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Abstract

Toxic inorganic compounds, usually used as corrosion inhibitors within paint films, are
being replaced by more environmentally friendly compounds in coatings across aerospace,
automotive and infrastructure industries. However, the corrosion inhibition mechanism
behind these compounds must be better understood. Molecular modelling can provide
insights by analyzing the metal-inhibitor-water interface, but a realistic representation of
the electrochemical processes is crucial. In this thesis, six critical aspects (A) must be
considered to realistically describe the corrosion inhibition process in modelling: (A1)
the electronic properties of isolated inhibitors, (A2) the interaction of the inhibitor with
the surface, (A3) the surface model, (A4) the effect of the anodic and cathodic zones on the
surface, (AS) the solvent effects, and (A6) the electrodes’ potential effects. While aspects
A1-A3 are usually considered in the literature, aspects A4-A6 and some more complex
surface models in A3 are not. Here, two main ones will be the focus: the applied electrode

potential and solvent effects.

The system chosen to showcase these two aspects is the adsorption of 2-mercapto-
benzoimidazole (MBI) on Cu(111) surfaces. First, molecular modelling based on Density
Functional Theory (DFT) combined with the Non-Equilibrium Green’s Functions (NEGF)
formalism was used to address the effect of the applied electrode potential in the MBI ad-

sorption under different coverage and voltages. Both coverage and voltage play crucial
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roles in the adsorption of the inhibitor. The coverage determines the extent of the surface
area protected from corrosion by the inhibitor. On the other hand, the voltage is essen-
tial to describe the cathodic and anodic zones within the material. It induces the system’s
polarization, potentially influencing the inhibitor’s orientation towards adsorption and its
charge distribution. Our results show that the system becomes more stable as the coverage
of molecules increases, forming a self-assembled monolayer (SAM). The electronic struc-
ture, characterized through the analysis of the charge density difference (Ap) and density
of states (DOS), is sensitive to the applied voltage, inducing a charge redistribution in the
system, where the MBI is acting as a metal and accumulates the induced charge at the

molecule’s edge.

The final step addressed the solvent effects in the MBI adsorption, where the method-
ology combining the NEGF formalism and the Quantum Mechanics/Molecular Mechan-
ics (QM/MM) method was used in a 5x6 Cu surface slab under varying coverage con-
ditions: bare surface, a low-coverage with one MBI adsorbed, and a high-coverage case
with six MBI adsorbed, and under different applied voltages (-1, 0 and +1 V). The dynam-
ics explicitly included water molecules, with their quantity adjusted to match the density
of liquid water under standard pressure and temperature conditions (1 g/cm?®). Classi-
cal molecular dynamics were performed for the NPT (isothermal-isobaric ensemble) and
NVT (canonical ensemble) ensembles to calibrate the system’s pressure and temperature.

The reference temperature and pressure were 300 K and 1 bar, respectively.

After the classical molecular dynamics calibration, the QM/MM-NEGF molecular dy-
namics were performed on the systems under varying coverage and voltages from the
equilibrated geometries. Structural descriptors such as the water’s density profiles, water
dipole moment and angular distributions were evaluated for the different concentrations
and applied voltages. The electronic structure was analyzed through the evolution of the

net Hirshfeld charges along the dynamics.

The results suggest that a stable SAM is formed in the high-coverage case. It prevails

along the dynamics and acts as a physical barrier between the water molecules and the sur-
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face, preventing their interaction with the metallic surface. The results in the bare surface
and with one MBI adsorbed showed a water layer directly in contact with the Cu surface,
contrary to the case with a SAM adsorbed, where the first water layer is located at the
end of the SAM structure. The results also indicated an induced polarization in the sys-
tem due to the applied voltage on the system, which is reflected in the electronic structure
and the structural descriptions evaluated. In this sense, the net Hirshfeld charges of the
left and right Cu surface change according to the voltage, besides the charges in the MBI.
The dipole moments and angular distribution revealed the water molecules’ polarization,
primarily with the ones located at the inhibitor-surface interface. The water molecules
aligned according to the voltage sign, and in the case of positive voltages, their hydrogen
atoms pointed out towards the left Cu surface. Negative potentials induced the opposite
effect. Even at 0 V, the simulations with the SAM adsorption showed a polarization, which
is evident in the angular distributions and indicates the outstanding charge redistribution

caused by the SAM upon adsorption on the surface.

Finally, a collaboration with experimental parters in RMIT University was performed
to investigate the adsorption of 2-mercaptobenzothiazole (2-MBT) and 2-aminobenzo-
thiazole (2-ABT) on galvanized steel, using a Zn(0001) model surface. Two concentra-
tions at the surface were investigated: a low (1 molecule/nm,) and high (3 molecules/nm;)
concentration cases, identifying the most stable adsorption modes. The findings aligned
with experimental data using X-ray Photoelectron Spectroscopy (XPS), which revealed the
bonding between 2-ABT and the Zn through the endo S and the 2-MBT through the endo
N and exo S. Electronic structure analysis revealed the inhibitor’s charge density donation
to the Zn surface. The experimental data also highlighted the strong interaction between

2-MBT and the surface, potentially forming complexes with Zn** ions.

Therefore, this thesis highlighted the importance of the six critical aspects of CI mod-
elling and demonstrated that the proposed QM/MM-NEGF approach significantly ad-
vances modelling electrochemistry and can be successfully applied in corrosion inhibi-

tion studies. From these critical aspects, this thesis focused on two fundamental ones: the
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solvent and electrode potential effects and how the inclusion of these effects allows us to
understand the role of the inhibitor in the protection of the materials, in this case by the
formation of stable films with the applied voltages, and the charge redistribution at the
inhibitor structure.

The results from this QM/MM-NEGF approach differentiate from the usual CI mod-
elling, which lacks a precise description of the atomistic process occurring at the metallic-
inhibitor-aqueous interface. Instead, the QM/MM-NEGF approach provides an accurate
and predictive way to simulate fundamental interactions that lead to CI properties. Further-
more, the results from this approach can potentially be used to feed artificial intelligence
(AI) methods and multiscale models, which can bridge the gap between nanoscale CI mod-
elling and the continuum scale of CI processes. This could enhance our understanding of

corrosion inhibition and lead to more effective solutions.
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Section 1

Introduction

1.1 Corrosion of metals

The corrosion process is the degradation of materials, typically metals and alloys, due
to the interaction with the environment. The degradation occurs by chemical reactions
that change the composition and structure of the material. This corrosion process leads
to the loss of the material properties and represents economic and industrial losses, safety
hazards, environmental impact, and critical technology deterioration [1, 2].

Corrosion can appear in all metals, and the corrosion extension depends on the metal’s
intrinsic properties. Not all metals suffer degradation at the same rate. Some metals are
more likely to get corroded, while others, known as noble metals, present higher corrosion
resistance. One example of a noble metal is copper. Copper and its alloys are widely used
in various industries because of their exceptional physical and chemical properties. They
exhibit high thermal conductivity (400 W/(mK)) and electrical conductivity (58 x 10°S/m),

mechanical workability, malleability, and corrosion resistance [3]. Copper is an important
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1.2 CORROSION INHIBITORS

material in manufacturing wires, water pipelines, sheets, power stations, heat exchangers,
and radiators [4]. However, copper (and other noble metals) can degrade under certain
conditions. These conditions include exposure to the atmosphere, moisture or water, salts,
acidic-basic media, liquid chemicals and some gases.

Even if copper presents a corrosion resistance due to the passivated layer (copper ox-
ides) formed when exposed to some chemical environments, the presence of oxygen and
some aggressive anions, such as chloride and sulfate ions, promotes its corrosion [5, 6].
In Figure 1.1, the corrosion process in copper is depicted, under the effect of the Cl~ in
dissolution. In this context, copper protection has been important for several fields over
the years [7].

aw» CuCl @ CaCl,

Compact
Cu 30

Cathodic
site

s & ¢

Anodic
site

Anodic
site

Copper

Figure 1.1: A sketch of the copper corrosion process in the presence of CI~
in dissolution, showing the two processes related to the copper dissolution and
formation of a passivation layer composed by compact and porous Cu,O. The
cathodic reaction is the oxygen reduction process, while the anodic reaction in-
volves the formation of slightly soluble Cu,0O and its subsequent oxidation to sol-
uble Cu(Il) species. Also, the anodic reaction involves the by-product-release-
redeposition mechanism, where Cu(Il) is formed, followed by a disproportiona-
tion between Cu(0) and Cu(II) to form Cu,O. Adapted from [8] with authorization.

1.2 Corrosion inhibitors

There are some alternatives to prevent the corrosion process, and inhibitors have been
one of the most used ones. The inhibitors restrict the reactions that lead to the material’s

degradation: the anodic and cathodic reactions. In this case, inhibitors reduce the reaction
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rates and prevent corrosion. Depending on which reactions they limit, particularly the
electrochemical mechanism, they can be classified as anodic, cathodic or mixed-type. The
anodic inhibitors reduce the anodic copper dissolution, inducing the passivation of the
surface by the formation of an oxide layer on it. The cathodic inhibitors reduce the cathodic
reactions, e.g., the oxygen or hydrogen reduction on the copper surface. When the inhibitor
controls both anodic and cathodic reactions, the inhibitor is a mixed-type. The inhibitors
can also be inorganic or organic compounds; both have shown high efficiency in corrosion

inhibition (CI) [5, 9].

Inorganic inhibitors

In the case of inorganic compounds, commonly chromates (CrO;?), molybdates (MoO;?),
nitrates (NO3'), tetraborate (B4O5?), silicates (SiO3?), cerium salts, among others, are
used as efficient corrosion inhibitors for copper. The inhibition mechanism depends on
the compound, which can be anodic, cathodic, or mixed-type. One of the main features
of the inorganic corrosion inhibitors is their enduring stability with time and different
temperatures. Chromates are typically used due to its high CI efficiency, where the anion
promotes the formation of oxide layers on the surface. It can also form Cr-hydroxides due
to the reduction to Cr*?, which precipitates on the surface and protects it, as suggested by
the decrease of the corrosion current density. However, the main problem with chromates
(and most inorganic inhibitors) is their environmental impact and toxicity. Cr*® is a highly

toxic cation for humans and the environment [10].

Organic inhibitors

Organic inhibitors are more benign compounds for the environment with relatively low
toxicity and high inhibition properties, and they are being used extensively in the industry.
However, one of their main drawbacks is their less endurability with time and tempera-

ture, in contrast to the inorganic counterparts [5, 11, 12]. They are usually constituted




1.3 INHIBITION MECHANISM

by elements such as C, O, N, P, or S, and/or aromatic rings with delocalized 7 electrons
or contain functional groups such as amines (NH,), carboxylic acids (-COOH), alcohols
(-OH), phenols, amino acids, among others [13, 14]. These functional groups are electron-
rich centres, which usually form coordinate covalent bonds with the metal surfaces via the
unoccupied d-orbitals of the surfaces and the lone pair/zr electrons in the inhibitor, as well
as electron back-bonding between the free electrons of the metal and the orbitals of the
inhibitor. The bonding between the inhibitor and the surface can be a physisorption or a
chemisorption process [15].

In Figure 1.2, the adsorption process of the organic inhibitor on the surface is depicted.
In the figure, the electrostatic interactions between the metal and inhibitor are illustrated,
as well as the interaction between the vacant d-orbitals of metal atoms and the lone pair
atoms of the inhibitor and its m-electrons. The adsorption of the organic inhibitors on the
surface induces the formation of a protective layer, which affects both cathodic and anodic

reactions. However, the precise CI mechanism is still not entirely clear.

1.3 Inhibition mechanism

Generally, it is accepted that the inhibitor’s adsorption on the surface determines the pro-
tection of the material from corroding. Nonetheless, as mentioned before, the precise
mechanism is unkown. In this section, we focus on the inhibition mechanism of organic
inhibitors.

It is commonly believed that organic inhibitors adsorbed on the surface and form a pro-
tective film [16-21]. During this process, the organic inhibitor, along with its charge and
potential variations, moves from the bulk of the solution towards the surface at a mixed
potential (established by the various anodic and cathodic zones). It then interacts with
the electric double-layer (EDL), replacing the existing shielding of water and solute, fi-
nally binding to the surface, and leading to subsequent changes in the charge and potential

distributions at the surface and within the molecule. Both inhibitor-surface and inhibitor-
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[—== Physisorption
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Figure 1.2: The physical and chemical adsorption process of organic inhibitors,
in a protonated or non-protonated form, on the metallic surface, represented by
an iron surface, which has some CI~ anions adsorbed from the saline dissolution.
During the physisorption process, the protonated inhibitors and the adsorbed CI™
interact through their charges without forming a chemical bond. In the chemisorp-
tion case, the inhibitor and the surface form a chemical bond with the lone-pair
electrons from the heteroatoms and the vacant d orbitals of Fe. Adapted from [12]
with authorization.

inhibitor interactions present in the first and subsequent inhibitor layers determine the na-
ture of the anodic and cathodic zones, as well as the growth of inhibitor films.

To describe all these processes, molecular modelling emerges as an excellent tool to
deepen our understanding of each stage and help develop new strategies. However, real-
istic models must incorporate six key aspects: (A1) the electronic properties of isolated
inhibitors, (A2) the interaction of the inhibitor with the surface, (A3) the surface model,
(A4) the effect of the anodic and cathodic zones on the surface, (A5) the solvent effects,
and (A6) the electrodes’ potential effects. In Figure 1.3, an example of this molecular
modelling is depicted for the adsorption of self-assembled monolayers (SAM) of n-alkyl
carboxylic acids on oxidized Al surface models. Because of the complex nature of the
corrosion process, our models should aim to consider all these essential aspects, which

will be discussed in detail in the chapter 3 chapter of this thesis. Considering these critical
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aspects in the CI modelling represents a step forward to more realistic simulations of the
corrosion process.

In summary, the corrosion of metals represents a significant technological and indus-
trial issue which leads to economic losses and safety issues. There are ways to prevent
it, and in this case, the protection by organic molecules emerges as an efficient and envi-
ronmentally friendly alternative. However, their inhibition mechanism needs to be better
understood. Molecular modelling is an essential tool that can provide crucial insights into
the CI process. However, it should include some critical aspects to provide realistic infor-

mation. That is the overall objective of this thesis.

Figure 1.3: Atomistic model of self-assembled monolayers of n-alkyl carboxylic
acids on oxidized Al surface. At the top of the figure, the different inhibitor’s
molecular orbitals are shown, which will induce a particular adsorption configu-
ration on the surface. The induced electronic charge density between the inhibitor
and the surface is depicted on the left part of the figure, where the blue and red
regions mean the accumulation and depletion of the charge in that area. Finally, in
the bottom-right part of the figure, the representation of the oxidized Al surface,
with the n-alkyl carboxylic acids adsorbed on top, is shown. Adapted from [15]
with authorization.

1.4 Outline of thesis

From the previous essential aspects of CI modelling, this thesis aims to set the ground
for as-reallistic-as-possible simulations of the CI process. A significant lack in current
simulations is on the effect of the solvent and the electrode potential effects and their in-

teraction. So this thesis presents a novel molecular dynamics technique applied for the

11



1. INTRODUCTION

first time in corrosion modelling: the coupling between Quantum Mechanics/Molecular
Mechanics (QM/MM) and non-equilibrium Green’s Function formalism (NEGF), which
we named QM/MM-NEGF molecular dynamics to provide such potential and solvent in-
teraction. This methodology is implemented in the SIESTA [22-24] code and is available
under a free license.

The main system used in this thesis to apply this novel methodology was the adsorption
of 2-mercaptobenzimidazole on the Cu(111) surface. In order to understand the CI mech-
anism in similar inhibitors, 2-mercaptobenzothiazole (MBT) and 2-aminobenzothiazole
(ABT) were also investigated as corrosion inhibitors for electro-galvanized steel (ZE), a
collaboration with experimental partners at RMIT University. The adsorption of the in-
hibitors was considered using different coverages on the ZE surface, which was simulated
using a Zn(0001) slab because in ZE, Zn is used to coat the steel for protection. In the col-
laboration, the main questions regarding how the inhibitor is bonded to the surface were
clarified by the comparison between the adsorption energies and the X-ray Photoelectron
Spectra (XPS). The outcome of this collaboration was one article published in the Molec-
ular Systems Design & Engineering journal.

In this thesis, the addressed research questions were the following ones:

RQ1. What is the interaction between the inhibitor and the metallic surface?

* How does the inhibitor concentration impact the protection of the surface from

the H,O molecules?
RQ2. What is the effect of the electrode potential in the corrosion inhibition process?

* How does it affect the inhibitor absorption mechanism?

* How does it change the electronic structure of the system?
RQ3. How does the solvent affect the interaction between the inhibitor and the surface?

RQ4. Can the results obtained for a given system (MBI on Cu in aqueous solution) be

extrapolated to other corrosion inhibitors and surfaces?

12
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RQS. What are the scope, advantages, and limitations of the proposed multiscale approach

(QM/MM-NEGF molecular dynamics), to simulate corrosion inhibition?

* Is it enough to consider the electrode potential and solvent effects to simulate

the corrosion inhibition process?

* How do the experiments correlate with the modelling?

In chapter 2, a summary of the underlying theory and methods used in this thesis is pre-
sented. The essential concepts for Density Functional Theory (DFT), NEGF formalism,
Classical Molecular Dynamics, QM/MM method and SIESTA are explained. In chapter 3,
a literature review with the six critical aspects of the CI modelling is presented, including
the gaps in CI modelling, which was accepted for publication in npj Materials Degrada-
tion. In chapter 4, the adsorption of the MBI on the Cu surface is described, considering
the effect of the coverage in the adsorption, as well as the electrode potential effects, in
vacuum. This chapter represents a proof of test about the possible implications of the ap-
plied voltage on the electronic structure of the adsorbed MBI. In this chapter, the research
questions RQ1. and RQ2. are addressed. In chapter 5, the results of the complete method-
ology: QM/MM-NEGF molecular dynamics on the MBI adsorption, which introduces the
solvent and electrode potential effects are presented. This chapter tackled RQ1. and RQ3..
In chapter 6, the collaboration between experimental patterns about the adsorption of 2-
MBT and 2-ABT on the Zn surface is shown. The importance of this chapter lies in the
possible validation of the adsorption modes of the inhibitors at the surface by comparing
the adsorption energies and the experimental XPS. This chapter responded to RQ4.. Fi-
nally, in chapter 7, the primary outcomes and findings of this PhD project are outlined,

which responded to RQS., and includes future plans in regards to this project.
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Section 2

Theory

This chapter will briefly introduce the basic methodology used in this thesis. First, the
Density Functional Theory (DFT) will be discussed, whose importance lies in the de-
scription of the electronic structure of systems, especially atoms, molecules, and solids
through the electronic charge density o(¥). Following this, the Non-equilibrium Green’s
Functions (NEGF) formalism will be described, a theoretical framework used in quantum
mechanics to describe systems out of equilibrium, allowing us to introduce the effect of
the electrode potential in our simulations. Subsequently, the classical molecular dynamics
technique is used to simulate the time evolution of the system, allowing us to account for
thermodynamic effects in our simulations. After that, a hybrid methodology that com-
bines the low computational cost of molecular mechanics and the high predictive power of
quantum mechanics, the Quantum Mechanics/Molecular Mechanics (QM/MM) method,
will be described. This methodology is typically used in biological systems, and here it
is applied to account for the solvent effects dynamically in electrochemistry. Finally, a

description of the SIESTA [22-24] code, the computational method used in this thesis, is
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presented.

The Schrodinger equation

Molecules and materials are formed by nuclei, which have a positive charge, and electrons,
which are way lighter and negatively charged. If the system is formed by N nuclei with
charge Z, the total number of interacting particles will be 2N, in this case, interacting elec-
trostatically. This is a quantum many-body problem of particles interacting. The equation

that describes all the interatomic interactions is the Schrodinger equation:

H|#,(X)) = E|#:(X)) , 2.1)

where |#;(X)) are the wavefunctions, X are the generalized position vector for all nuclei
and electrons, H is the Hamiltonian operator, and E; its eigenvalues. Equation 2.1 is the
time-independent version of Schrodinger’s equation, which is a simplification considered
here to allow us to focus on stationary states and energy levels of the systems investigated.
Besides, time-dependent processes can be investigated through the time evolution of the
stationary states or the adiabatic approximation, where electrons are assumed to be in their

instantaneous ground state.

