemical reactivity of
corrosion inhibitors. Molecules with lower electronegativity are expected to have an excellent
inhibition effect [85]. As shown in Table 3.2, the electronegativity (y) of TC2 is lower than
that of TC1, suggesting that TC2 could protect the carbon steel against corrosion better than
TC1, which validates the previously reported experimental observations.
The fraction of electrons (AN) transferred from the corrosion inhibitor to the electron-
deficient metal is an important quantum parameter that can be calculated using the Pearson

equation. An inhibitor molecule can donate electrons to the metal if its parameter (AN) is
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positive and less than 3.6. A higher value of AN indicates an increased tendency of the
inhibitor to offer electrons to the deficient d orbital of the metal surface, leading to maximum
corrosion protection [86]. The AN data indicate that the studied inhibitors are electron donors,
with electron donation following the sequence: TC1 < TC2, which correlates well with the
experimental results.

The dipole moment (p) verifies the polarity of chemical species with covalent bonds. A
chemical compound with a dipole moment value different than zero is of polar nature. The
dipole moment (u) is a beneficial reactivity parameter; an inhibitor molecule with a high
dipole moment can easily adhere to the metal, forming a barrier layer capable of protecting
the surface against different aggressive agents, thus increasing the inhibition efficiency [87].
The dipole moment (u) values collected in Table 3.2 increase as follows: TC1 < TC2. This
result is in excellent agreement with the previously reported experimental corrosion inhibition
results.

3.4.2. Mulliken charge analysis results:

The use of Mulliken charges is a commonly used method to identify electrophilic and
nucleophilic attack sites in a molecule. These charges provide a distribution of electron
densities between different atoms, which helps understand the chemical reactivity of various
regions of the molecule. Mulliken charges are obtained from molecular orbital coefficients
and electron population densities calculated using quantum computing methods, including the
Hartree-Fock method or DFT. By assigning a specific electron density to each atom, they

allow us to evaluate the distribution of electrons within the molecule.

Nucleophiles are electron-rich species that attack electron-poor regions. In a molecule,
nucleophilic sites are generally atoms with negative Mulliken charges or more negative
charges compared to other atoms in the molecule [88]. Electrophiles are electron-poor species
that attack electron-rich regions. In a molecule, electrophilic sites are generally atoms with
positive Mulliken charges or less negative charges relative to other atoms in the molecule
[10].

The Mulliken charge distribution across a molecule can be used to predict the potential
adsorption center. For corrosion inhibitors, the greater the negative charge, the greater its
electron-donating capacity. The most negatively charged regions are the most likely
adsorption centers. The Mulliken charges and their numbering for each corrosion inhibitor
studied are listed in Table 3.3 and Figure 3.4, respectively.
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Table 3.3: The Mulliken charge values, calculated in the aqueous phase at the

DFT/B3LYP/6-31G theoretical level.

TC1 TC?2

Atom Charge Atom Charge
C1 -0.3623 C1 -0.4008
S2 0.4363 S2 0.4128
C3 -0.2337 C3 -0.2443
C4 0.1073 C4 0.0982
C5 0.1730 C5 0.1589
C6 0.5078 C6 0.5600
o7 -0.4959 o7 -0.5581
08 -0.1324 N8 -0.1618
- - N12 0.1352

4

TC1

TC1
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Figure 3.4: Numeration of the atoms in the studied molecules.

From the values listed in the mentioned table, it can be seen that the most favorable sites for
interaction between TC1 and the metal surface are the following atoms: C3 and O8, as these
atoms have a higher negative charge, suggesting that these active power plants with excess
charges can act as a nucleophilic reagent. For TC2, the atoms C3 and N8 possess the highest
negative charges compared to the other atoms, which indicates the high tendency of these

atoms to participate in the nucleophilic attack with the electron-deficient metal.
3.4.3. SAR parameters results:

SAR calculations were performed using HyperChem software, and the obtained parameters
are listed in Table 3.4.

Table 3.4: SAR parameters of the examined thiophene derivatives.

Parameter TC1 TC2
a 1251 14.58
LogP -0.41 -1.29
\Y% 381.85 438.34
S 239.38 254.79
HE -7.56 -13.90

Polarizability (o) measures the ability of chemical species to change their electronic
distribution under the influence of an electric field. An increase in polarizability increases the
intrinsic molecular value, thus facilitating the adhesion of the inhibitor to the metal substrate
[88]. The results in Table 3.4 show that TC2 exhibits a higher polarizability (o) than TC1, in
excellent correlation with previously reported inhibition rates.