The Hamiltonian that describes the system can be expressed as a sum of kinetic ()

and potential (V) contributions:

+V,

Il
~>

H
(2.2)

A

e +TH+V€€ +Ven+vnna

where T, and T, are the operators for the kinetic energy of the electrons and the nuclei,
respectively. The operators Ve, Vor, and V., correspond to the potential energies of the
electron-electron, electron-nuclei, and nuclei-nuclei interactions. These contributions can

be expressed as:
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where i and j indicate the electron indices and @ and g the nuclei indices. M, is the mass
of the nucleus « at R_;, m is the mass of the electron located at r;, and Z, is the charge of
nucleus « on units of the electron charge. Considering all these interactions the solution
of Equation 2.1 becomes unfeasible even for the simplest molecular systems due to the
complexity of solving it for many body systems. This is because Equation 2.2 considers
the coupled variables 3N; + 3N,, with N; and N,, as the number of electrons and nuclei,
respectively. To simplify it, a series of approximations are needed. One of them is the

Born-Oppenheimer approximation [25].

Born-Oppenheimer approximation

The movement of a nucleus is much slower than the one of an electron because of the
nucleus mass, which is around three orders of magnitude the one of the electron (M, ~
2000m;). This difference in mass between the nucleus and the electron makes the electron
see the same static configuration of the nucleus. Because of this slow movement of the
nuclei compared to the electrons, it is assumed that the electrons are always in the same
stationary state of the electronic Hamiltonian. The electrons will adjust instantaneously
their wave function to follow the one from the nuclei, without changing their electronic
state. In this way, we can decouple the electronic movement from the nuclear one, and
this is known as the Born-Oppenheimer or adiabatic approximation [25]. Considering the

Born-Oppenheimer approximation, the many-body wave function can be express as:

VR, B, 1) = 0,R, nd,(R, D), (2.4)
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where @n(ﬁ, 1) is the nuclear wave function, and d)n(ﬁ, F) the electronic wave function,
which is the solution of Equation 2.1. Each electronic state corresponds to a particular

nuclear configuration:

A.9,R,?) = ,%,R, D), (2.5)

where H, is the electronic hamiltonian, which is expressed as:

N, hz 62 N, N, 1 N, N, 7
Fle = - _V12 + = — S, 62 —)—a' (2'6)
DA DI N RPN

Once <I>n(ﬁ, r) is determined for all the nuclear positions, @n(ﬁ, t) can be obtained
by the substitution of the wave function Equation 2.4 in the Schrodinger equation for the

system, expressed by:

5‘I’Bo(ﬁ, E,1)

— AV, (R, 1), 2.7
57 so(R, ¥, 1) 2.7)

ih
where the time evolution can be obtained for the nuclear system.

The Born-Oppenheimer approximation simplifies Equation 2.5, but it is still too diffi-
cult to solve even for the simplest molecules, and more approximations have to be made.
Quantum chemistry [26] provides some methods with different approximations to the
many-body electronic wavefunctions, with increasing levels of accuracy, from the simple
Hartree-Fock (HF) method to sophisticated Configuration Interaction approaches. How-
ever, in most of the methods, the approaches are still too expensive computationally to
deal with the typical sizes involved in CI, which limits their applicability and impact in
this field. An alternative to overcome the cost of the wavefunctions methods is the Density
Functional Theory (DFT). Here one abandons any attempt to approximate the electronic
many-body wavefunction ¥, (F), and focuses on the electronic charge density (o(F)). In

the next section, a brief review of the main concepts in DFT will be provided.
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2.1 Density Functional Theory

In DFT, the solution of Equation 2.5 is based on the electronic charge density rather than
on finding the wave functions. In this sense, the energy of the ground state is expressed as

a functional of the electronic charge density p(F), that can be expressed as:

p(17)=Ndez -~'deNW*(F,Fz,---,FN)W(F,FQ,---,FN), (2.8)

where N is the number of electrons. This theory originates in the Thomas-Fermi model
[27], where a functional form for the kinetic energy of a gas of non-interacting electrons
under an external potential is proposed as a function of its electronic charge density. The
theoretical formalism on which DFT is based was established by Hohenberg and Kohn in

1964 [28] and later generalized by Levy [29].

Hohenberg-Kohn theorem

Hohenberg and Kohn proposed that the energy is a functional of the electronic charge

density through the relation:

Eulp®] = Flp(®)] + f ARV (B). 2.9)

Here, V.. (F) is the external potential, which includes the Coulomb potential between

Zo_ and F[p(¥)], which is known as the

62
IR, ¥}’

the nuclei and the electrons: V,,(F) = — Dia
Hohenberg-Kohn functional, considers the kinetic energy of the electrons and the electron-

electron interaction energy:

Flp(®)] =T [p(®)] + E.. [p(F)],
=T [p(®)] + En [p()] + Eg [p()],

(2.10)

where Ey and E are the classical Coulomb energy (also known as Hartree) and the non-

classical part, which is denoted by Q.
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In 1964, Hohenberg and Kohn proposed two theorems:

Theorem 1. The external potential V,.,(¥) is (to within a constant) a unique functional of

p(@).

This theorem implies that there is a one-to-one mapping between V., (F) and the elec-
tron charge density p(¥). However, the exact form of this Hohenberg-Kohn functional is
unknown. In this case, the second theorem can provide us with a clue about finding a form

of this functional.

Theorem 2. A universal functional for the energy E[n] of the density p(¥) can be defined
for all electron systems. The exact ground state energy E, is the global minimum for a
given external potential V,(¥), and the density p(¥) that minimizes this functional is the

exact ground state density pgs(F).

This theorem proposes that the variational principle can be used to find the electron
charge density, implying that the resulting energies will always be greater than or equal to

the ground state energy Egs:

Flp(®)] = min (T + V,|¥), (2.11)

—p(F)

which leads to E[p(F)] > E[pgs(P)].

The two theorems indicate finding the ground state energy using the variational prin-
ciple to minimize the energy of the different trial p(F). In this sense, both theorems are re-
formulating the many-body wave function problem to a three-dimensional problem (o(F)).
However, the exact form of F[o(F)] is unknown, and therefore, Hohenberg and Kohn do not
solve anything yet but reformulate the many-body problem. Kohn and Sham [30] proposed

in 1965 a solution to it.
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Kohn-Sham method

With the Hohenberg-Kohn (HK)) theorem, the existence of an energy functional that only
depends on the electronic density is demonstrated, but no concrete expression is given
for this functional (Equation 2.11). Kohn and Sham [30] proposed a reformulation of
the problem of the unknown F[p] in 1965, in which the problem of a system of many
interacting particles is transformed into one of non-interacting electrons with the same
density p(r) and moving under an effective local potential, which simulates interactions
with the other electrons. The electronic charge density for this non-interacting system is

written as:

p® = > @[, (2.12)

and the approximation Tk for its kinetic energy 7"

1
Txslp@®)] = 5 Y WOV @), (2.13)

where X are the single-particle wave functions or Kohn-Sham orbitals. Considering
this approximation for the kinetic energy, the energy functional (Equation 2.9) can be

rearranged as:

Elp(®)] = T[p(®)] + Exlp(®)] + Eculp] + Ex[p(B)], (2.14)

where a new term is introduced: the exchange-correlation functional E..[o(F)], which is

written as:

E.[p(®)] = Tlp(®)] = T,[p(E)] + Ee[p(F)] - Enlp(®)],
= T[p®)] = T[p(®)] + Eolp(F)].

(2.15)

This new term E,.[o(F)] contains all the non-classical information of our system, and

it represents the missing energy because of the non-interacting electron’s approximation
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instead of the exact result. In this case, if the exact exchange-correlation functional were

known, the solution would be exact: we would obtain the ground state and density.

The minimization of the Kohn-Sham density functional gives

—%VZ + Ver(B) + v () + v (B) [ 45 (®) = ey (D), (2.16)

where V,.(F) can be written as:

OEx[p(P)] .

ch(l—Z) = 5p(l__,»)

(2.17)

Equations 2.16 are self-consistent and can be solved by an iterative approach. The
Kohn-Sham equations present the form of an eigenvalue problem in which each wave func-
tion X%(F) has an associated eigenvalue ¢;, with an occupation number n;. The Janak’s
theorem provides a relationship between the total energy and these eigenvalues, written

as:

_oE
B (9n,-’

(2.18)

€

Therefore, the eigenvalues ¢; are the total energy change with the occupation number
change. However, a more physical interpretation of these eigenvalues is needed. The
one-electron picture of ¢€; has been widely used in solid state physics, for example, in the
distinction between materials, i.e., metals and insulators, which is based on the analysis of

the energy bands, that are one-electron energies plotted in the reciprocal space.

The explicit form of Equation 2.17 will depend on the approximation used in the
exchange-correlation functional, always considering that its exact form is unknown. The
first approximation and the simplest one is the Local Density Approximation (LDA), where
the value of E,.[p(F)] is approximated by the exchange-correlation energy of an electron

in a homogeneous electron gas of the same density p(F):
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ERMp®)] = f p(B)e:PA (p(¥))dE (2.19)

where €-P4(p(¥)) can be obtained from Quantum Monte Carlo calculations. This approx-
imation is particularly accurate for systems where the charge density varies slowly. How-
ever, LDA has the tendency to favour more homogeneous systems and overbinds molecules
and solids. An improvement in the LDA can be achieved by introducing gradient correc-
tions, where the exchange-correlation functional is expressed as a function of the local
density and of a local gradient of the density, usually as an enhancement factor F',., which

is multiplying the homogeneous electron density:

ESSp(®)] = f €xc(P®F (o), [Vp(®))p(F)dE . (2.20)

The enhancement factor can be written in terms of », and of a dimensionless reduced

density gradient s(F):

Fr(p(®), [Vp(B))) > Fo(ry, ),

1Vp@®|
o(F) = 2Ukpp(®)

Within these gradient-corrected functionals, one common approximation is the gener-

(2.21)

alized gradient approximation (GGA), which usually performs better than LDA function-
als for describing atomic energies and binding energies but mostly fails for van der Waals
interactions. Yet, the computational cost for GGA functionals is similar to that of LDA.
One of the most popular GGAs functional is PBE [31], which was proposed in 1996 by

Perdew, Burke, and Ernzerhof.

Even if GGA functionals can significantly enhance the LDA ones, they cannot capture
van der Waals interactions, which are essential for intermolecular interactions that lead to
the formation, structure, and stability of molecules and materials, especially for molecule
adsorption studies. The main issue with LDA and GGA functionals, which are local and

semi-local functionals, respectively, is that they do not account for long-range electronic
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correlation. Although there are some approaches to include it, such as using non-local
correlation functionals, one of the most straightforward and effective ways is to incorporate
empirical potentials to correct the total energy. This approach is known as dispersion-
corrected DFT, and several options are available in the literature. In this thesis, we focus
on DFT-D2, which was proposed by Grimme [32]. This method introduces the correction
through a damped function and pairwise atomic parameters. In the DFT-D2 approach, the

total energy is corrected as follows:

Eprr-p2 = Exs-prr + Ec?,-fp, (2.22)

where EP?

disp 18 the empiral dispersion potential defined by:

N N
Coe.ij
ED? = —s Z Z (R—éf) FrompRi), (2.23)

AN
where s¢ is the global scaling parameter which depends on the DFT functional used, i

and j the atom index, Cs;; the dispersion coeflicient for the atom pair ij, R;; the distance

D2

between the atom i and j, and f
4

(R;;) the damping function, which is defined by:

R

D2 (R =[1+e¢ T, (2.24)

damp

where d is a damping parameter and Ry ;; is the sum of the van der Waals radii for the

atoms 7 and .

2.2 Green’s Functions formalism

The Green’s function formalism is a mathematical tool which can be use as response func-
tions, i.e, how a quantum mechanical system responds to an external perturbation, such
as electric or magnetic fields. It is commonly used in nanoelectronics and quantum trans-
port to calculate the current and charge densities under a bias, thus allowing for out-of-

equilibrium simulations. In this case, the problem to be simulated is the electron transport
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in a system that comprises two or more contacts or electrodes (a source and drain), coupled
to a central region, usually named scattering region, contact, or channel. Each electrode
has a chemical potential: y; and ug for the left-electrode and right-electrode, respectively.
The source electrode will send electrons through the channel towards the drain electrode.
This is a scattering process, where the electron from the source will be scattered through
the contact region and then transmitted to the drain electrode. If we apply a voltage V, and
considering the Fermy energy (Ef) at equilibrium, the chemical potentials are expressed

as:

MR = Er+ —. (225)

N <

In the equilibrium case, all the chemical potentials are equal, so in order to solve this
problem, we can simulate the two contacts as two semi-infinite electrodes (periodic in the
transversal plane but not in the transport direction) and the central region, which is also not
periodic in the transport direction. The Hamiltonian and wavefunction of our electrodes
will be H; and | ) for the left-electrode and Hy and ) for the right-electrode. For the
central region, the Hamiltonian and wavefunction will be Hc and |[f¢). From the time-

independent Schrodinger equation:

H|Y) = E|¥), (2.26)

and dividing between the subspaces for the electrodes (Hy g, |1 r)) and the contact region

(He, Ye)):

Hy no O || l¥w) 7))
ni He nb||lwey|=ES|lwe)|s (2.27)
0 nr Hg)\l¥gr) 7))

where 17, g considers the interaction between the electrodes and the central region. Within

the Green’s functions formalism, the problem can be expressed in terms of the retarded
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single-particle Green’s function (G(E)), defined by:

[(E+i0)S-H]G(E) =1, with § — 07, (2.28)

where S is the overlap matrix, H is the Hamiltonian, E is the energy, and / is the identity
matrix. If the limit &8 — 07 is taken, the retarded G is obtained. The limit 6 — 0~ gives

the advanced G. From the definition of the retarded Green’s function, we write:

ESL - HL ESLC —nL 0 GL GLC GLR I 0O
EScr — 7]2 ESc—H: EScr— 7];; Ger Ge Gerl=10 I 0}, (229)
0 ESRC =1L ESR - HR GRL GRC GR 001

where E denotes E + i¢ and considering that the basis set used is orthogonal, the overlap

Stc = Scr and Sge = Scr are zero. In this case, Equation 2.29 is written as:

E - HL —nL 0 GL GLC GLR I 0O
—T]Z E—-Hc —T];g Ger Ge Gerl|=10 I 0f. (2.30)
0 —MNRr E - HR GRL GRC GR 0 01

To solve this problem, we can select three equations from the second matrix, in the

second column:

(E-Hp) Gre —niGe =0,
~11; Gre + (E = Ho)Ge = nyGre = L, 23D
(E — Hg) Grc —nrGc =0,
and solving for G;¢ and Ggc:
Gre =(E-Hy) 'niGe = guniGe,
(2.32)

Gre = (E — Hr) 'nxGc = grmrGe,

where g r = (E—H L,R)‘l. For the Green’s function in the contact region, G, it can be ob-
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tained from Equation 2.31, using the Green’s functions for the electrodes in Equation 2.32:

—n gunGe + (E — Ho)Ge — nhgrneGe = 1, (2.33)

and solving for G:

Ge =(E—He -1, g —nhgrnr)” = (E—He—X,—Xp)7, (2.34)

where ¥; = le g and X = 77; grMr are known as the self-energies.

In general terms, the effect of the electrodes on the contact region is to incorporate
the self-energies into the contact Hamiltonian. Finally, from the retarded Green’s function
G(E), one can obtain properties such as the density of states (DOS) and the local density

of states (LDOS) by applying the following:

DOS(E) = —%Tr[ﬁ G (E)], (2.35)

and

1
LDOS(E) = —;S G iny(E), local at site i, (2.36)

where k represents the periodicity in the Brillouin zone. In the following the non-
equilibrium Green’s Functions formalism (NEGF) will be described within the TranSI-

ESTA [33, 34] implementation available in the SIESTA [22-24] code.

TranSIESTA module

The TranSIESTA module [33, 34] is a DFT+NEGF code implemented within SIESTA
[24], which allows us to introduce the electrode potential effects in the simulation, will
be discussed. TranSIESTA has been widely used in the electron transport problem to
calculate a variety of physical properties where there is a net flow of electrons due to

an applied voltage or temperature gradient, such as electrical and heat conductivity, heat
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dissipation, electron transmission and conductance in materials, current-voltage curves,
among other [33].

The central point of TranSIESTA formalism is to obtain a self-consistent description of
the electron density p(F) and the Kohn-Sham Hamiltonian H for an open quantum system
coupled with two (or more) electrodes, and where the size in the electrodes should be large
enough to avoid perturbations due to the scattering region. In our case, we will focus in
the solution for the case of two electrodes.The retarded Green’s function G at energy e is

expressed as:

-1

G() = {zs -H- ) L) . (2.37)
where z = € + in, e denotes the electrodes and X, their corresponding self-energy.
The broadening function I', is expressed as:
Te(2) = i|Z2) - £{)], (2.38)
and the spectral function A, as:
A2) = GG (). (2.39)
Finally, the non-equilibrium density matrix p is defined as:
1fd D" Ad2) nrele) (2.40)
= — € (2) npe(e), .
L 2 ~ 2INE,

where np, denotes a Fermi distribution function. In this case, Equation 2.40 is the density
matrix for both equilibrium and non-equilibrium. Another central quantity for the NEGF
is the energy density matrix &, which enables the force calculations and in TranSIESTA

is obtained by:

1
€= f dee Z Ao @) nEo(e). (2.41)
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Equilibrium case (EGF)

In the equilibrium case, when all the chemical potentials are equal, Equation 2.40 can be

expressed as:

1
Peg = 5- f de np(e), (2.42)

where p,, is the equilibrium density matrix corresponding to the chemical potential 7.

Non-equilibrium case (NEGF)

When in the system there is a difference between the electrode electronic distributions
nr., the system is out-of-equilibrium. This situation can appear when the electrodes have
different chemical potentials or temperatures. Defining the non-equilibrium density for

the electrode e as p;,:

Pheg =P+ ) AL, (2.43)
e te

where A, is a non-equilibrium correction term for the equilibrium density of the electrode

e due to the electrode e’. A{, can be written in terms of the two chemical potentials as:

AL = - f deAy (Dnro(€) = nro(el. (2.44)
2

The triple matrix product needed it for the evaluation of A,, the evaluation of p;,, and
the inversion of I' make more computationally demanding the NEGF case than the EGF

one.
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2.3 Classical potentials

While quantum mechanics methods, such as DFT, provide a description of the electronic
states from fundamental laws of physics without requiring any previous information about
the system or empirical parameters, when the number of atoms involved is beyond a few
hundred or the time scales involved are longer than a few picoseconds, their computational
cost becomes too high, and one has to resort to less expensive approaches. One approach
is the classical potentials, which maintains an atomistic system description but does not
derive interatomic forces directly from electronic structures. Instead, these forces are pa-
rameterized within a classical interatomic potential V(¥). This parameterization enables
classical MD to simulate large-scale systems, typically comprising thousands of atoms
and longer time scales. In MD, either using forces computed through classical or quantum

mechanics, the dynamics of the atoms is controlled by Newton’s equation of motion:

i=1,2, ..N, (2.45)

where ﬁ is the force on atom i, m; is the mass of atom i, ¥j is its position vector, and N is
the total number of atoms in the system. The interacting potential, in this case, is related

to the atom’s forces by:

F - _6V(rﬁ,r§...,r§1), (2.46)
ﬁri

where V (I}, ..., Fy) is the interacting potential that depends on the atoms positions. The
interacting potential in classical MD is also known as the force field (FF), and it basically

consists of intramolecular and intermolecular potentials, defined as:

V(l_:) = Vintramolecular(f:) + Vintermolecular(F)a (247)

where the intramolecular interactions consider the chemical bonding interactions within
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a molecule: bond stretching, bond angles, and torsion around bonds (dihedrals). On the
other hand, the intermolecular interactions or nonbonded interactions consider the van der

Waals and Coulombic interactions. A typical FF can be expressed as:

V@) = > KP(bi— o) + D KU, —00)" + D K™ (1 + coslmeps — ¢o])
i J k
(2.48)

2 8 dney Fin

A B 1 "
+ [ 1 I + q:9 ]
Im

r

Im Im

where each sum runs over all i bonds, j angles, k dihedrals, and /,m atom pairs. The
three first terms of Equation 2.48 represent the intramolecular interactions, while the last
two are the intermolecular ones. The equilibrium values for the bonds (b,), angles (6)
and dihedrals (¢), as well as the corresponding spring constants (Kf’ , K]‘.), and K,fihe') for
each different bond/angle/dihedral (7, j, and k) must be provided. Generally, the parameter
values of a FF are determined by either QM calculations or experimental data. Finally, n;
is the multiplicity number, A;, and By, are the Lennard-Jones constants for each /, m atom
pair, 77, is the distance between the [, m atoms, g are the charges, and ¢ is the permittivity
of vacuum. The positions (r}) and velocities (V;) of the atom in the system are then obtained

by integrating over time the equations of motion Equation 2.45.

However, for a system with NV atoms, the problem becomes a 3N second-order ordinary
differential equations coupled, which cannot be solved analytically but numerically using
a solver or numerical integrator [35]. The first quantity to be discretized is the time. In this
case, we do not obtain the trajectory for continuous ¢, but for a set of discrete ¢;, separated
by dz. One of the most common and simple numerical integrators is the Verlet algorithm.
In this algorithm, the atom velocities that are one time step ahead are calculated from the
positions at the current and the previous time step. First, a Taylor expansion is performed

around time ¢ for one atom’s coordinate at time ¢ + ¢:

2

=2 _ 2 d =2 1 d 2c,2 4
F(t +0t) =r(t) + Er& + Zﬁrét +---+ 0(01). (2.49)
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The Taylor expansion is also performed for the time 7 — 6t, and it is expressed by:

2

d 1 d
F(t — 61) = ¥(t) — EF‘” + Eﬁﬁsﬁ + -+ O(51Y). (2.50)

Combining both Equation 2.49 and Equation 2.50, we obtain the following:

2
E(t + 01) = —F(t — 61) + 2F(t) + %ﬁsﬁ + -+ O(51Y). (2.51)

The velocity V(z) is derived by subtracting Equation 2.50 from Equation 2.49:

v(t) = %F(t) = 2%t[F(t +61) — E(t — 61) + O(617)]. (2.52)

The trajectories derived of the Verlet algorithm present an inherent error of O(5%)
and O(5t*) for the velocities and positions, respectively. The accuracy of the trajectory is
increased using the Verlet leapfrog algorithm, where the velocities are updated at every

half-integer time step:

ot or\ F(
V(r + —) = \7(t - —) + Q&, (2.53)
2 2 m
and the positions are obtained as follows:
2, =2 - ot
r(t+061) =r(t)+v (t + E)ét. (2.54)

The velocity at time ¢ is determined as:

S ory ot
[V (t — 3) + V(t + E)] . (255)

However, because the positions and velocities are not simultaneously defined in the
Verlet leapfrog algorithm, it is not possible to compute the kinetic, potential, and total
energies at the same time. An alternative is the velocity-Verlet algorithm, one of the most

common choices in MD simulations, where the velocity and positions are expressed as:
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5 1 F(t ot\ 1Ft+6
e+ cv+ LEOs Seren=v[r+ )+ LEEFD s 256
2 2 m 2 2
and
=2 - - ot
rt+0t)=r()+v (r + E) ot. (2.57)

In all the algorithms, it is essential to choose the right time interval 6z, which de-
termines the balance between the precision in the simulation and the computational ef-
ficiency. Smaller time intervals improve the accuracy but demand more computational
efforts. However, large time intervals result in greater numerical errors. Typically, the
time interval is chosen to be smaller than the shortest characteristic time scale of motion

within the system.

2.4 Quantum Mechanics/Molecular Me-

chanics

When describing chemical processes, especially in complex environments such as the ones
found in electrochemistry, it is often necessary to use different levels of theory to find the
correct balance between accuracy and computational efficiency. As mentioned in sec-
tion 2.3, QM calculations can be too computationally expensive for extensive systems, so
classical MD simulations are often used instead. However, sometimes, a pure classical
MD simulation is insufficient for capturing the main processes occurring in the system.
In this case, an alternative strategy is employing hybrid approaches, such as the quantum
mechanics/molecular mechanics (QM/MM) method. QM/MM combines the low compu-

tational cost of classical MD with the high accuracy/predictability of QM calculations.

Warshel and Levitt [36] first developed the QM/MM method for large systems where
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a QM calculation was not feasible, but a detailed description of bond-forming/breaking or
charge transfer was necessary. In QM/MM runs, the system is divided into two subsystems,
one described using QM and the other using MM. The QM subsystem is chosen for the
part requiring higher accuracy/predictability, like where the charge transfer occurs, while
the MM subsystem includes the remaining atoms (in the case of this work, the solvent
atoms). This way, larger time scales and a realistic number of atoms can be considered,

making the method popular in biological systems and biosensors [37—44].

In this thesis, the QM/MM method used was described by [38, 45] and implemented
using the DFT formalism of SIESTA [22-24] for the QM part, and the Wang et al. [46] FF
parametrization within the AMBER scheme [47]. In this implementation, the total energy

of the combined system is given by:

E™ = EQM + EMM + EQM/MMa (258)

where Ey, is the Kohn-Sham energy of the QM subsystem calculated by SIESTA, Ey
the classical term which includes the two-, three-, and four-body bonded terms as well as
the non-bonded terms (van de Waals and Coulomb interactions between the MM atoms),
and the Egyny includes the mixed interactions between the QM and MM regions, which
are van der Waals and Coulomb interactions between the classical and quantum atoms.

Eou is defined in the SIESTA formalism as:

Z,Zg

1 . . |
Exs = ) Pt~ f VA (B)p()dF + f (€“(B) = VF@pE) i+ 5 ) =, (2.59)
nv

af raﬂ

where P, are the density matrix elements, H,,, the Hamiltonian matrix elements, VH(F) the
Hartree potential, p(F) the electronic charge density, €*(¥)o(F) the exchange-correlation
energy density, V*“(¥) the exchange-correlation potential, Z, s the core’s charge, and r, 5 =

s — 1y | the distance between the cores.

The Ey, which is the energy of the MM subsystem, has the form of a FF under the
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parametrization of Wang et al. [46], and can be defined in the same way as Equation 2.48.

Finally, the coupling between QM and MM regions is taken into account as follows:

C C A

p(F) = QiZ(z L]
Eommm = qi ——dr + —— + £, (2.60)
2. ¥ - i Z:a|Ra—m

i
where the first term of the equation represents the electrostatic interaction between the
electrons (through the electronic charge density p(F) and the classical atoms i with partial
charge g;, the next term the electrostatic interaction between the nucleus a with charge Z,
and the classical atoms, and the last term stands for the van der Waals interactions between
the quantum and classical atoms through a 6-12 Lennard-Jones potential, which was taken
from the Wang et al. [46] force field parametrization, as appears in the before last term of
Equation 2.48.

The effect of the classical atoms on the charge density, and hence in the QM subsystem,
is introduced in a self-consistent way by the addition of the point charge potential to the

Hartree potential as follows:

C
SVH(#) = sVH(®) + Z VMM (R, 2.61)
where
vy = 1 (2.62)
I — 1

In summary, in this thesis, the QM/MM method was coupled with NEGF to describe
the solvent and electrode potential effects on the adsorption of MBI on the Cu surface using
molecular dynamics: a QM/MM-NEGF molecular dynamics approach. The Cu and MBI
atoms form the QM subsystem, and the H,O molecules are the MM ones. Using QM/MM-
NEGF molecular dynamics allowed us to have QM accuracy/predictability for Cu and MBI
interaction while keeping an efficient description of liquid water. Yet, that approach allow
us to keep a constant voltage applied between the electrodes, thus allowing for as-realistic-

as-possible simulations being applied for the first time in the context of electrochemistry
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to study CIL.

2.5 SIESTA method

The Spanish initiative for Electronic Simulations with Thousands of Atoms (SIESTA) is
a self-consistent DFT code [22-24], based on the linear combination of atomic orbitals
(LCAO) basis set, and norm-conserving pseudopotentials, which enables the O(N) scaling.
This choice of LCAO with pseudopotentials enables SIESTA to perform very efficient
simulations using a minimal basis set and very accurate calculations when a more complete
and polarized basis set is used, reducing the storage and computational resources. Within
SIESTA, the most basic approximations are considered for the DFT simulations, including
the Born-Oppenheimer approximation, the electronic exchange-correlation treatment, and
using pseudopotentials to represent the core electrons. In SIESTA, the Kohn-Sham one-

electron Hamiltonian can be written as:

A=T+30""+ 3 VM@ + V) + 5V*(F), (2.63)

where T is the kinetic energy operator, V() the Hartree potential, V**(¥) the exchange-
correlation potential, VN = Vlocal 4 yatom the Jocal and ViKB the non-local parts of the
pseudopotentials.

The basis set in SIESTA are strictly localized pseudoatomic orbitals, which are zero
beyond a certain radius. The basis set is a product of a numerical radial function and a

spherical harmonic:

L, F-R,
¢almn(F) = Gain(F — R) Vi (_)—_,] > (2.64)
|r - Ral

where « is the atomic index, / and m the angular momentum and » the index of the orbitals.
In this case, if there are several orbitals with the same angular dependence but different

radial shapes, the basis set is called a multiple-{. The accuracy in the basis set can be con-
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trolled by increasing the radius, adding more ¢ orbitals for the same angular moment but
with different radial dependence, or adding polarization orbitals to consider the deforma-
tion induced by the bond formation. However, the accuracy is not a simple parameter. It
can depend on multiple combinations of parameters, representing a disadvantage in using

this basis set (and, in general, in the LCAO method).

The overlap matrix between the LCAO orbitals, S, is expressed as follows:

Suv = {Puldv), (2.65)

denoting that the basis set is non-orthogonal. The Kohn-Sham orbitals are expressed in

terms of the SIESTA atomic orbitals as:

Ui = > e cur = (Bul) = S; KB, (2.66)
M

where @, defines the dual orbital of ¢,:

<¢:u|¢v> = 6;11/- (2.67)

Hence, the Kohn-Sham eigenproblem using this basis set is expressed as:

Z H,c,=¢€ Z Sucyis (2.68)

and, the electronic charge density is obtained as follows:

p(E) = > mily(®)P, (2.69)

where 7n; is the occupation state of ¢; according to the Fermi-distribution. Combining

Equation 2.69 with the definition of y/(¥) , we obtain:

w® = > @R =n ) Y b B, (2.70)

i VU
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and the density matrix is defined as:

P = ) CutiCiy, .71)

i

and rewritten the electron density as:
P®) = ) Pt (B, (F). (2.72)
uv

As the atomic orbitals are confined within some confinement radius, limiting the or-
bital’s range, that leads to a sparse Hamiltonian and overlap matrices; they present non-zero
elements only when the two basis orbitals overlap. From Equation 2.72, we can observe
that the only required elements are those where the overlap matrix is non-zero, thus also
generating a sparse density matrix.

In summary, the SIESTA method provides a general and very efficient scheme to per-
form DFT calculations, from fast to very accurate simulations, and it can deal with thou-

sands of atoms in the simulation [24].
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Section 3

Literature Review

In the this section, a literature review of the topic of molecular modelling of corrosion
inhibition is presented. This review has been put it in the form of a paper which has been
recently accepted in npj Materials Degradation [48] journal. This review highlights the
need to understand the fundamental mechanisms of organic corrosion inhibitors, where
molecular modelling can provide important insights. That would allow for a detailed anal-
ysis of the corrosion inhibition (CI) process. However, CI modelling is often not explored
in-depth and is usually applied to this field in a standardised way only to support exper-
imental results. In this paper, six essential aspects (A) to consider when modelling CI
are described: (A1) the electronic properties of isolated inhibitors, (A2) the interaction of
the inhibitor with the surface, (A3) the surface model, (A4) the effect of the anodic and
cathodic zones on the surface, (A5) the solvent effects, and (A6) the electrodes’ potential
effects. While the first three aspects are commonly considered, the latter three and more
complex surface models are often neglected, creating gaps in the CI modelling literature.

This literature review aims to discuss the main features of molecular modelling in CI, fo-
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cusing on the key aspects mentioned above and the emerging approaches that aim to fill
the gaps in the literature.

This review is organized as follows: section 3.1 discusses the theoretical background
involved in the simulations commonly applied to CI and section 3.2 discusses the main
aspects for the CI modeling, reviewing the most recent works for each of the aspects high-
lighted before. We also give a focus on the main gaps found in the CI literature to describe

some critical phenomena, discussing the most recent works that somehow address those

gaps.

3.1 Theoretical background

Molecular modeling is a very active research area with applications in many different
fields, such as sensors [49], materials design [50], and drug discovery [51], to name just a
few. With the advent of faster computers and optimized methodologies, molecular model-
ing has become a vital tool for investigating CI. Although molecular modeling is a versatile
tool with many methods available, its use in CI is standardized and frequently limited to
complement the experimental findings, often relying on QSAR (Quantitative Structure-
Activity relationship), or on very simplified models of the structures and the physical and
chemical processes. By standardized, we mean molecular modeling performed with over-
simplified models, where the employed theory level is insufficient to provide significant
insights about the CI.

However, the methodologies available for molecular modeling are very rich and di-
verse, and could contribute to a much deeper understanding if their full potential would
be deployed to the study of the processes involved in CI. As it will be further discussed
in section 3.2, the recent works applied to CI, especially those intended to develop meth-
ods, despite being scarce, provide important information about the molecular process that

occurs during the CI.

From a molecular modeling point-of-view, we can, in principle, describe computation-
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ally any atomistic process in materials if we have two basic ingredients. The first one is
the knowledge of the interactions between atoms in the material (that is, the interatomic
potentials). Those determine the equations of motion for the atoms and the physical evo-
lution of the material at the atomic level. The second one is an algorithm to integrate the
equations of motion and obtain physical properties (such as most stable structures, ther-
modynamic properties, reaction rates, and many others) from the atomic interactions. The
variety of available choices for these two ingredients is overwhelming, and well beyond
the scope of this review. Here we give a very broad and superficial account of the most
popular approaches.

Concerning the interatomic interactions, one could obtain the forces on the atomic nu-
clei in any material from Quantum Mechanics (QM) by solving the Schrédinger equation!
(SE) for its nuclei and electrons, as explained in Equation 2.1.

Normally, the electrons are considered to be in their ground state, so that their energy
E. is their ground state energy. The nuclear dynamics can be obtained considering the
nuclei as quantum particles, thus incorporating all quantum effects in the model, or as
classical particles (due to their large mass). The latter case is the most frequent one in the
modeling of materials, and restricts the quantum effects to the description of the electrons.
The nuclei, in this case, move following the Newton laws of classical mechanics, with
forces defined by the derivatives of the PES:

. dE(R))

Fi=——. 3.1
dR, (3.1

The electronic SE Equation 2.1 is still too difficult to be solved but for the simplest
molecules, and approximations have to be made. Quantum Chemistry (QC) [26] provides
a plethora of methods that propose approximations to the many-body electronic wave-
functions, with increasing levels of accuracy, from the simple Hartree-Fock (HF) method

to sophisticated Configuration Interaction approaches. Quantum Monte Carlo methods

"Here we only present the time-independent Schrodinger equation as time dependent phenomena are
usually described using the time evolution of stationary states, or through the adiabatic approximation where
electrons are assumed to be in their (instantaneous) ground state.
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(QMCO) [52], on the other hand, do not propose explicit functional forms for the wavefunc-
tion, but directly compute averages of physical quantities (mainly the energy, typically for
the ground state) numerically using stochastic methods by sampling the multidimensional
space of the wavefunctions. The advantage of QMC over QC methods is that the scaling
with system size is much more favourable, allowing to deal with larger systems, although
they are usually restricted to simple properties such as the total energy, and to deal with
the ground state. However, both kinds of approaches are usually too expensive computa-
tionally to deal with the typical sizes involved in CI, which limits their applicability and

impact in this field.

A class of methods that is frequently used to solve the electronic problem is Density
Functional Theory (DFT), as explained in section 2.1. Here one abandons any attempt to
approximate the electronic many-body wavefunction ¥, (¥), and focuses on the electronic

charge density.

Using the Kohn-Sham formulation of DFT, the previous many-body problem is re-
duced to a one-electron problem which can be readily solved numerically, enabling the
studying of much larger systems compared to the ones that can be investigated through
wave-function-based electronic structure methods. This numerical efficiency and the ca-
pacity of DFT to reach systems of considerable size (even thousands of atoms in high
performance computers) have made it the methods of choice in most computations in ma-

terials science and chemistry, and in most applications to CI modeling.

DFT provides a description of the electronic state and the nuclear dynamics (from the
forces obtained from the electronic solution) that stem from the fundamental laws of QM
and electromagnetism. As they do not require neither any previous knowledge of the sys-
tem under study nor empirical parameters, they are usually referred to as first-principles
methods. They are highly transferable and can be applied to any system, as they rely only
on the fundamental laws of physics and do not require any previous knowledge or parame-
ters fit to any particular system. Therefore, they have a high level of predictive power, and

thus are of general applicability. Besides, they provide a detailed microscopic picture of
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processes in materials. DFT in particular is the first-principles method of choice for practi-
cal CI studies, when the behavior of the electrons is a concern (like in the study of chemical
reactions), and when one does not wish to use experimental or empirical parameters in the

simulation.

Although DFT can be used in the study of large atomistic systems, when the number
of atoms involved is beyond a few hundreds or the time scales involved are longer than
a few picoseconds, DFT is too computationally demanding, and one has to resort to less
expensive approaches. A popular one is Molecular Mechanics (MM), where one retains
an atomistic description of the system, but the interatomic forces are not obtained from
the electronic structure, but parameterized in the form of a classical interatomic poten-
tial V({ﬁ}), commonly referred to as force field (FF), that depends on the positions of the
atoms in the system. The FF can be more or less complex, and have different analyti-
cal or numerical forms and parametrizations, but have the common feature that they are
parametrized and fit to known experimental or theoretical results. Commonly used forms
of FFs for small molecules are OPLS-All-Atom (OPLS-AA) [53], OPLS3 [54], General
AMBER Force Field (GAFF) [55, 56], CHARMM General force field [57-59], GROMOS
[60—64], and Merck Molecular Force Field (MMFF) [65-69], which are implemented in
software packages such as GROMACS [70], NAMD [71], LAMMPS [72], AMBER [73],
CHARMM [74], and OpenMM [75], among others. These FFs contain molecular pa-
rameters for a wide range of chemical species [76, 77]. Nonetheless, a common issue of
utilizing FF in CI modeling (and in other areas) is the indiscriminate use of unvalidated

FFs.

Also, recently, other types of FFs are being developed which do not have an analytical
expression and are parameterized using machine learning (ML) approaches [78]. The
ML FFs learn about the system through the relationship between chemical descriptors
and their properties from patterns in the data [79]. The patterns and structure in data are
typically extracted by applying kernel methods, and neural networks based on the atomic

representation of the system [80]. In this respect, ML FFs allow to explore efficiently the
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chemical space and predict some properties of the system with good accuracy. Although
the transferability of ML FFs poses a problem when going beyond the specific training
conditions [78, 79], they are a promising approach that may provide in the near future
first-principles accuracy at the cost of MM methods.

Once the method to compute the energies and forces is chosen (either using first-
principles or classical potentials), one still must solve the equations of motion and obtain
the physical properties of the system, like reaction energies, thermodynamics, phase sta-
bility, transport properties, etc. For this, two main methods have been used. The first one
is Molecular Dynamics (MD) [81, 82], in which one essentially integrates the Newton’s
equations of motion for the atoms in the system:

F, = i=1,2, ..N, (3.2)

obtaining their trajectories as a function of time: ﬁi(t). This is done from the knowledge
of the forces (derivatives of the system energy with respect to the atomic positions, as in
Equation 3.1), discretizing time and approximating the derivatives using finite differences.
The trajectories are then obtained for discrete values of time. Time averages over the inte-
grated trajectories for the properties of interest are approximations to the thermodynamic
averages. Different MD techniques allow to access different physical properties, over dif-
ferent thermodynamic ensembles: microcanonical (constant NVE), canonical (constant
NVT), Grand canonical (constant uVT), etc.