The partition coefficient (Log P) is a key indicator for assessing the anticorrosive efficacy of
the tested chemical species. As the water solubility of the inhibitor decreases due to its
increasing hydrophobicity, electronic transport to the metal surface becomes more difficult
and slower. This reduces the adhesion of the inhibitor molecule to the metal substrate [88]. As
shown in Table 3.4, the Log P decreases in the following order: TC1 > TC2, which validates

the experimental results.
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The hydration energy (HE) of a molecule indicates its degree of dissolution. This parameter is
crucial for evaluating anticorrosive activity. An increase in hydration energy (HE) tends to
improve the molecule's inhibition efficiency [88]. The data in Table 3.4 show that the

hydration energy follows the order: TC2 < TC1, thus contradicting the experimental results.

The surface area (SA) is a key indicator of corrosion protection. An inhibitor with a larger
specific surface area tends to adsorb more extensively on the metal surface, thus increasing its
effectiveness [88]. The results in Table 3.4 demonstrate that TC2 has a larger specific surface
area than TC1, resulting in a larger surface coverage and increased inhibitory efficiency, in

excellent agreement with the experimental results.

The molecular volume (V) illustrates the ability of an inhibitor compound to cover a metal
surface. Molecules with a flat structure and a large molecular volume have a strong tendency
to cover a large metal surface, thus providing high protection performance. The inhibition
efficiency therefore increases with the molecular volume [88]. A comparison of the molecular
volume values of the studied structures reveals the following order: TC2 > TC1, expecting
that the inhibition efficiency follows the order TC2 > TCL1, which is in perfect consistency

with the reported experimental data.
3.4.4. Molecular dynamics simulation outcomes:

MD simulations have been performed in order to gain a sufficient understanding of the
inhibition mechanism. Figure 3.5 represents the best adsorption configuration (side and top
view) of neutral thiophene based corrosion inhibitors on the carbon steel surface, respectively,
the corrosion inhibitors horizontally adsorb on the iron surface with planar and flat

configurations indicating better protection performance because it can cover a larger metallic
surface [89].
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Figure 3.5: Equilibrium adsorption configurations of the studied inhibitors on Fe (1 1 0)

surface obtained by molecular dynamics simulations top and side view.

The negative values of adsorption energies displayed in Table 3.5 confirmed that the
adsorption of the thiophenes under investigation on metallic surface spontaneous, stable, and
strong. However, the binding energy data given in Table 3.5 increased in the sequence TC1 <
TC2. These theoretical outcomes are in good correlation with the tendency of the reported

inhibition efficacies of earlier experimental study.

Table 3.5: The interaction energy obtained from MD simulation for adsorption of TC1 and

TC2 molecules on Fe (1 1 0) surface.

System Interaction energy (Kcal/mol) | Binding energy (Kcal/mol)
TC1+Fe+H,0 -875.69 875.69
TC2+Fe+H,0 -951.02 951.02
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Figure 3.6: Pair correlation functions of Fe-N, Fe-C, Fe-S, and Fe-O in the examined
molecules.

The analysis of pair correlation function g(r) can inform about the bond length and the
interaction modes between the inhibitor molecules and the mild steel surface. Generally, the
peak value of g(r) less than 3. A° demonstrated that a chemical bond was generated between
the active centers of the inhibitor and metal atoms (chemisorption) whereas the peak value of
g(r) of greater than 3.5 Ac indicating that a Van Der Waals and/or a Coulomb type
interactions (physisorption) [90]. Figure 3.6 shows that the bond lengths of Fe-N, Fe-C, Fe—
S, and Fe-O are less than 3.5 A, which indicates that the tested inhibitors adhere to the iron

surface via chemical adsorption.
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General conclusion

In this scientific contribution, we performed aqueous DFT calculations at the DFT/B3LYP/6-
31G theoretical level, structure-activity relationship calculations as well as MD simulation to
correlate the anticorrosive properties of two thiophene derivatives with their electronic
properties at the molecular level. The previous results discussions allow us to conclude:

e The global reactivity descriptors including dipole moment, Exomo, electronegativity,
and electrophilicity are in excellent agreement with the previously reported order of
corrosion inhibition efficiency.

e The Mulliken charge analysis for both inhibitors studied is convincing and presents a
reactive scheme that monitors the active atomic sites responsible for electron transfer.

e The SAR parameters, including polarizability, partition coefficient, surface area,
hydration energy, and volume, validate the experimental results.

e MD results confirmed the experimental outcomes earlier reported.
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