The second class of methods commonly used to obtain the physical properties form the
energy and interaction models are based on Monte Carlo approaches. Here, one does not
attempt to follow the dynamics of the system, but to compute properties in equilibrium,
from averages of the corresponding operator. The averages are computed using stochastic
approaches. In these simulations, a system is evolved to a different state from an ensem-
ble of possible future states, which is accepted or rejected with a certain probability and
using some criterion. The equilibrium’s state in the system is investigated as a function of

the temperature (Metropolis Monte Carlo), or to advance the system’s state through time
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(kinetic Monte Carlo). In Metropolis Monte Carlo, the number of states can be seen as
the number of geometries, which are accumulated, and then a potential energy function
is calculated for each of them. Thus, a certain thermodynamic property can be computed

through the integration:

A= fA(F)P(F)dF, (3.3)

where A is the thermodynamic property, P(F) is the probability distribution function, and

¥ the coordinates. P(F) is given by:

E®
P®) = M , (3.4)
[exp(-£2)
where E(F) is the energy of the system with coordinates F and the denominator is the
partition function. P(F) can be calculated using two methods: a quadrature scheme or
Metropolis [83].

In Kinetic Monte Carlo, the simulation proceeds with a list of all possible discrete re-
action steps, and then a probabilistic method is used to select a reaction based on what will
occur in a time step. In this case, reactions with a high rate will be preferably selected over
those with a slower rate, and the reaction rates can be obtained from ab-initio simulations.
The time step for the selected reaction is evolved based on all possible reaction rates for
the current configuration. Once the system is updated, a list of reactions is created, and the
probabilistic selection process continues. The main difference between MD and Kinetic

Monte Carlo is that MD follows the evolution of the system with time in a continuous

manner, whereas in Kinetic Monte Carlo, the events are discrete [83, 84].

3.2 Main aspects for the Cl modeling

From a molecular point of view, CI modeling provides invaluable insights into all phe-

nomena that occur during the corrosion process, e.g. oxidation/reduction of the metallic
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surface and other chemical species present in solution, mass loss in the metallic surface, re-
distribution of the electronic charge in the inhibitor and the EDL, which functional groups
are oriented toward the metal, how the molecule builds up layers on the metallic surface,
etc. Those insights allow us to comprehend how atoms-molecules-surface-solvent interact,
paving the way to investigating several degrees of freedom of a given problem, individually
and collectively, a tricky task when doing experiments. In that manner, one can evaluate

with atomistic detail the CI process, bringing light to the inhibition mechanisms.

The choice of the interaction model (mainly between QM and MM models) is related
to the desired level of predictability in investigating the target property or phenomenon.
However, in CI modeling, because of the system’s size usually required in the simula-
tions, often highly accurate methods are prohibitive. QM methods allow us to investigate
the electronic and structural properties of the inhibitor, surface, and aqueous interface
with more detail than the MM ones since the electrons are explicitly considered in those
methods, besides being more transferable and general. In that manner, QM methods may
provide important information about the adsorption mechanism of the inhibitor, where,
for instance, the m-orbitals of the inhibitor will interact with the surface and with the other
ones from other inhibitor molecules, and depending on the coverage and the strength of
this interaction, the corrosion inhibitor will adopt a particular adsorption configuration,
that potentially could lead to the formation of self-assembled monolayers (SAM) [21].
Nonetheless, the lack of computing power often limits the application of QM methods,
where, for instance, the solvent effects are not always included. Modeling based on MM is
very popular in the CI field, as it is reported in many works in the literature [85-108]. That
is primarily because of its low computational cost compared to QM methods, allowing,

for instance, the inclusion of solvent effects, one of the critical aspects in the CI field.

Many works reported in the literature use molecular modeling only to support experi-
mental observations [98, 103, 109—115]. Most works use QM methods to compute molec-
ular properties of isolated inhibitors [98, 103, 110-116] which are traditionally attempted

to correlate with CI efficiency through electronic properties, such as the ones discussed in
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the next section. In the following sections, we revise the main works available in the liter-
ature, presenting a detailed discussion of the six main aspects of CI modeling highlighted

in the introduction.

3.2.1 Electronic properties of isolated inhibitors

The electronic properties of isolated inhibitors can give us a first insight into their CI prop-
erties. Most of the works reported in the literature attempt to correlate these properties
with the experimental CI performances of the inhibitors. This approach is known as MEP-
TIC (molecular-electronic properties to inhibition-efficiency correlation) [117]. This is
usually done through simple correlation methods (e.g., linear regression analysis) or more
elaborated statistical models such as nonlinear methods (e.g., neural networks, polyno-
mial regressions, ML techniques, etc.) [15]. The more elaborated methods correspond to
the QSAR (Quantitative Structure-Activity Relationship) approach, which is usually ap-
plied in predicting biological activities or physicochemical properties of compounds, but

in recent years has been applied to predict the CI properties of compounds.

MEPTIC

In the MEPTIC approach, trends in the electronic structure of the isolated inhibitors and
their similarity with other inhibitors are attempted to correlate with the experimental CI
performance, sometimes also aiming to provide insights into its interaction with the sur-
face. Most of the time, the aforementioned molecular properties are calculated using DFT,
but some works use wave-function-based methods, such as Mgller-Plesset (MP), Coupled
Cluster (CC), HF method, etc., and semiempirical methods [118-121]. The MEPTIC

models can be expressed as follows:

fXxX)=ax; +ax + ... +a,x, + €, 3.5
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where f(x) is the molecular property, x, the n" molecular parameter, a, the coefficient
(weight) of each parameter, and € the associated error. For example, the CI performance,
n, can be expressed as a combination of some coefficients and the energies of the frontier

orbitals:

n =a+ bEuomo + cErumo + ..., (3.6)

where a, b, and ¢ are constants determined to fit the model, Exomo and Erumo the ener-
gies of the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) orbitals. Once these apparent correlations are determined for a given
set of inhibitors and materials, the findings are extrapolated to other systems [19, 117,
122, 123]. However, this approach may result in erroneous associations, as many of these
studies observed the correlations within a restricted set of molecules, or even to no corre-
lation as shown in Figure 3.1. The inhibition efficiency (77) in Figure 3.1 was calculated as
n = (RY" = RY*™)/RI™, where R} is the mean polarization resistance of the inhibited sam-
ple, and Rg‘a“k the mean polarization of the blank (non-inhibited sample). When a more
comprehensive dataset of inhibitors is employed, the apparent correlation might disappear
or not be so apparent [15, 19, 124-129]. From MEPTIC approach, one can not have any
information about the physical and chemical processes that occur during/after the adsorp-
tion process because of the lack of explicit interaction between inhibitors and the metallic
surfaces, which is not considered in these studies [130-139].

Another problem that could appear in MEPTIC is the linear dependence between the
variables (molecular properties) used. The linear dependence could appear using two re-
lated quantities (e.g., the fundamental gap and the HOMO and LUMO energies), but there
might also be other ambiguous and unclear linear dependencies when many parameters
are used in the models. To deal with that, there are statistical techniques to identify the
causal correlations between the parameters or regularization techniques [15, 140, 141].

Among the electronic properties typically utilized in the MEPTIC approach, the fron-

tier molecular orbitals HOMO and LUMO are the most commonly analyzed in the liter-
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Figure 3.1: Correlations between the experimental corrosion inhibition effi-
ciency and molecular electronic parameters for a set of organic compounds tested
as corrosion inhibitors for copper in saline solution. A significant vertical disper-
sion of points near 100% inhibition efficiency appeared for all the molecular elec-
tronic parameters. This implies that a good inhibitor can present almost any value
within a relative broad range. All the details about the molecular electronic pa-
rameters, set of organic compounds, and numerical values are reported by Kokalj
et al. [123]. Adapted from Kokalj et al. [123] with authorization.

ature. Those orbitals tend to react with surface states, thereby enhancing the interaction
between the inhibitor and the surface. The Eyomo is associated with the molecule’s ten-
dency to transfer electrons to the surface, while the Epyyo is related to its tendency to

accept electrons from the surface, e.g. in a transition metal from d-orbitals. Consequently,
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the difference between the HOMO and LUMO energies, often referred to as the HOMO-
LUMO gap or fundamental gap AE, can indicate the strength of the inhibitor-surface in-
teraction in an indirect way. A higher AE implies lower reactivity of the molecule with

the surface, whereas a lower AE suggests higher reactivity.

However, AE is not the sole determinant of the inhibitor’s reactivity with the surface
or its CI performance. Breedon et al. [124] have criticized that correlation by exploring
other molecular parameters, such as molecular ionization and deprotonation energies for a
set of 28 small organic molecules using DFT and QMC calculations. They found no clear
relationship between experimental CI efficiency, the fundamental gap, and other molec-
ular properties. More recently, Kokalj [122] discussed the importance of the molecular
electron-donating ability and the fundamental gap in CI for a data set of 22 heterocyclic or-
ganic inhibitors for Fe in acidic solutions. A weak bilinear dependence with a volcano-like
shape on the fundamental gap was found, but the correlation is too weak to be quantitative.

Hence, analyzing only the fundamental gap cannot predict the inhibition efficiency.

Liu et al. [138] studied the inhibition performance of nicotinic acid (NA), nicotinic
acid amide (NAA), and 4-methoxypyridine (MP) for the CI of mild steel in acidic so-
lution through experiments and simulations. Their experimental results showed that the
inhibitors could prevent the material’s corrosion following the trend NAA > NA > MP for
CI performance. Then, the CI performance was correlated to molecular properties, such
as charge density distributions, HOMO and LUMO energies, and the Hard-Soft Acids and
Bases (HSAB) parameters, finding some correlations with their experimental results for CI
performance. However, the correlations found, even agreeing with experimental results,
should not be generalized to other corrosion inhibitors or materials because, as mentioned
before, they can lead to false associations. In this case, the correlations could be more

coincidences than true relations.

Another important molecular parameter used in MEPTIC is the dipole moment. This
quantity measures the separation of the electric charges within a molecule. There are two

arguments for its effect on CI performance. The first one says that a high dipole moment
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will enhance the molecule’s interaction with the metallic surface, leading to higher CI.
The second argument says that a lower dipole moment will favour the molecule accumu-
lation on the surface (the lower dipole moment of the molecule reduces its electrostatic
repulsion from the charges on the surface), protecting the material against corrosion. Both
arguments could be true, even if they seem to be contradictory. In this sense, the effect
of dipole moment on the CI properties is non-trivial and depends on several factors, from
electrostatic to intermolecular interactions, as well as the dipole’s orientation [123, 142],

as shown in Figure 3.1.

The HSAB theory has also been applied in the MEPTIC approach to predict the bond-
ing between the inhibitor and the surface, where the molecule is the electron-donor species
(nucleophile), and the metallic surface (assuming metals with d-orbitals) is the electron-
acceptor one (electrophile) due to its vacant d-orbitals. Accordingly, the corrosion in-
hibitor would be adsorbed on the metallic surface by its reactive part and block the active
sites on the metallic surface, thus preventing it from corrosion. In this sense, the HSAB
theory can help to predict the CI properties of specific molecules, but without any infor-
mation about the corrosion inhibition mechanism. It can also lead to incorrect conclusions
due to the lack of robustness of the models used or because there is no correlation at all
between the molecular parameters used and the corrosion inhibition efficiency, as shown
in Figure 3.1. The parameters used for HSAB theory, such as Mulliken electronegativity,
chemical potentials, nucleophilicity, electrophilicity, softness, hardness, etc., can be calcu-
lated using DFT simulations through simple ground-state equations based on the electronic

density [123].

The Fukui indices are additional reactivity descriptors that emerge from the HSAB
theory. They provide information about which atoms on the molecule tend to lose/gain
electrons, thus determining the strength of certain potential bonding sites (reactive sites)
on the corrosion inhibitor. Some of these descriptors are the electrophilic (f*) and nu-
cleophilic (f7) indices, which indicate the electrophilic and nucleophilic regions of the

corrosion inhibitor, hence the affinity to be adsorbed on the metallic surface. The Fukui
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indices can be compared for different corrosion inhibitors or molecule derivatives to get
insights into which one can perform better as corrosion inhibitor [15, 96, 100, 103, 105,

116, 123, 143-154].

QSAR

The QSAR models can also be used to analyze the dependence of some property of interest
(e.g., CI performance) with molecular features. One of the differences between the QSAR
models and the MEPTIC approach is that the latter focuses more on the electronic prop-
erties of corrosion inhibitors and their correlation with CI. In contrast, the QSAR models
are a more versatile modeling approach which can include several molecular descriptors
and experimental data to predict the CI. In this sense, the QSAR models are usually more
mathematically complex than the MEPTIC ones. Several QSAR models have been applied
to different families of organic compounds used as corrosion inhibitors, such as azoles, im-
idazoles, amino acids, Schiff bases, etc. To evaluate the fitness and statistical significance
of a QSAR model, statistical properties such as Pearson’s correlation coefficient (R), coef-
ficient of determination (R?), mean absolute error (MAE), mean square error (MSE), root
mean square error (RMSE), the sum of square errors (SSE), etc., are used [127, 155-157].

The main issue with the QSAR models typically used in the CI literature is that only
a few show statistical robustness, potentially resulting in false correlations between the CI
performance and the computed molecular properties [117]. To identify reliable molecular
descriptors for QSAR models, Winkler et al. [126] investigated a data set comprising
100 small organic molecules as potential corrosion inhibitors of Al alloys AA2024 and
AAT7T075. Their findings indicated that molecular electronic properties obtained through
DFT (such as electron affinity, ionization potential, Eyomo, ELumo, among others) lacked
sufficient information to generate predictive models for CI performance. However, when
these DFT descriptors were combined with other molecular features (e.g., the presence of
specific functional groups, molecular topology, van der Waals volume, etc.), along with

experimental data, they yielded excellent QSAR models. Winkler’s work sets a precedent
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demonstrating that molecular properties can be linked to CI efficiency, showing that QSAR
models can correlate molecular features with CI performance. However, these models do

not provide any information about the mechanism of action of the inhibitor.

Another remarkable example of using QSAR models is the work by Fernandez et al.
[158], who studied the CI performance of 28 small organic molecules. They employed a
QSAR approach known as comparative molecular surface analysis (CoMSA), which uti-
lizes distributions of electronegativity, polarizability, and van der Waals volume calculated
at the DFT level to identify highly effective corrosion inhibitor compounds. The outcomes
of their study revealed the identification of five molecules as prototypes and archetypes for
corrosion inhibitors. This demonstrates that these properties projected onto the molecular
surface (using the Connolly surface model [159]) can predict the CI potential for small

organic molecules.

Currently, Artificial Neural Networks (ANN) have emerged as a non-linear technique
employed to characterize the connection between molecular descriptors and their corre-
sponding molecular properties in a given dataset [144]. ANN has been used to correlate
and predict complex nonlinear relationships without having any knowledge about the un-
derlying mathematical description involved and using an artificial intelligence (Al) ap-
proach [160]. An ANN is formed by several simple and highly interconnected processors
or neurons (nodes). It is characterized by three main components: node character (pro-
cessing of the signals by the node), network topology (structure and connections between
the nodes), and learning rules (how the weight of the molecular parameters are initialized
and adjusted using an algorithm). The nodes in an ANN are usually arranged in three

layers: the input, hidden, and output layers [144].

Chen et al. [127] investigated through an ANN the quantitative relationship between
structural/molecular features and their experimental electrochemical properties for a data
set of 38 corrosion inhibitors. The neural network used was the Bayesian regularization
approach, based on a three-layer neural network architecture with an automatic training

process to minimize the correlation error. The structural descriptors used in the model
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considered molecular features such as the number of atoms, number of non-H atoms, num-
ber of rings, among others. The experimental properties considered were the corrosion
potential, corrosion current, and anodic/cathodic Tafel slopes. Their results showed that
the ANN could predict the electrochemical performance of the corrosion inhibitor com-
pounds they used, with combined experimental and molecular properties, when applied to
AA-2024-T3 alloys.

In a recent work by Dai et al. [161], a cross-category corrosion inhibitor database
was constructed using an ANN (three-level direct message passing neural network,
3L-DMPNN) model with molecular information that incorporates atomic-level, chemical
bond-level, and molecular-level details to predict the CI performance of compounds
in specific environments. The model’s generalization ability was tested by them in 23
organic molecules from the latest literature studies [127] and 4 molecules tested in the
laboratory, finding that the model could accurately predict the CI performance for both
highly and slightly efficient corrosion inhibitors at a low computational cost.

In summary, examining the electronic properties of isolated corrosion inhibitors offers
insights into their potential interaction with the metallic surface to protect the material
from corrosion. However, those analyses are insufficient to conclude that a given molecule
might be a good corrosion inhibitor because either using MEPTIC or QSAR approaches
often leads to poor or no correlation between the molecule’s electronic properties and
the experimental CI performance. More advanced QSAR models, when provided with
appropriate molecular descriptors, may improve such correlations, but it is always difficult

to extend the findings for a given set of molecules to other molecules.

3.2.2 The interaction of the inhibitor with the sur-

face

Addressing the inhibitor’s adsorption onto the surface is fundamental in CI modelling. In

the CI literature, the adsorption energy (E.qs) of the inhibitor on the surface is often used as
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a parameter to infer the CI efficiency of inhibitors. For the different methods used, E 4 is
computed in varying ways, but always referring to how strongly a molecule is attached to
a surface and displaces solvent molecules, thus blocking electrochemical activity. Several
factors, such as the molecular structure and functional groups of a given inhibitor, may
influence its adsorption energy on the metals. That affects the alignment (or configuration)
of the inhibitor molecules on the surface and, thus, the adsorption configuration of the

molecule on the surface and coverage [98, 103, 109-113, 115, 162-164].

The accuracy of the energies obtained strongly depends on the computational method
employed, and emerging methodologies can provide better descriptions of both energetic
and structural properties. For instance, in QM simulations the accuracy will depend on the
level of theory used in the calculation (e.g. the specific functional used in DFT), while, in
MM simulations, on the FF parametrization (AMBER type, reactive force fields, ML FFs,
etc.) [79, 165, 166].

In the context of molecular dynamics, to assess the system’s energy accurately, it is
necessary to consider many different configurations, exploring the local energy minima on
the system’s PES. Most of the papers found in the literature are unclear whether they use
a single configuration of the system (e.g., one adsorption structure obtained by structural

optimizations) or consider an average over many MD steps.

Several works in the literature report the adsorption energies for inhibitors in
different metallic surfaces by means of QM and MM simulations [14, 95, 107, 149,
162, 167-174]. Thagi et al. [95] investigated the CI properties of monocarbonyl
analogues of curcumin, specifically (2E,5E)-2,5-di-benzylidenecyclopentanone and
(2E,5E)-bis[(4-dimethylamino)benzylidene]cyclopentanone, for Cu, using electrochem-
ical measurements, Monte Carlo and MD simulations with classical potentials. Their
simulations showed the ability of both inhibitors to be adsorbed on the surface, protecting
it from corrosion, where both molecules adopted a configuration parallel to the surface.
They performed the structural analysis using the radial distribution functions, which

showed peaks in distances from 1 to 3.5 A, corresponding to chemisorption on the
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surface. Kozlica et al. [14] investigated the combined CI performance of MBI and
octylphosphonic acid (OPA) on oxidized Cu (Cu,0) with different OH/O termination,
and a model of oxidized Al(111) surface with the equivalent of 2 monolayers of oxygen
atoms and hydroxylated termination (OH/AI,O/Al(111)). Adsorption energies of the
inhibitors on the Cu surfaces were computed by them using DFT. Their results showed
that MBI adsorbed preferably with the thione and thiolate form to the Cu surface, while
the thiol form did not take part in the adsorption process due to the lower stability
against the thiolate and thione form. In the case of OPA, they found a similar adsorption
tendency. For the Al surfaces, the adsorption of the phosphonic group was addressed
in a previous work by them [175], showing an adsorption preference for this group
instead of the imidazole and thiol ones. In this case, the interactions governing the
inhibitor’s adsorption on the oxidized surfaces studied are covalent bonds with either O-

or OH-terminated surfaces.

Dahmani et al. [90] determined which of the compounds present in the cinna-
mon essential oil (CiO) is responsible for its experimental CI performance on bare
Cu and CuO,(110) surfaces. Using the major constituents compounds of CiO: trans-
cinnamaldehyde (P46), ¢-cadinene (P8), and p-Cubebene (P5), and through MD
simulations with classical potentials, they found that P8 is interacting most favorably
with the CuO,(110) surface, adopting a parallel adsorption configuration that covers the
surface. Their experimental results, particularly using scanning electron microscopy
(SEM) and energy dispersive X-ray analysis (EDS), suggested that the presence of
the inhibitor protected the metal since the surface was smooth and exempted from all
corrosion products. Since their simulations show the molecules are adsorbed to the
surface (via MD trajectory analysis), they conclude that it protects the surface. They also
analyzed the inhibitors through DFT calculations to determine the molecular properties
usually associated with the corrosion inhibition efficiency: HOMO-LUMO energies,
electronegativity, and ionization potentials, among others. Their DFT results suggested

that P8 and P46 are the compounds with higher corrosion inhibition efficacy. However,
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both conclusions about the DFT and MD results and the corrosion inhibition efficiency
are weak arguments similar to the other ones found in the corrosion literature, attributing
the corrosion protection only to the ability of the molecule to stick to the surface and their

value of specific molecular properties calculated in the isolated inhibitors.

Many authors report on Monte Carlo simulations in combination with experimental
techniques to predict CI performance [176—183]. Quadri et al. [178] evaluated the CI per-
formance of three N-hydrospiro-chromeno-carbonitriles (INH-1, INH-2, INH-3) on mild
steel in acidic solutions performing electrochemical measurements together with DFT and
Monte Carlo simulations. The authors found the highest CI performance for INH-3, fol-
lowed by the INH-2 and INH-1 compounds, which were evaluated through electrochem-
ical impedance spectroscopy. Their Monte Carlo simulations showed that the adsorption
energies of the corrosion inhibitors followed the same trend as the CI performance. The
adsorption configuration mode for the molecules on the surface was found to be nearly

parallel to the surface, using their wr-electron-rich centers.

Madkour et al. [181] showed the CI performance for some arylazotriazoles (AATRs)
on Cu using electrochemical measurements and Monte Carlo simulations. Their simula-
tions showed that the AATRs adsorbed on the surface with a parallel configuration due to
the donation of m-electrons from the aromatic rings, as well as the lone pair electrons from
the heteroatoms to the unfilled d-orbitals of the Cu surface. This configuration maximizes
surface contact and enhances surface coverage. The experimental results showed that AA-
TRs are good inhibitors for Cu, with an increased CI performance at higher concentrations

but decreased with rising temperatures.

The coverage ratio is one of the most important aspects of investigating inhibitors’
adsorption mechanisms on metallic surfaces. From the modeling point of view, that can be
addressed by either increasing the number of molecules in a simulation box of fixed size or
decreasing the box dimensions for a fixed number of adsorbed molecules. In this manner,
the adsorption of a given inhibitor on a metallic surface can be investigated as a function

of the surface coverage, ranging from low to high concentrations, and potentially leading
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to the SAMs formation. However, increasing the inhibitors concentration in experiments
does not necessarily guarantee the formation of an ordered SAM layer, but often leads to
disordered SAMs. For the SAM case, the lateral interactions between the inhibitors can
stabilize the adsorption on the surface. For a given surface with a fixed simulation box

size, Figure 3.2 sketches those two adsorption scenarios.

Figure 3.2: Inhibitor adsorption sketch considering the isolated and monolayer
cases. The blue surface illustrates the metallic slab of the same size in both cases,
showing that more molecules are needed to investigate the self-assembled mono-
layer (SAM) case. The green arrows indicate the empty lateral space, preventing
the molecules from interacting with their images in simulations that apply peri-
odic boundary conditions (PBC), for the case of low coverage adsorption.

Several works using isolated and monolayer adsorption cases are reported in
the literature. For example, Vernack et al. [167] investigated the adsorption of 2-
mercaptobenzimidazole (MBT) and 2-mercaptobenzimidazole (MBI) on Cu(111) surface
via DFT calculations. Using different surface coverages until reaching the SAM forma-
tion, they found the most stable adsorption modes (2-atom bonded) of both MBI and
MBT on the Cu(111) surface, where the MBI adsorbs more strongly than the MBT due to
better lateral interactions in the SAM. The more stable adsorption of MBI would increase
its CI performance compared to MBT.

Guo et al. [184] investigated the CI properties of three thiourea derivatives (1-
(4-methoxyphenyl)-3-(4-phenylthiazol-2-yl)thiourea, 1-benzyl-3-(4-phenylthiazol-2-yl)
thiourea, and 1-(2-hydroxyethyl)-3-(4-phenylthiazol-2-yl)thiourea, named Inhl, Inh2,
and Inh3 in Figure 3.3, respectively, from Guo et al. [184]) on Fe surfaces by means
of MD simulations with classical potentials to compute adsorption energies. Using this

approach, they found that the Inh1 derivative presented strong adsorption for the varying
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coverages, followed by Inh2 and Inh3, as shown in Figure 3.3. Their findings show the
effect of the coverage in the adsorption energies, where the interactions between the

inhibitors are maximized at a certain coverage, increasing its stability on the surface.
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Figure 3.3: Variation of the adsorption energy with the surface coverage. The
number of molecules per surface Fe atom is considered as the coverage unit (ML).
The size of the supercell is shown at the top of the graphic. Adapted from [184]
with authorization.

Chiter et al. [185] provide more insights about the CI properties of MBT monolayers
adsorbed on Cu(110) via DFT calculations. Their findings showed that the thione and
thiolate MBT are chemisorbed on the surface. The chemisorption leads to a stable and
dense monolayer on the surface, which saturates all the Cu surface atoms at a concentration
of 3.68 molecule nm~2. The CI performance of the MBT monolayers was evaluated by
calculating the Cu vacancy formation energy (the energy cost of creating one Cu vacancy)
on the surface, both in the presence and in the absence of the inhibitor. A higher vacancy
formation energy suggests a reduced probability of metal dissolution. In this study, their
higher Cu vacancy energy for the thiolate case compared with the thione indicates that the
thiolate form mitigates the metal dissolution.

In the same regard, Vernack et al. [186] investigated the formation of MBT mono-

layers on Cu,O/Cu surfaces using DFT simulations combined with x-ray photoelectron
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spectroscopy (XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS).
Their results showed MBT multilayer formation on the Cu oxide surface, which inhibits
the oxide layer growth, as shown in Figure 3.4. The figure depicts the MBT layers’ adsorp-
tion mechanism on the surface, illustrating the adsorption on both Cu,0O oxide and bare
Cu. In the latter case, the adsorption of the MBT multilayers would inhibit the growth of
the Cu,0O and the metal redissolution. Their DFT results showed that MBT molecules are
strongly bonded to the surface through both S atoms, covered by a weekly bonded mul-
tilayer. They also found coadsorbed water between the MBT layers, interacting with the
N(H) group via H bonds. Moreover, the adsorption of MBT on the surface inhibits the

coadsorption of Cl~, besides preventing Cu dissolution.
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Figure 3.4: Sketch of the adsorption of 2-mercaptobenzothiazole (MBT) layers
on the Cu,O/Cu surfaces, where the adsorption is taking place on both the Cu,O
oxide and the metallic zones. The MBT layers contain water molecules trapped
between them. Adapted from [186] with authorization.

The electronic properties can also be used to analyze the adsorption of inhibitors on
the metallic surface. One can use the system’s electronic density to obtain other quantities
such as work functions, the total (DOS) and local (LDOS) density of states, electrostatic

potentials, and the electronic density distribution. The work function of a metallic surface
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is the minimum energy required to remove an electron from the solid surface to a point in
the vacuum just outside the surface. It relates to the electronic energy level and thus with
the electrode potential [187]. When the corrosion inhibitor is adsorbed on the metallic
surface, there could be a change in the work function related to the adsorption process
and intermolecular interactions (e.g., dipole moment) between inhibitors. The modified
work function could affect the adsorption of ions on the surface and make less favorable
the electron charge transfer to the metal from any of the chemical species present. In this
case, when the adsorbate reduces the work function of the system, the adsorption of anions
that donate electrons to the metal becomes less favorable. This affects the anodic reaction

of the system, and this could be used to evaluate the CI process [163, 188-192].

The DOS allows for understanding how the states of a given atom (or other entity, such
as the orbitals) are distributed in terms of energy. It can also provide hints about atoms
interacting with each other. LDOS is the space-resolved density of states. This quantity is
commonly used in scanning tunneling microscope (STM) analysis as it is directly related
to the measured current as a function of the applied voltage and the tip position [193]. One
can also assess the interaction between the corrosion inhibitor and the surface by analyzing
the DOS [15]. When the corrosion inhibitor is being adsorbed on the surface, the electronic

states of the inhibitor start to broaden because of the inhibitor-surface interaction [163].

Several authors have used the DOS to extract information about the CI process [149,
163, 167, 168, 170, 174, 191, 194-196]. Chiter et al. [168], for instance, studied the
adsorption of MBI on Cu interfaces (Cu,O/Cu). The strong adsorption of MBI on the
Cu,0O/Cu surface and the formation of chemical bonds were confirmed by the electronic
analysis in terms of the DOS and the LDOS. The authors observed drastic changes in
both quantities before and after the adsorption process, suggesting the formation of strong
bonds between the MBI and the surface. For the isolated MBI, in the thione form, the
alignment of the HOMO and LUMO orbitals with respect to the slab’s Fermi level suggests
an electron donor behavior during the adsorption process. In contrast, the radical thiolate

presents both electron donor and electron acceptor behavior. For each form, the DOS
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showed that sulfur orbitals were the dominant ones for the states close to the Fermi level,
suggesting that the sulfur atom is the most reactive site on the MBI. Once the MBI in
both forms is adsorbed on the surface, the strong molecule-surface interactions change the
molecule’s DOS. These strong changes suggest the formation of covalent bonds between
the inhibitor and the surface.

The molecular electrostatic potential (MEP) analysis, defined as the interaction energy
between the charge distribution and a test positive charge, provides insights into the charge
distribution of the molecule by mapping its value onto the molecule surface, typically the
van der Waals volume [197]. The MEP can offer information about how the molecule in-
teracts with the surface, revealing the electron-rich and electron-poor sites. These details
allow us to predict potential reactions between the inhibitor and the surface of the molecule
charge distribution, leading to a favorable interaction with the surface charges and enhanc-
ing its adsorption. Moreover, the molecule’s charge distribution, as shown by the MEP
analysis, can influence the position of ions in the electrolyte solution and then modify the
EDL [190, 198]. For instance, L.gaz et al. [199] investigated the interaction of hydrazone
derivates with the Fe surface using the electrostatic potential maps and Mulliken atomic
charges, and the nucleophilic and electrophilic regions of the hydrazone derivates could be
identified with both quantities. The nucleophilic regions are responsible for interactions
with the Fe surface due to their electron-rich properties.

Investigating the interaction between the inhibitors and the metallic surface is an in-
disputable improvement to QSAR and MEPTIC approaches. That allows for evaluating
several properties that offer insights into the molecule’s ability to bind to the surface. How-
ever, many works use unrealistic surface models or neglect to include crucial ingredients,

such as solvent effects. We discuss these issues in the following.

3.2.3 Surface models

The models used to simulate the metallic surface play a pivotal role in CI modeling. Simple

surface models typically consist of bare crystalline metallic surfaces oriented according
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to specific Miller indices, where the inhibitor molecule binds to the surface according
to the different adsorption sites on the surface. Simple surface models neglect essential
features of the surface, such as surface crystalline structure, grain boundaries or defects,
or are present when the material is in dissolution, such as the formation of oxide layers
and other adsorbates on the surface. In all cases, depending on the pH of the media, a
native oxide layer (or the corresponding hydroxide) can be formed on the surface, forming
a passivated surface. In that case, the surface might become less reactive, increasing its
corrosion resistance. Therefore, it is essential to consider more complex metallic surfaces

in molecular modeling works to have more realistic models [167, 192, 200, 201].

However, modeling the passivated surface is not straightforward due to the more com-
plicated structural and electronic properties than bare metal surface [196]. Passivated
surfaces are often disordered, or present different terminations, and their lattice vectors
can have a mismatch with the ones of the metallic surface. That requires using larger su-
percells to minimize the strain, which increases the computational cost. Furthermore, the

inhibitor may have more adsorption modes for passivated surfaces than for bare metals.

A few articles dealing with oxidized surface models are reported in the literature [14,
149, 168, 170, 190, 196, 202-205]. Chiter et al. [168] investigated the formation of MBI
monolayers on Cu(111) surfaces covered by an ultra thin Cu,O(111) film. Both thione
and thiolate MBI species formed the monolayers. The SAM formation is favored at high
coverages, where the molecules adopt a perpendicular orientation to the surface, enhancing
the © — m interactions between the molecules. Their findings showed that the thiolate
monolayer interacts more strongly with the surface than the thione due to the added Cu-C
bond. The authors suggested that the MBI-thiolate can replace the H,O and OH at the
oxidized Cu surface due to its higher affinity with the surface, evaluated through its higher

adsorption energy than the water/OH adsorption energy.

Chiter et al. [196] studied MBT inhibitors on oxidized copper surfaces: Cu(111) sur-
faces covered by a layer of Cu,O(111), where a dense and ordered monolayer perpendic-

ular to the surface was obtained at full coverage, favored over single molecular adsorption
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at low coverage. They found that the adsorption induces a reconstruction of the oxide sur-
face’s outermost layer, and the results also suggest that both thione and thiolate forms of
MBT might substitute H,O and OH at the Cu,O(111) surface, forming a protective layer

on the surface in an aqueous environment.

Later, Chiter et al. [173] also investigated the adsorption of MBT on locally depas-
sivated Cu surfaces using DFT calculations. The surface model consisted of a Cu(111)
surface covered partially with an ultra thin layer of Cu,O(111). The authors were able
to simulate different adsorption zones on the surfaces used: oxide and metallic surfaces,
edges, and walls, as shown in Figure 3.5. Their results show how the inhibitor interacts
with different surfaces to form an organic film strongly adsorbed on it. Due to the inter-
facial barrier properties, the organic film can prevent the initiation of localized corrosion.
In the different surfaces studied, the most reactive sites were found to be the exposed Cu
atoms and the single and doubly unsaturated O atoms of the oxide. The reactive sites for

MBT were the S (exo or endo) and N (N or NH) atoms.

Another aspect studied by Chiter et al. [173] was the adsorption energy of MBT. They
observed that the MBT adsorption changes with respect to the different zones along the
surface. The strength of the adsorption decreases in the following order: oxide edges >
oxide surface > metal surface > oxide walls. The adsorption trend was similar for the
thione and thiolate species, except for the oxide walls in the latter one. The authors also
found that the molecule blocks the most reactive sites, which are the most susceptible to

interacting with ions that promote corrosion.

Wang et al. [149] also evaluated the effect of surface morphology, investigating the ad-
sorption energy of imidazole (IMD), benzotriazole (BTAH), and 2-mercaptobenzoxazole
(MBO) on the grain boundary of Cu(100) surface. They found that the corrosion inhibitors
prefer to adsorb on the grain boundary of the surface, with perpendicular and parallel
adsorption modes. In the perpendicular adsorption, the molecules bond to the surface
through the azole group. In the parallel one, the bonding occurs through the benzene ring

and the azole group.
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Figure 3.5: Model of the partially depassivated Cu surface. (a) Local depassi-
vation model. The different parts on the surface are also depicted: Cu,O surface,
walls, and edges, as well as the metal surface and the corrosion inhibitor. (b) In-
complete depassivation situation. (c) Locally depassivated surface model, where
the different parts on the surface will influence the inhibitors’ adsorption. Adapted
from [173] with authorization.

Other corrosion products such as Cl, H, and other counterions can also be adsorbed on
the surface, and their presence might modify the surface reactivity [143]. The coadsorbed
products can also modify the thermodynamics and kinetics of some stand-alone reactions,
block the surface’s reactive sites, or modify the surface electronic structure [206]. Tay-
lor et al. [207], for instance, investigated how the adsorption of Cl is influenced by the
coadsorption of HO, OH, and O on the bare surface of some metallic systems: Ni(111),

Fe(110), Mg(0001), Zr(0001), and Al(111). The adsorption of Cl is related to its role in
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interfering with processes such as the re-passivation or metal dissolution, which can either
inhibit corrosion by the growth of passivating oxide phases or accelerate corrosion.
Dlouhy et al. [208] systematically investigated how the co-adsorption of O, OH, H,
and Cl affect the adsorption of imidazole on Cu(111) using high-throughput DFT cal-
culations, covering over 400 different adsorption configurations, evaluating the coverage
effects, and the distance between imidazole and the co-adsorbates. Their findings revealed
an enhancement in the imidazole adsorption in the presence of O and Cl. At the same
time, H and OH have negligible impact on the adsorption, even if OH can also diminish
it. Furthermore, the higher co-adsorbate concentration on the surface played a stabilizing
role in the imidazole adsorption through the formation of hydrogen bonds between the
imidazole and the co-adsorbate and the change in the induced work function due to the
co-adsorption. The contrary effect was investigated by Chiter et al. [209], where the lay-
ers of corrosion inhibitors, long chain n-alkyl carboxylic acids, play a role of protecting a
metallic Al surface from the penetration of C1™. Their DFT calculations showed that the
energy barrier for the C1~ penetration increases with the thickness of the inhibitor layers

and Cl~ concentration.

3.2.4 Effect of anodic and cathodic zones

During the adsorption process of the corrosion inhibitor on the metallic surface, some
chemical transformations, such as the making/breaking of bonds, or physical aspects, such
as conformational rearrangements, can occur. Some of these chemical transformations are
electrochemical reactions. During the corrosion process, there are two different electro-
chemical zones on the metallic surface exposed to the solvent media where two electro-
chemical reactions occur: oxidation (anodic reaction) and reduction (cathodic reaction),
which are linked together to form a corrosion cell. In the oxidation process, the electrons
lost travel to the cathodic site. The anodic reaction is the dissolution of the metal, while the
cathodic one depends on what reducible species are in solution but usually is the reduction

of the dissolved oxygen gas.
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The metal dissolution produces metal cations that can react with the electrolytes and
form soluble compounds or insoluble ones (rust) like metal oxide or hydroxide, depending
on the electrode potential and pH conditions. In turn, the metal dissolution leads to a mass
loss in the material, which can affect its structural resistance. This process is illustrated for
steel in Figure 3.6. The Fe dissolution occurs in the anodic site, surrounded by the cathodic
site, leading to the rust formation at the pit’s edge. Different oxidized Fe compounds form

the rust that gets deposited on the material surface.

Figure 3.6: Sketch of the corrosion mechanism of steel caused by exposure
to water. The anodic and cathodic sites are adjacent, and at the pit’s edge, the
rust is formed by different oxidized Fe compounds. Adapted from [210] with
authorization.

Understanding these fundamental reactions and their kinetics at the nanoscale through
molecular modeling might help in proposing inhibitors or even comprehending better the
underlying mechanisms of the inhibitors currently used [211]. Some authors have explored
these reactions using molecular modeling [123, 149, 202, 204, 205, 212, 213]. Kokalj et al.
[190] investigated the adsorption of benzotriazole on Cu,O and Cu surfaces using DFT,
finding that benzotriazole passivates the under-coordinated surface sites, which suffers
the corrosion attack. In this case, the adsorption of benzotriazole significantly reduces
the metal work function. They also suggested that this effect might potentially result in a
reduction of the anodic corrosion reaction, as it is reported in the experiments [190].

To model these processes properly, it is necessary to consider some key aspects, such
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as the solvent structure rearrangement due to the dissolution process. Typically, the time
scale of these processes is longer than that provided by molecular modeling, especially QM
simulations. Some chemical reactions occur on time scales ranging from nanoseconds to
milliseconds, while QM simulations are generally limited to tens of hundreds of picosec-
onds. Itis also important to consider the metal-solvent interface, as its characteristics will

affect the reactions.

3.2.5 Solvent effects

Solvents play a central role in the corrosion process. Many chemical and physical proper-
ties of CI, such as reaction rates, solubility, acidic-basic properties, hydrogen bonds, etc.,
depend on the solvent media. Thus, it must be considered in CI modeling if one wants to
perform simulations as realistically as possible [214]. The most direct way of including
the solvent effects is by explicitly adding solvent molecules. Nonetheless, the high compu-
tational cost needed for that in QM simulations, not only in terms of the increased number
of atoms but also the time scale that should be reached to sample the configurational space
satisfactorily (e.g., in MD simulations), is the main reason why the majority of the QM
simulations do not explicitly consider solvent molecules. Moreover, when the solvent ef-
fects are included in simulations, most of the works only consider pure water, which is
not ideal for simulating the actual aqueous solution with electrolytes present in corrosive
media. Some authors do go beyond and consider solvents other than pure water [85, 86,
95,98, 101, 107, 110, 114, 115, 150, 177, 215-221].

A widely used method to include the solvent effect in QM simulations is through con-
tinuum/implicit solvent methods, where the solvent is considered a continuum dielectric
[222]. This approach can also be used to estimate solvation free energies’ in chemical
reactions [223, 224]. In that manner, quantities such as adsorption energies or descriptors

used in MEPTIC/QSAR can be obtained, now including the solvent effects [113, 131, 133,

2The solvation free energy estimates the energy involved in taking a solute from a gas phase and inserting
it into a liquid/solvated media.
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136, 162]. This sort of method, such as the polarizable continuum method (PCM) [225],
usually includes only the electrostatic contribution? to the solvation energy.

Using this continuum approach to model the solvent, some authors have calculated the
adsorption energies of corrosion inhibitors [113, 162]. For instance, Hu et al. [162] inves-
tigated the influence of solvent polarity in the adsorption of SAMs on Cu surfaces, incor-
porating the solvent effects via the COnductor-like Screening MOdel (COSMO) [227]. By
simulating various solvents with different polarities, using their respective dielectric con-
stants, they found that the solvent polarity plays a significant role in the formation of dis-
sociated n-octadecanethiol (C18S) SAMs compared to the non-dissociated case (C18SH).
Their findings indicated that as the solvent polarity increases, the adsorption energy be-
comes more negative, making the adsorption stronger [162].

Laggoun et al. [113] reported on the adsorption energy of p-toluenesulfonylhydrazide
on the Cu surface computed with DFT, including the solvent effects also using COSMO.
The authors considered the HCI solution by choosing the dielectric constant accordingly.
In that case, all geometries were optimized in the presence of the continuum solvent. They
obtained a negative value for the adsorption energy, suggesting that the inhibitor would
attach to the surface under the solvation conditions considered.

Some authors compare the inhibitor’s solvation free energy with its adsorption energy
on a given surface to evaluate if it is likely to be adsorbed on a metallic surface or prefers
to be surrounded by the solvent. Gustincic et al. [170], for instance, evaluated that effect
using the COSMO model. Although not many details are given, the authors found that the
deprotonated forms of the molecules investigated interact more strongly with the solvent
(solvation free energies of about -3 V) than with the surface (adsorption energies of about
-2 eV) for the coordinatively saturated site studied. This analysis can provide some initial
insights into the solvent effects, and conducting a more comprehensive analysis will allow
a deeper understanding of the solvent’s role.

Reactivity indices of corrosion inhibitors have also been evaluated under solvent effects

3Some continuum solvation models such as the Solvation Model based on Density (SMD) [226] considers
dispersion interactions.
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via implicit models [98, 103, 110, 113, 115, 116, 184, 228]. For instance, Guo et al. [184]
investigated the experimental and theoretical CI performance of thiourea derivatives on
carbon steel using COSMO to analyze the solvent effects on some reactive descriptors,
such as Fukui indices. The authors found small changes in the charge distribution of the
inhibitors compared with the case in vacuum. They concluded that the inhibitors with more
negative solvation free energies, i.e., those interacting more strongly with the solvent, will
perform worse than those with lower solvation free energies. The solvation free energy
trend obtained also follows the adsorption energies trend (computed from MD simulations

with classical potentials) for the varying coverages.

Implicit solvent methods could be valuable in understanding the solvent effects on the
inhibitor’s CI mechanism. Nonetheless, non-electrostatic interactions like the dispersion
forces and the explicit interaction between the solvent molecules and the corrosion in-
hibitor must be included to have a complete description of these effects. In that sense,
both QM and MM simulations could describe those effects and interactions. However, to
our knowledge, no articles have addressed QM simulations with explicit solvent so far in
the CI modeling. Since the computational cost of MM simulations is generally low com-
pared to QM simulations, the inclusion of explicit solvent molecules is commonly reported

in works using MM simulations.

For MM simulations, the interactions between the inhibitor, surface, and solvent are
typically governed by well-established FF such as the SPC [229], TIP3P, and TIP4P [230]
models. Several authors [85, 86, 90, 95, 96, 98, 101, 102, 107, 114, 146, 150, 152, 172,
177, 215-221, 231, 232] reported on MD simulations with classical potentials including
explicit water molecules to address some specific aspect of CI. Oukhrib et al. [86], for
instance, investigated the CI performance of five pirazolylnucleosides on Cu(111) surfaces
in acidic media, using MD with classical potentials, DFT, and Monte Carlo simulations.
Their MD results showed that all the molecules adopted a parallel adsorption configuration
on the surface. They attributed this adsorption configuration to the enhancement of the

bond formation between the inhibitor and the Cu surface due to the electron donation
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between the p-orbitals from the active sites of the inhibitor to the vacant d-orbitals on the

Cu surface.

Gao et al. [102] employed weight loss experiments, electrochemical measurements
such as electrochemical impedance spectroscopy, and microscope techniques such as
atomic force and scanning electron microscopy to evaluate the CI performance of the
Papain freeze-dried (PFD) compound. Then, using MD simulations with classical poten-
tials, including 1000 water molecules in the COMPASS FF framework, they proposed
that the protonated PFD (PFDH+) can be adsorbed on the Cu(111) surface on a parallel
pattern. This parallel adsorption configuration can provide maximum coverage on the

surface, protecting the Cu surface from the corrosive media.

The structural features of polyaspartic acid (PASP), polyepoxysuccinic acid (PESA),
oxidized starch (OS), and carboxymethyl cellulose (CMC) inhibitors for CaCO;3; and
CaSO, were evaluated by Chen et al. [89] using MD simulations with classical potentials
and analyzing the coordinates through radial distribution function. The radial distribution
functions showed peaks below 3 A, which represents ionic bonds (chemisorption)
between the inhibitor and the surface. When the solvent was included in the simulations,
the peak intensity for the radial distribution function decreased. This showed that the

water molecules weaken the interaction between the inhibitor and the surface.

As one can see, including the solvent effects is challenging, as a cost-effective and
accurate method is needed. A purely QM approach is too computationally expensive,
while a purely MM approach might not be accurate enough to account for all the occurring
phenomena. To overcome this problem, one can use a hybrid methodology that combines
the low computational effort of MM and the high accuracy of QM, the so-called Quantum
Mechanics/Molecular Mechanics (QM/MM) method. In that case, the system is split into
two subsystems: one described with QM and the rest with MM. The solvent atoms, usually
comprising a large number of atoms, can be included in the MM subsystem. The QM
system is chosen to be the part of the system that requires a higher accuracy (e.g., where

the charge transfer occurs). With that, fewer atoms are considered in the QM subsystem,
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which is the most computationally expensive. Thus, larger time scales, as well as a realistic
amount of atoms, can be reached. This method is widely applied in biological systems and

the area of biosensors [37—44]. However, it is yet to be explored in the context of CI.

3.2.6 Electrodes’ potential effects

The last aspect we highlight when investigating the corrosion process is the electrodes’
potential effect. Including the electrode potential is essential to describe the electrochem-
ical reactions that take place during the CI process. Moreover, the electrode potential also
affects the adsorption of the inhibitor, changing its alignment with the surface. This could
change the inhibitor’s ability to bond to the metallic surface and the inhibitor-inhibitor
interactions that lead to the formation of the subsequent layers adsorbed on the material
[211].

When the voltage is applied to metallic electrodes (the working and the reference elec-
trodes in a typical electrochemical cell), we observe the charging of the metal and, con-
sequently, the formation of an electric field between the electrodes, which will induce
polarization in the system. The inhibitor’s charge distribution will be affected by this po-
larization, inducing its accumulation and depletion in certain areas. This induced charge
distribution has an impact on the structure of the system’s EDL, which remains a challeng-
ing aspect to characterize correctly in molecular modeling.

Different methodologies are available in the literature for including the electrode’s
potential in molecular modeling. These approaches involve changing the charges of the
electrodes by adding or removing electrons, introducing constant electrical potentials, em-
ploying Grand Canonical formulations, or shifting the chemical potential of the electrodes.
However, each of these methods comes with some challenges and limitations, which we
will discuss in the following [233, 234].

In MM simulations, a common approach to account for the electrode potential involves
modeling the induced charges on the metal atoms by external charges in the electrolyte.

Gaussian functions centered on the surface atoms represent the induced charge density on
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the metal surface atoms. Then, the induced charges are evolved at each simulation step
using an extended Lagrangian technique [235, 236]. In that way, the MM simulation can
account for the charge in the slab, allowing us to evaluate the response of the electrolyte
under those conditions. This approach is able to model applied external voltage differ-
ences between different electrodes [237]. It can qualitatively predict the structure of water
monolayers on different metal substrates (Cu, Ni, Ag, and Pt) when compared with ex-
periments. However, some adjustments or generalizations are necessary when dealing, for
example, with the presence of adsorbates on the surface, or the reconstruction of the metal

surface induced by the voltage [237-241].

Reed et al. [241] proposed a similar methodology that uses variable charges to intro-
duce the applied voltage. The model, based on the Siepmann et al. [237] formulation,
adjusts the magnitudes of the variable charges on each step of the MD simulation with
classical potentials using a variational procedure to keep the potential constant. It has
been applied to describe the interfacial structure between two ionic liquids conformed by
binary mixtures of molten salts, accurately reproducing the charge distribution within the

electrode.

Petersen et al. [238] developed an efficient approach where the electrode polarization
by the electrolyte is considered using the image charges method. In this method, the net
fluctuating charge is distributed on the surface atoms of each electrode, and an additional
charge is added to maintain constant the potential difference. This approach has been
applied within the Marcus Theory framework to determine the probability for oxidation

and reduction of reactants.

As one recent application of these methodologies, Zhang et al. [240] performed MD
simulations with classical potentials of water at electrified graphene interfaces to analyze
its structuring, dynamics, and spectroscopic properties. They found that the applied volt-
age in the simulations dramatically affects the structure and dynamics of water, where
positive voltages slow down water’s reorientation and translational dynamics. In contrast,

an increasingly negative voltage first accelerates the interfacial water dynamics before be-
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ing reduced at large negative voltages. They attributed these dynamics to the hydrogen

bond exchange.

While all these methodologies offer important insights into the effect of the electrode’s
potential, the use of empirical models restricts the scope of the results. Ideally, using QM
approaches would provide a more accurate understanding of these effects. One of the first
attempts to describe the electrodes’ potential effects using QM simulations was done by
Taylor et al. [242] and Filhol et al. [243] introducing a net surface charge density in the
electrodes and maintaining the charge neutrality in the electrochemical cell with a back-
ground charge. The induced electric field due to the charged surface at the interface leads
to a potential drop in the system, which can be quantified by comparing the Fermi level of
the system with a reference electrode far from the interface. This method is called double
reference in the corrosion literature. Some other works [244, 245] applied DFT calcu-
lations with a posteriori corrections to introduce the thermodynamics effects due to the
applied voltage. In this last case, even if their findings could be useful to elaborate cat-
alytic mechanisms, the effects of the induced electric field at the interface are still missing

[246].

The electrodes’ potential effects have also been included in QM methodologies that
consider an implicit solvent model. In this regard, Bonnet et al. [247] included the voltage
through an external potentiostat added to the system. The electronic charge at the metallic
surface was controlled by varying the solvent dielectric constant, as proposed by Otani et
al. [248]. Grand canonical approaches are also reported in the literature to include the
voltage in the simulations [249-252]. Within these approaches, a remarkable example
was carried out by Deillenbeck et al. [251], where a thermopotentiostat approach was de-
veloped to compute the dielectric constant of nanoconfined water at constant temperature
and electrode potential. Their findings agreed with the experimental observed anisotropic

dielectric response in nanoconfined water.

A recent work from Goldsmith et al. [246] investigated the effect of the applied voltage

on water-gold interfaces using QM simulations. They used a hybrid explicit-implicit ap-
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proach to describe the solvent and fixed charges on the Au surface to modulate the electrode
potential. Their results showed that the applied voltage affects the structural properties of
water and its orientation. Their results suggested that the water forms at least one structural
layer with a higher density than bulk water adjacent to the Au(111) electrode.

One method that can explicitly account for the electrodes’ potential is the non-
equilibrium Green’s functions (NEGF) formalism. In this approach, an open system is
considered, and the electrodes can be kept under different chemical potentials. An electric
field is naturally established in the system, and the charge accumulation/depletion on the
metallic atoms is fully described. Pedroza et al. [233] have recently applied the NEGF
approach to investigate the dynamics of a single water molecule under a voltage applied
to Au electrodes, as depicted in Figure 3.7. Their findings showed that the water molecule
tends to align its dipole moment with the generated electric field in the device. Depending
on the sign and magnitude of the applied voltage, either the molecule is attracted or

repelled in an asymmetric trend.

1
+ 4+ + +

U= po=V12

Figure 3.7: (a) A diagram illustrating the metal-water system studied via the
non-equilibrium Green’s functions formalism employed by Pedroza et al. [233].
The left (LE) and right (RE) electrodes, as well as the scattering region (SR), are
denoted. (b) a sketch illustrating the effect of a positive voltage on a parallel plate
capacitor. The accumulated charge in each plate, as well as the voltage ramp, are
shown. Adapted from [233] with authorization.

Later, Ordejon et al. [253] extended Pedroza et al.’s work to liquid water by consider-

ing Au electrodes in contact with 40 water molecules, demonstrating the feasibility of the

74



3.2 MAIN ASPECTS FOR THE CI MODELING

method to describe solid-water electrified interfaces. The NEGF can provide a realistic
picture of the electrified solid-liquid interfaces, but the computational cost can become
prohibitive. A full description of the system (solvent molecules, counter-ions, electrodes,
and inhibitors) could require hundreds to thousands of atoms. Multiscale approaches like
the QM/MM methods could also overcome those limitations [254]. However, those meth-

ods are yet to be applied in the context of CI.

As discussed in the introduction to the advanced simulation of corrosion inhibition it
is vital that processes A4-A6 are included in simulations and a major contribution of this
review is to highlight methods and strategies to do so. As outlined in section 3.4 the effect
of anodic and cathodic zones is critical as it determines the nature of surface charge, sur-
face potential, and the efficiency and nature of inhibitor adsorption. However, the effect of
such zones cannot be properly simulated without simulation of both solvent effects (AS)
and potential effects (A6). In section 3.5 we review papers that outline how solvent effects
may both affect the competition between inhibitor solvation and surface absorption and
also the strength of such absorption. The section also outlines the complexity of model-
ing the solvent effects and the relative advantages of QM and MM methods highlighting
the need particularly for MM simulations of selecting appropriate modeling structures and
in particular FFs. Section 3.6 highlighted that potential effects can affect the adsorption
and alignment of the inhibitor on the metal surface but also the formation of subsequent
inhibitor layers. A variety of approaches are outlined but many of these methods have
limitations and cannot freely evolve, an emerging approach using NEGF formalism is pre-
sented that does permit charges to freely re-arrange. Thus, the review highlights how these

complex processes can be integrated into the simulation of corrosion inhibition.

In conclusion, a critical review of the main approaches used in corrosion inhibition
(CI) modeling was presented, focusing on gaps found in the literature that need to be ad-
dressed to perform more realistic simulations. We highlight six important aspects (A) that
a model might consider in order to describe the CI process realistically: (Al) the elec-

tronic properties of the isolated inhibitors, (A2) the interaction of the inhibitor with the
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surface, (A3) the surface model, (A4) the effect of anodic and cathodic zones on the sur-
face, (AS) the solvent effects, and (A6) the electrodes’ potential effects and how it shapes
the inhibitor-inhibitor interactions and the monolayer and subsequent inhibitor layers. In
this sense, we found that A1-A3 are regularly considered in the reported CI simulation

literature, while A4-A6, as well as some more complex surface models in A3, are not.

Most of the CI modeling reported in the literature is mainly intended to support ex-
perimental observations. The most common approach for these works is to cover Al
and correlate these properties with experimental CI performance using several correla-
tion techniques. However, the lack of interaction with the surface might not accurately
describe the CI processes. To overcome that, some works include explicit interaction be-
tween the inhibitor and the surface, using either bare metallic or more complex oxidized
surface models, thus addressing A2-A3. The more complete surface models allow us to
better represent the interactions between the inhibitor and the surface but also increase the

simulation’s complexity and computational cost, restricting their use in CI modeling.

As for the solvent effects, the most common approach found was the implicit solvent
models, whether the inhibitor is investigated isolated or adsorbed on the surface. The
implicit methods can provide a good insight into the solvation process, but they do not
consider the explicit interaction between the solvent molecules, inhibitor, and the sur-
face, which is important for the CI process since the inhibitor has to remove some solvent
molecules from the interface to get adsorbed on the surface. Explicit solvent methods fit
better for this adsorption process, but it makes QM modeling too expensive. In MM meth-
ods, such as the MD simulations with classical potentials, the inclusion of explicit water

molecules is more common.

Lastly, in terms of the electrodes’ potential effects, which are essential to describe
the induced surface charges, the polarization of the solvent and electrolytes, as well as
the inhibitor-inhibitor interaction to form monolayers and subsequent layers, the reported
methods available in the literature usually control the voltage by adding charges to the

metallic atoms or using Gran Canonical approaches. In this regard, the non-equilibrium
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Green’s functions (NEGF) formalism promises to provide an alternative to those ap-
proaches, allowing for controlling the voltage explicitly in the simulations, as it is usually
done in experiments. However, those methods are yet to be applied in CI modeling.

In summary, a realistic model to describe the CI process should consider the afore-
mentioned A1-A6 key aspects. Including all these effects will lead to a more detailed
description of the CI process from the atomistic point of view, which will be determinant
in designing corrosion inhibitors. Some of the results that can be obtained from these sim-
ulations might be used to feed artificial intelligence (AI) methods and multiscale models
to construct the bridge between the nanoscale CI modeling and the continuum scale of the

CI processes.
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Section 4

MBI adsorption on Cu surface

The adsorption of corrosion inhibitors on the metal surface is one of the critical steps
during the CI process. The inhibitors can bind to the surface, interact with other inhibitor
molecules, and form layers that cover and protect the surface. These layering formations
can also be affected by the different cathodic and anodic zones in the material. Therefore,
this chapter investigates the adsorption of 2-mercaptobenzoimidazole (MBI) on the Cu

surface under different surface coverage and applied electrode potentials.

MBI is one of the most promising and efficient corrosion inhibitors for Cu, and its use
is extensively reported in the literature [255, 256]. However, MBI’s inhibition mechanisms
are poorly understood and mostly studied via experiments without a detailed examination
at the atomistic level. In this work, the strength of the interaction between the MBI and
the Cu surface was evaluated in terms of the adsorption energy (E,4), and the nature of
the bonding through the electronic structure, evaluated using the density of states (DOS)
and the induced charge density (p;,s) after adsorption. This first model was chosen to

investigate the effect of the electrode potential on MBI adsorption independently of the
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solvent, and the following chapter describes the cases where both the solvent and electrode

potential effects are considered.

4.1 Computational details

Structural optimizations and electronic structure calculations were performed using the
DFT formalism, with the SIESTA package [22-24]. The PBE (Perdew-Burke-Ernzerhof)
functional [31] was chosen to treat the electron exchange and correlation terms within the
generalized gradient approximation (GGA). The electron-core interaction was simulated
using Troullier-Martins pseudopotentials in the psf format for all chemical species [257].
An optimized DZP (double-{ plus polarization) basis set was used to describe both the
Cu(111) surface and MBI molecule.

The Cu lattice constant was obtained by minimizing the energy of the Cu primitive
cell, using a 20x20x20 k-point mesh to sample the Brillouin zone and a 550 Ry mesh
cut-off for the real-space grid. A lattice parameter of 2.60 A was obtained for the op-
timized Cu primitive cell, which corresponds to 3.67 A for the Cu conventional cell, in
good agreement with the experimental value of 3.62 A [258], and theoretical results us-
ing plane-waves (PW) methods of 3.64 A [167]. From this optimized primitive cell, the
Cu(111) surface models were created using 5 Cu atomic layers, where the two outermost
ones were allowed to relax. In contrast, the remaining three bottom layers were kept frozen.
The conjugated gradient method was used to relax the atomic positions and lattice vectors
for all the structural optimizations.

The surface models investigated were the hexagonal (3x3) and orthorrombic (3 ).
The hexagonal surface is formed by five Cu atomic layers, with nine Cu atoms per layer.
The lattice constants of the hexagonal slab were a = 7.785 A, b = 7.785 A, and ¢ =
30.475 A. On the other hand, the orthorrombic (3 _33 is formed by the same number of Cu
layers, with 12 atoms per layer. The combination of different slab shapes and sizes with

the number of adsorbed molecules on the surface allowed us to model several coverages,
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ranging from low (= 1.43 molecules/nm?) to high (~ 3.7 molecules/nm?®) coverage cases.
Similar surfaces are reported in the literature [167], and their results were compared with
those obtained in this work. The lattice vectors of each surface were kept constant as
determined by the Cu bulk lattice constant, allowing only the optimization of the atomic
positions. In the structural optimizations, atomic forces below 0.01 eV/A? were considered
converged. The Brillouin zone of each surface was sampled with a k-mesh grid 6x6x1
for the 3x3 surface, and 3x3x1 for the orthorhombic one. A low electronic temperature
of 5 K was specified for the Fermi-Dirac function to account for the occupation of the
electronic states. During the adsorption of the molecules on the surface, the van der Waals
interactions were described using the D2 Grimme’s parametrization [32].

In order to compare our results for the (3 %) slab and the ones reported in the literature
[167], calculations were also performed for the coverage case of 1.43 molecules/nm?, using
the Vienna ab-initio simulation package (VASP) [259] which uses the projector-augmented
waves (PAW) potentials to describe the inner electrons [260]. PBE-PAW was used as the
exchange-correlation functional, and the van der Waals interactions were also considered
through the D2 Grimme’s dispersion model [32]. An energy cut-off of 540 eV was used
to guarantee the accuracy of the calculations. Structural optimizations were performed
through a conjugated gradient algorithm until atomic forces in each atom were smaller
than 0.01 eV/A. A k-mesh of 6x6x2 was employed for the structural optimization and
electronic structure calculations.

The molecular adsorption is considered according to the following equation:

nMBI + Cu — Cu(MBI),, 4.1

where n is the number of adsorbed MBI on the surface, M BI is the isolated molecule, Cu
the Cu slab, and Cu(M BI), the MBI-Cu adsorbed system. The adsorption energy (E4s)

is calculated as follows:

Euas = ECu(MBI)n —nEypr — Ecy, 4.2)
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where Ec, 51, is the energy of MBI bonded to the Cu surface, nEy,p; the energy of the n
isolated molecules, and E¢, the energy of the Cu surface. From this definition, the lower
(more negative) the E, 4, the higher the adsorption stability on the surface. To compare
the E, 4, at different coverages on the surface, E,;; was normalized per unit area as follows:
Edsnorm = Eaas/A, where E 4, is the previous calculated adsorption energy (Equation 4.2),
and A the surface area.

To analyze the change in the charge distribution due to the adsorption, the induced

charge density was calculated as follows:

pind(?) = pmol+surface(f)) - psurface(f) - pmol(f))’ (43)

Where p,o1+sur race (F) represents the self-consistent charge density of the whole system, and
Psurface(F) and p,,,(F) are the charge density of the isolated surface and molecule, respec-
tively, calculated using the same geometry as for the bonded system. Positive (negative)
pina(7) indicates electron excess (deficit) after the adsorption.

The total and projected density of states (DOS and pDOS, respectively) were calculated
for all the systems. The same k-mesh used for the structural optimizations was employed
for the (DOS and pDOS) calculations, with a smearing of 0.05 eV. The total DOS (PDOS,,
(€)) was projected on each of the MBI molecular orbitals to analyze which orbitals are

taking part in the bonding with the Cu surface atoms, which is calculated as follows:

PDOS,(€) = > KWW )5(e — €,), (4.4)
nk

where n, k and €, are the band index, wave vector, and band energies of the molecule

adsorbed on the surface.

Electrode potential effects

Once the most stable adsorption modes were determined, the NEGF formalism, as imple-

mented in TranSIESTA [33, 34], was used to include the effect of the electrode potential
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in the system. The slab used to create the system setup is shown in Figure 4.1. As is
highlighted in the figure, the system is divided into three regions: 1) left electrode, 2) con-
tact region, and 3) right electrode. In the NEGF formalism, the electrodes are considered
semi-infinite structures that extend to the semi-infinite direction and are attached to the

contact region. The lattice parameters of the electrode are a = 8.989 A, b="17.85 A, and

¢ =6.357 A.
Left electrode Contact region Right electrode
— N — Py — — —
®e¢.%0 Segl0,
® ¢,
%¢o%0 0%
[ [ ()
i ©¢,%0 %¢,%0
I . %e.%0 °¢.,%0
z _‘
Figure 4.1: system setup for TranSIESTA calculations, using the (3 ;) surface
as example.

The electrode calculations were performed at the same level of theory (exchange-
correlation functional, pseudopotentials, and optimized basis set) as the MBI adsorption
simulation, but using a Brillouin zone with a k-mesh of 3x3x50, and the selected mesh
cut-off was 400 Ry. The contact region is formed by six layers of Cu, with the molecule
attached to the system’s left part. The lattice vectors of the system are a = 8.989 A,
b=7.785 A, and ¢ = 45.308 A, with a distance of 22 A between the Cu surfaces.

The effect of the voltage was evaluated by doing single point calculations at different
voltages, ranging from 1.0 V to -1.0 V, with a step of 0.5 V, using the optimized structure at
0 V. The Brillouin zone was sampled with a k-mesh of 3x3x1. The density matrix (DM)
and Hamiltonian matrix elements tolerance were fixed to 107® and 1073, respectively. The
DOS for all the cases under a voltage was calculated using the TBtrans code, available in

SIESTA as follows:

DOS(E):—% Z 3G, (E), (4.5)

veatom/orbital

where N is the normalization constant, and G is the Green’s function.
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The difference in the charge density (Ap) between the calculations at finite voltage
and 0 V was calculated to analyze the effect of the voltage in the electronic structure, as

follows:

Ap = py — pv=0, (4.6)

where py is the charge density at finite voltage, and py— is the charge density at 0 V.

Optimization of the basis set

The optimization of the basis set represents an important initial step in MBI adsorption,
improving both transferability (the ability to use the basis set in different chemical environ-
ments) and quality (accurate representation of the system, e.g., bond distances, electronic
structure, adsorption energies, etc.). This was the first step in the MBI adsorption process.
For Cu, the basis set used here was previously optimized by Garcia-Gil et al. [261], com-
prising two floating orbitals added to the standard DZP basis distribution. However, its
use can be problematic when adsorbing molecules on the surface due to the relaxation of
the atomic positions and the high computational cost. Therefore, from their basis set, the
best option for our system was the basis set with an extra s shell as a diffuse orbital to the
DZP basis. This extra layer of diffuse orbitals for the outermost Cu atoms considerably
improves the surface energies and the wave function decay shape, with a small extra cost
in the simulation. For Cu, an extra 5s orbital was added, with a cut-off radius of 7 bohr
[261].

For the MBI atoms, a basis set previously reported in the group was the initial basis
set used for the optimization process, which will be called the original or non-optimized
one. The basis set optimization was performed using the SIMPLEX method [23], which
is a minimization method implemented in SIESTA. The cut-off radius, soft confinement
potential, ionic charge, and split norm parameters were optimized variationally for each

element to obtain the best basis set (in terms of the lowest total energy), using the param-

83



4. MBI aApsorpTION ON CU SURFACE

eters of the non-optimized basis set as a starting point. The optimization was performed
with the MBI molecule isolated in the thione form, using its relaxed structure. The isolated
molecule was simulated using a cubic cell, with lattice parameters of a = b = ¢ = 30 A, at
I'-point. The basis pressure was set to 0 GPa for the optimization process, and the selected
mesh cut-off and density matrix tolerance were 400 Ry and 107>, respectively.

In the optimization process, the basis set parameters were calculated independently,
one at a time, keeping the remaining constant with the previous optimized basis set param-
eters. All the optimizations were performed using the PBE functional [31] and the same
Troullier-Martins pseudopotentials [257]. The parameters of the original (non-optimized)

and optimized basis set are shown in Table 4.1.
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4. MBI aApsorpTION ON CU SURFACE

The most significant difference between the non-optimized and optimized basis sets is
in the cut-off radius, which are larger for the optimized basis set than the non-optimized.
The larger values improve the quality of the basis set but also increase the computational
cost. Generally, a rule-of-thumb is to avoid using cut-off radii that are too large or too
small for the orbitals. Small cut-off radii lead to a less transferable basis set, with very
short orbitals for light elements, inner orbitals or cations [262].

The SIESTA total energy was calculated for the isolated MBI molecule using both
non-optimized and optimized basis sets, as well as the SIESTA DZP default. The total
energies obtained are shown in Table 4.2. Compared with the standard DZP, the total
energies for the original and optimized basis set are more stable by approximately -4 eV.
This stabilization in the total energy indicates the excellent quality of the original and the
optimized basis sets. The original basis set was optimized previously for organic systems,

which is why it performs well in the MBI description.

Table 4.2: Comparison between the SIESTA total energies obtained by the dif-
ferent basis set for the isolated MBI. All the calculations were performed using
the PBE as the exchange correlation functional and a mesh cut off of 400 Ry. The
basis pressure was set up to 0 GPa.

Basis set Total energy (eV)

Standard DZP -2040.448
Original DZP -2043.814
Opt. DZP -2044.075

The optimized basis set shows an improvement in the total energy of approximately
-0.3 eV compared to the original basis. As mentioned before, the improvement is due to
the larger cut-off radii of the orbitals. Thus, the optimized basis set was used for all the

calculations presented below.

4.2 Adsorption stability

Firstly, the stability of MBI was evaluated in terms of the relative energy between the

tautomers at the same level of theory used in the literature (PBE-D2), finding that the
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4.2 ADSORPTION STABILITY

thione form is more stable than the thiol one by -0.6 eV (-13.9 kcal/mol). This finding
agrees with the results reported in the literature [167]. Then, different initial adsorption
sites were sampled on the Cu surface as shown in Figure 4.2. The sites were labeled
according to their local symmetry: a top position on the top of one exposed Cu surface
atom, a bridge position between two adjacent surface atoms, and two hollow sites, and a

two-bonded position depending on the symmetry of the adsorption site.
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Figure 4.2: Different MBI adsorption sites at Cu surface. The left part of the
sketch shows the MBI molecule in its two forms: thione and thiol. Due to its
higher stability, the thione form was adsorbed on the Cu surface. Green, yellow,
red, and blue open circles represent a top, bridge, hollow positions, and a two-
bonded case. Ochre-coloured spheres represent the Cu atoms, and the lighter
ochre colour spheres represent the second and third outermost Cu layers.

Different coverage scenarios were considered to investigate the adsorption of MBI on
the Cu surface. The first scenario was a low-coverage case, with only one MBI molecule
interacting with the Cu surface, in the (3 2) slab. Several initial configurations were
considered, and the three most stable adsorption modes were identified. These modes
include a parallel configuration where the molecule lies almost parallel on the surface,
a two-bonded case where the molecule is bonded to the surface through the S and NH
groups, and a vertical configuration in a hollow position on the surface, with the inhibitor
bonded through the S atom. An intermediate coverage was also considered using the MBI
molecule in the 3x3 slab, and, finally, the SAM coverage cases, with two MBI molecules
adsorbed on both surface slabs. These three scenarios allowed us to understand how the

coverage affects the interaction between the inhibitor and the Cu surface. The optimized
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4. MBI ADsORPTION ON CU SURFACE

structures for these adsorption cases are shown in Figure 4.3.
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Figure 4.3: Top (above) and side (below) view for the final adsorption struc-
tures of MBI on the Cu surface for: a) hollow-(3 3;), (b) two-bonded-(3 %), (¢)
parallel-(3 3), (d) two-bonded-3x3, (¢) SAM-3x3, and (f) SAM-(3 %) cases.
White, cyan, yellow, blue, and ochre-colored spheres represent H, C, S, N, and
Cu atoms. Lighter color spheres on the top view of each case represent the sec-
ond outermost Cu layer. The nearest distances between the adsorbed MBI and the
Cu surface is shown in the side views. The three innermost Cu layers are sup-
pressed for clarity.

Table 4.3 presents the E,;; computed using varying methodologies, along with the re-

sults reported in the literature. Comparing their adsorption energies, calculated as shown
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4.2 ADSORPTION STABILITY

in Equation 4.2, we found the parallel case, followed by the two-bonded and hollow cases as
the most stable ones on the Cu (3 ) slab. This trend appears to deviate from the findings
reported in the literature [167], which indicated that the most stable adsorption configura-
tion is the two-bonded configuration, followed by the hollow configuration. Additionally,
the results reported suggest that the energies of the two-bonded and hollow configurations
are within a similar range. In order to further explore this discrepancy, we performed the
simulations using the PW methodology implemented in the VASP code [259], which is
the same computational code used in [167], at the same level of theory than our SIESTA
calculation and the reported one in [167]. The adsorption configurations were recalcu-
lated, and the resulting adsorption energies are also presented in Table 4.3. As one can

see in Table 4.3, the results found in this work using VASP are also in disagreement with

[167].

Table 4.3: E_;, as a function of the MBI coverage. The E ~m are normalized
ads ads,norm
with respect to the number of MBI adsorbed and surface area (nm?).

Case coverage [molecules/nm®] ~ Surface area [nm*]  Eu [€V]  Badsnorm [€V/nm?]  Eqqg vase [eV] (reported in [167])  Eu. vaspe [€V] (This work)
a 14 0.70 -0.80 114 -0.76 -0.83
b 14 0.70 -1.67 2.39 -1.37 0.86
c 14 0.70 -2.33 -3.33 -1.87 -0.77
d 1.9 052 -1.73 329 - -

e 2.9 0.70 -1.99 5.67
f 38 0.52 2.01 -7.64

The stability trend on the surface can be explained in terms of the interactions between
the MBI and the Cu(111) surface. The interactions between the & orbitals of the aromatic
ring and the 3d orbitals from the Cu surface atoms are maximized for the parallel structure,
which stabilizes the system. Several other works using similar systems reported the parallel
adsorption as the most stable one, using DFT or classical potentials [15]. We are, thus,
surprised that the results from [167] do not report the parallel adsorption mode as the most
stable one. Besides, we found that the stability trend for our calculations was the same in
both SIESTA and VASP results, and we cannot find an explanation for the discrepancy
between our VASP results and those reported in [167].

In the two-bonded case, the interactions are mainly between the S and NH-group from

the MBI and the Cu surface atoms. In this case, the & orbitals of the aromatic ring do
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4. MBI aApsorpTION ON CU SURFACE

not play an essential role in the adsorption process since the lateral distance between the
periodic MBI is too high, not enabling the interactions between molecules and the possible
SAM formation. In the hollow case, the primary interaction is between the S and Cu atoms,
and the lateral interactions among MBI molecules are also irrelevant due to the distance
between periodic images. Also, since only one bond is formed with the surface, the hollow
case is expected to be the least stable.

For the higher coverage cases, to better compare the results between the different sur-
face slabs, E,;; was normalized for the surface area (E, ;s 0rm). The variation of E 45 norm
with the MBI coverage is shown in Figure 4.4, and it is also reported in Table 4.3. The
previous E,,, for the low-coverage cases are also presented for comparison. In Figure 4.4,
the cases a-d only consider the adsorption of one MBI on the Cu surface, while e and

represent the adsorption of two MBI molecules in a SAM configuration.
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Figure 4.4: Normalized adsorption energies (Egs norm) of MBI on Cu(111) sur-
face as a function of molecular density. The cases (a,b,c.e) belong to the Cu (3 _33
slab, while cases (d) and (f) to the Cu 3 x 3 slab.
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4.3 ELECTRONIC STRUCTURE PROPERTIES

As it can be seen in Figure 4.4, the higher the coverage on the surface, the lower the
E 445.n0rm (more negative), thus stabilizing the system. The lateral -7 interaction between
the molecules can explain the stabilization observed for higher coverages, which is en-
hanced due to the shorter distances between the MBI molecules. The stabilization trend is
consistent with the results reported in the literature, where the adsorption energy became
more stable with the increasing coverage on the surface [167].

However, in the two-bonded-3x3 case, the more negative E s norm i just an effect of
the smaller area in this slab compared to the one in the two-bonded case, and not represent-
ing an stabilization of the system because of the lateral 7 — 7 interaction. The comparison
between the two-bonded-3x3 case and two-bonded case showed a very similar adsorption,
where both S-Cu bond distances are approximately 2.36 A, and the distance between the
aromatic rings is 7.86 A. In this sense, the lateral 7 — 7 interaction is the same in both
cases. For the SAM-(3 3;), the S-Cu distance is 2.39 A, slightly larger than what is ob-
served for lower coverage. This similarity in the S-Cu bonding distances for low and high
coverage suggests that the adsorption stabilization observed for the high coverage may not
primarily result from the Cu-S interaction but rather the lateral ¥ — & interaction of the
MBI molecules, where the distance between the aromatic rings is approximately 3.34 A.

The enhancement of the MBI adsorption with the coverage suggests that SAM forma-
tion is favoured, potentially protecting the Cu surface from corrosion by forming a physical
barrier against the water molecules. In the following section, the electronic structure of
the adsorption cases will be discussed to get deeper insights into the adsorption stability

on the surface.

4.3 Electronic structure properties

To get more insights into how the MBI electronic structure changes after the adsorption,
we analyzed the pDOS before and after the MBI adsorption. The pDOS for the isolated

molecule is shown in Figure 4.5. In order to compare the energetic levels between the MBI
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4. MBI ADsORPTION ON CU SURFACE

and the Cu surface, the Fermi level of the Cu surface was used as a reference. We can
observe that the peaks located at around -2.0 eV and -3.2 eV correspond to the HOMO
(highest occupied molecular orbital) and HOMO-1 (second highest occupied molecular
orbital), and the peaks located at 1.2 eV and 2.0 eV correspond to the LUMO (lowest
unoccupied molecular orbital) and LUMO+1 orbitals. The alignment between the HOMO
and LUMO orbitals indicates that MBI tends to accept charge density from the Cu surface
rather than donate it. The pDOS also reveals that the occupied states near the Fermi level
correspond to S, N, and C orbitals, and in the case of S, it indicates that it is most likely to

form a bond with the Cu surface atoms.
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Figure 4.5: Projected density of states (pDOS) for the MBI molecule. In order
to compare the energetic levels between the MBI and the Cu surface, the Fermi
level (EF) was aligned to the one of the Cu surface, and normalized to 0 eV. Ep
is indicated by a vertical dashed black line.

The electronic structure of all the adsorption cases, in terms of the system’s pDOS,
is shown in Figure 4.6. In all the cases, the Cu states appear at around -8.0 eV at the va-
lence band and cross the Fermi level, being the higher contribution to the valence band
near -2.0 eV due to its 3d states. The drastic change in the MBI's pDOS after the adsorp-
tion indicates a strong interaction with the Cu surface. This can be observed in the more
broadened and shifted peaks of the pDOS, as well as the appearance of new peaks due to
the bond formation between the MBI and the Cu surface. Specifically, these states were

mainly associated with C, S, and N for all the cases in both valence and conduction bands.
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4.3 ELECTRONIC STRUCTURE PROPERTIES

In all the adsorption cases, the interaction between the MBI electrons and the 3d electrons
from the surface also causes states at the system’s Fermi level. This states allows the MBI

not only to get a charge from the Cu surface but also to donate charge.

The new peaks in the pDOS formed by the bonding with the surface can be observed
for the parallel case in energies at around -3.5 eV and are dominated by C states. This
peak corresponds to the bond between the 7 orbitals and the Cu surface orbitals. For the
two-bonded case, the peaks at around -2 eV and -3 eV indicate the bonding between the S
and NH groups to the Cu surface. The broadening in the peak at 2 eV also shows the higher
interaction between the S atom and the Cu surface, compared with the NH group. In the
hollow case, the S atom is also strongly bonded to the Cu surface, represented by the peak at
around -1.5 eV. The intense peak corresponding to the NH group appears at more negative
energies compared with the two-bonded case, indicating its more molecular behaviour and
also that it is not taking part in the bond, as can be confirmed by the adsorption geometry

shown in Figure 4.6.

In order to understand which MBI orbitals are taking part in the bonding with the sur-
face, we can project the pDOS on the MBI molecular orbitals, as shown in the right-hand
plots of Figure 4.6. For the parallel case, the pDOS peak at around -3.5 eV corresponds to
the HOMO and HOMO-1 orbitals of MBI, predominantly formed by C and S states. The
LUMO and LUMO+1 correspond mainly to C states. We also observed that LUMO and
LUMO+1 orbitals appear at the Fermi level, crossing it towards the valence band. In this
sense, these orbitals are getting occupied by the electrons that come from the Cu surface.
The alignment of these orbitals also confirmed the MBI tendency to accept the electrons

of the Cu surface.

In the two-bonded case (Figure 4.6-b), the HOMO is located at energies around -2
eV and corresponds to S states. The strong bond between the S and the Cu surface can
be reflected in the position and broadening of this peak at around -2 e¢V. The HOMO-1
appears at more negative energies, at around -4 eV, and it is formed predominantly by C

and S states. In the case of the LUMO and LUMO+1, their location in both the valence
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Figure 4.6: Projected density of states (pDOS), and the projections of the MBI
molecular orbitals on the pDOS for all the absorption cases in the different slabs:
the (a) hollow-(3 %), (b) two-bonded-(3 3,), (c) parallel-(3 3;), (d) two-bonded-
3%3, (e) SAM-(3 3,), and (f) SAM-3x3 cases. The left panels show the pDOS
for each adsorption mode, the middle panel a magnified view of the pDOS within
the -4.0 to 4.0 eV range, and the right panels the projections of the MBI molecular
orbitals on the pDOS. The Fermi level (Er) is normalized to O eV and indicated
in each graph by a vertical dashed black line.

and conduction bands confirms the electro-acceptor behaviour of MBI, partially occupying

those orbitals. The LUMO contribution in the valence band is small and very dispersed,
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4.3 ELECTRONIC STRUCTURE PROPERTIES

predominantly formed by S states.

On the other hand, the LUMO+1 is formed by N and C states in the valence band.
As in the two-bonded case, the HOMO and HOMO-1 orbitals appeared dispersed from
energies at around -2 eV to -4 eV and are formed predominantly by S states, which confirms
the higher interaction between the S and the Cu surface. In the same regard, the LUMO
and LUMO+1 also appear in the valence band, indicating the partial occupation of these
orbitals. Particularly in the hollow case (Figure 4.6-a), one considerable contribution of

the LUMO appears at the Fermi level.

For the SAM cases (Figure 4.6-e¢ and Figure 4.6-f), their enhanced interaction with
the Cu surface can be observed in the broader peaks of the pDOS, comparing the pDOS
between the cases at low and high coverages. Also, more states appear at the Fermi level
due to the higher interaction with the surface. In both SAM cases, the predominant states
in the pDOS, close to the Fermi level, are C and S states. This result confirms the bonding
between the SAM and the Cu surface through the S and the lateral 7-7 in the SAM. A
minor contribution to the pDOS also comes from the NH group in the molecules, but as
found in the low-coverage cases, it is suggested that the primary interaction with the Cu

surface is through the S atom.

Due to the similar adsorption mode on the surface, the pDOS for both SAM cases are
comparable. In both cases, a pDOS peak appears around -3.5 eV, and as mentioned before,
itis predominantly formed by C and S states. However, slightly broader pDOS peaks can be
observed in the SAM-3x3 case, which is in agreement with its higher adsorption energy on
the surface. The SAM orbitals projections on the total pDOS show broader orbitals than the
low-coverage cases, as shown in Figure 4.6. In both cases, HOMO and HOMO-1 appear
as very dispersed states, from energies at around -1 eV towards more negative energies.
Those orbitals are predominantly formed by S states, also confirming the bonding between
the SAM and the Cu surface through the S atom. LUMO and LUMO+1 orbitals from both
SAM cases appear at around 1 ¢V for the SAM-(3 2,) slab, and 0.5 for the SAM 33 case,

which are formed mainly by C states. In both cases, LUMO and LUMO+1 orbitals cross
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the Fermi level towards the valence band, indicating that they are getting occupied.

The electronic structure can also be analyzed in terms of the induced charge density,
Pina(7), as shown in Figure 4.7, and computed using Equation 4.3. This quantity shows us
the redistribution of the electrons due to the adsorption process. The p;,q(7) accumulation
indicates the excess of electrons, while depletion indicates the electron deficit in a particu-
lar region. The obtained results indicate a strong interaction between the MBI and the Cu
surface, as suggested by the accumulation and depletion regions of p;,q(7). Furthermore,
the pia(F) accumulation in some of the Cu surface atoms and the depletion between the
MBI atoms, particularly in the S atoms, denote the charge donation from the MBI orbitals
to the Cu unfilled 3d orbitals of the surface atoms. In contrast, the p;,q(7) accumulation in
some of the atoms of the aromatic ring and depletion on some Cu surface atoms confirm
the Cu to MBI electron back-donation from filled 3-d bands to unoccupied states of the

MBI.
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Figure 4.7: Sketch representing the induced charge density 0;,,4(F) in 2D repre-
sentation for all the adsorption cases. The (a) corresponds to the hollow-(3 _33 ,
(b) the two—bonded—(% _33 ), (c) the parallel- % _33 ), (d) two-bonded-3x3, (e)
SAM-(3 ;) and (f) SAM-3x3 cases. The color scheme in the left-hand side panel
denotes p;,,q(F) accumulation (red) and depletion (blue). The three innermost Cu

layers are suppressed for clarity.

The different MBI adsorption configurations also affect p;,q(7) distribution. In the
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parallel adsorption configuration, p;,;(7) suggests that the primary interaction with the
surface occurs between the 7 orbitals of the aromatic ring with the d electrons of the Cu
surface, in addition to the S atom, as depicted in Figure 4.7. In this scenario, electron
donation from the m-orbitals of the aromatic ring to the Cu 3-d states is observed, while
Cu to MBI electron-back donation occurs with the S atom. These electron transfers induce
structural distortions in the MBI structure. In the two-bonded and two-bonded-3x3 cases
(Figure 4.7-b and Figure 4.7-d), MBI to Cu electron donation occurs between the S and
N atoms, similar to the parallel case, with electron back-donation from the Cu surface
to the S atoms. In the hollow case (Figure 4.7-a), pi,a(7) appears primarily between the
S atom and the Cu. In terms of the surface interaction, the additional electron donation
from the 7 orbitals of the ring to the Cu enhances inhibitor adsorption, making the parallel
configuration the most stable, followed by the two-bonded and the hollow case, where only

a single interaction with the Cu surface is present, which is consistent with the E,;, trend.

The p;,4(7) in the SAM cases exhibit more intense accumulation/depletion regions
compared to low-coverage cases where only one MBI is adsorbed on the surface. Due to
their similar adsorption configuration to the two-bonded case, their p;,4(7) shows electron
transfer between the N and S atoms with the Cu surface: electron back-donation between
the S and the Cu, and electron donation between S and N with the Cu surface. Additionally,
pina(F) depletion regions can be observed between aromatic rings, suggesting the lateral
m —rr interactions between molecules, which can lead to higher electron donation with the
surface, and therefore stabilizing the system. Among the SAM cases, p;,4(F) is stronger
for the SAM-3x3 case than for the SAM-(3 ) configuration, which also agrees with the
adsorption energy trend. In this case, stronger p;,s(7) corresponds to more negative (and

thus more stable) E 4.

The electronic structure of the MBI adsorption revealed the bond formation with the
surface, followed by a charge transfer process. Specifically, there is electron donation from
the 7 orbitals, S and N atoms to the free 3d orbitals of the Cu surface, along with electron

back-donation from the Cu 3d orbitals to the 7 orbitals of the aromatic ring and S atoms.
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4. MBI ADsORPTION ON CU SURFACE

Furthermore, the electronic structure reflects the surface interaction with the MBI, with
more delocalized peaks indicating a stronger interaction with the surface, as revealed by the
pDOS and the intensity in the p;,4(7). These effects were evaluated under ideal conditions,
without the application of any external potential in the system. In the following section,

we investigate the effect of the voltage on the adsorption.

4.4 Voltage effect on the MBI adsorption

The role of the voltage is crucial in understanding the corrosion process. It is essential
to describe the electrochemical reactions, identify cathodic and anodic zones, and de-
scribe the charge redistribution at the interface between the solvent, corrosion inhibitor,
and metallic interface. In this section, as an initial exploration, we evaluated the voltage
during the adsorption of MBI in a vacuum. This initial exploration provides insights into
the fundamental changes in the electronic structure, where only the inhibitor interacts with
the surface, where no solvent is included. In this preliminary investigation, the effect of
the electrode potential was evaluated using single-point calculations at three different volt-
ages (-1, 0, and 1 V) on the optimized structures depicted in Figure 4.8. The difference
in charge density (Ap) was calculated for all the cases using Equation 4.6, and the results

obtained are shown in Figure 4.9.

Figure 4.8: Final MBI adsorption cases simulated on the Cu surface: (a)
parallel-(3 3), (b) 3x3, (c) two-bonded-(3 %), (d) SAM-3x3, (e) hollow-(3 ),
and (f) SAM-(3 2,) cases.
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4.4 VOLTAGE EFFECT ON THE MBI ADsorPTION

The Ap results show that applying a positive voltage results in the accumulation of
Ap on the Cu surface and the MBI atoms. This accumulation causes a more negative
charge on these atoms, which is especially noticeable near the MBI molecule’s edge and
the left Cu surface, as shown in Figure 4.9. In parallel adsorption (Figure 4.9-c), the charge
accumulation appears on top of the aromatic ring, while in two-bonded (Figure 4.9-b) and
hollow (Figure 4.9-a) cases, it is on the hydrogen atoms. In the right Cu surface, the
positive voltage induces a Ap depletion on the Cu surface atoms, causing a more positive

charge on them for all cases.

For the negative voltages, the Ap accumulation/depletion trend is the opposite of that
for positive voltages. This is because the chemical potential is inverted on each electrode
of the system between positive and negative voltages, inducing the opposite polarization in
the system. Negative applied voltages lead to a depletion in Ap in both the left Cu surface
and MBI atoms, resulting in a more positive charge on those atoms. Conversely, the right
Cu surface exhibits an accumulation of Ap, indicating a more negative charge on the Cu
surface atoms. In the case of the SAMs (Figure 4.9-e and Figure 4.9-f), a similar trend
of Ap accumulation and depletion is observed. Positive voltages predominantly lead to a
Ap accumulation on both the left Cu surface and SAM-MBI atoms, with Ap depletion on
the right Cu surface. In this scenario, SAM-MBI and the left Cu surface predominantly
accumulate a more negative charge, similar to what is observed in low-coverage cases,

particularly on the edge of the SAM.

The response of Ap to positive and negative voltages is similar for both voltages, and
the shape of the distribution depends on how the molecule is adsorbed, indicating the
different electronic structure induced for the adsorption. However, it is surprising to see the
Ap accumulation and depletion at the edge of the MBI, whether under positive or negative
voltages and at all coverages. The charge build-up at the edge of the molecule/SAM can
have an impact on the adsorption of more MBI molecules, which can affect the formation
and stability of other MBI layers or the interaction with water molecules and electrolytes

in saline dissolution [164]. It is also noted that Ap is only present for the exposed Cu
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e

Figure 4.9: Charge density difference (Ap) in 2D between the cases at finite V
(ov) and zero voltage (py—o) for all the the adsorption cases. The figure displays
the Ap for the hollow-(3 %), (b) two-bonded-(3 3;), (c) parallel-(3 %), (d) 3x3,
(e) SAM—(% _33) and (f) SAM-3x3 cases. The red and blue colors indicate charge
accumulation and depletion, respectively. Pink, yellow, cyan, blue, and white-
colored spheres represent the Cu, S, C, N, and H atoms, respectively. The four
innermost Cu layers on both sides of the system are suppressed for clarity.

surface atoms and the MBI/SAM structures and not in the inner Cu layers. This agrees
with classical electrostatics, where the metal layers screen the induced Ap.

The effect of the applied voltage can also be observed in the pDOS for all the cases, as
shown in Figure 4.10. Within the NEGF method, the pDOS can be derived from Green’s
function, as illustrated in Equation 4.5. At 0 V, the pDOS obtained from DFT and NEGF
should exhibit similar behaviours. However, disparities from the distinct approaches and

approximations employed in DFT and NEGF yield non-identical pDOS plots. Nonethe-

100



4.5 CONCLUSIONS

less, as previously mentioned, the advantage of the NEGF method lies in its ability to allow
us to account for the voltage effects.

The pDOS for all the cases exhibits a displacement towards positive or negative ener-
gies according to the voltage sign. Specifically, positive voltages shift the pDOS towards
more positive energies, while negative voltages shift it towards more negative energies.
This shift in the pDOS is determined by the applied voltage, related to the chemical po-
tential in each electrode (V/2), as shown in Equation 2.25.

For both negative and positive voltages, the pDOS shape resembles that observed at
0 V, where the contributions from different atoms appear at the same range of energies
when considering the + V/2 shift. The intensity of some of the pDOS peaks changed with
the voltage, but this effect can be more attributed to the broadening of the electronic state
rather than the applied voltage. The fact that both positive and negative voltages induced
a shifted same shape in the pDOS may account for the symmetrical response observed in
the induced change in Ap due to the voltage, as shown in Figure 4.9.

Overall, the changes in the electronic structure, analyzed by the Ap and the DOS under
a voltage, due to the applied voltage indicate a charge redistribution on the system, where
the charge gets localized at the MBI’s edge, and not between the MBI and the surface,
as it would be expected for these systems. This charge redistribution is symmetrical with
respect to the voltage and the pDOS for the different voltages. In the following section,
as a complement to this theoretical study of MBI adsorption, some experimental results

regarding the structure of the MBI layers adsorbed on Cu will be described.

4.5 Conclusions

In this chapter, DFT calculations were performed to simulate the adsorption of MBI, in the
thione form, on the Cu surface under different coverages and voltages. Using the (3 3
Cu slab, it was determined the stability trend with respect to the adsorption energy on

the surface at low coverage, finding that the parallel adsorption is the most stable one,
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Figure 4.10: Projected density of states (pDOS) calculated at finite V and zero
voltage. The figure shows the pDOS calculated at -1, 0 and 1 V for the (a)
hollow-(3 %), (b) two-bonded-(3 %), (c) parallel-(3 %), (d) two-bonded-3x3,
(e) SAM—(% _33 ), and (f) SAM-3x3 cases. The left-side column shows the cases
at -1 V, the central column the cases at 0 V, and the right-side the cases at 1 V.

followed by the two-bonded, and the hollow cases. The stability trend showed that the

m — d interaction between the aromatic ring and the Cu surface stabilizes the adsorption.

The electronic structure in the low-coverage cases showed the ability of MBI to accept
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the charge from the Cu surface, which might be linked to the electronic states crossing the
Fermi level. The charge transfer was also corroborated through the induced charge density
0ina(F), which showed that MBI donates and accepts electronic charge density from the
surface depending on its adsorption mode on the surface, due to the electron donation and
back-donation processes, which occur mainly through the aromatic ring, S, and N atom.
Moreover, the p;,4(7) also reflected the intensity of the interaction between the MBI and
the surface, indicating the formation of a chemical bond between both, in agreement with

the findings based on the E ;.

The MBI coverage on the Cu surface also played an essential role in stabilizing the
adsorption of the inhibitor. In this case, higher adsorption energies (more negative) were
found for the SAM cases, where the & — m interactions between inhibitor molecules en-
hanced the adsorption on the surface. This enhancement was also observed with a higher
delocalization of the pDOS peaks in the MBI-SAM cases and where more MBI states
appeared at the Fermi level, increasing the charge transfer between the SAM and the sur-
face. The p;,q(7) also displayed the stronger interaction between the SAM structure and

the surface, suggesting the formation of the chemical bond between both.

Finally, the effect of the voltage on the MBI adsorption reveals an accumulation and
depletion of the charge density difference (Ap) between the cases at a finite voltage (oy)
and the case at 0 V (py-o). In this sense, positive voltages induced an accumulation of Ap
on the left Cu surface and the MBI atoms and a Ap depletion on the right Cu surface atoms.
Negative voltages induced the opposite: Ap depletion on the MBI and left surface and Ap
accumulation on the right Cu surface. The Ap was primarily located on the outermost part
of the adsorbed MBI and both Cu surfaces. This charge build-up at the edge of the MBI
could affect the formation and stability of subsequent layers of adsorbed inhibitors and the

interaction with water molecules.

In all the cases, both negative and positive applied voltages have a similar response,
and the corresponding induced Ap distribution shape can be related to the intrinsic in-

teraction between MBI and the Cu surface, where the MBI adsorption mode affects the
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electronic structure of the Cu surface. Moreover, the pDOS also displayed a symmetrical
response concerning the voltage, displacing the pDOS peaks according to the voltage to
more positive or negative energies.

In conclusion, the results obtained in this study, which examined changes in the elec-
tronic structure as a function of the applied voltage and the MBI coverage on the surface,
provide an essential proof of concept for the methodology used in capturing the voltage
effects on the MBI adsorption on the Cu(111) surface. However, it is necessary to include
the solvent effects in combination with the electrode potential for a more comprehensive
and realistic description of the corrosion inhibition process. These effects can uncover
the fundamental aspects necessary to realistically simulate the corrosion inhibition pro-
cess, paving the way for understanding what properties a molecule must have to be a good
corrosion inhibitor. The following section will discuss the solvent and electrode potential

effects using the QM/MM-NEGF molecular dynamics approach.
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Section 5

Electrode potential and solvent effects

In this chapter, the complete methodology employed in this project was applied to the
MBI adsorption on Cu. As mentioned in section 1.4, this methodology (QM/MM-NEGF
molecular dynamics) represents an innovative approach to describe CI processes, and it is
applied here for the first time to study the particular case of MBI on Cu. The main objective
and the research question to be answered is the importance of including the solvent and

electrode potential in corrosion modelling.

In the previous chapter chapter 4, the simulations revealed that the electrode potential
induces a charge redistribution on the inhibitor and the electrodes when a finite voltage
is applied without the solvent. The polarization induced by the voltage causes a charge
build-up at the inhibitor’s edge, which can potentially affect the adsorption of subsequent
inhibitor layers in the material. However, there was no information about the effects of this
polarization induced by the voltage on the solvent molecules, which were not considered
in our simulations. As mentioned in subsection 3.2.5, the solvent plays a central role in

the corrosion process, tunning many chemical and physical properties of the inhibitor and
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facilitating chemical reactions and electrochemical process, among others [48]. Therefore,
the solvent effects, besides the electrode potential effects, should also be considered in the
CI modelling to provide a more complete description of the CI process. In the following,
the computational details about the methodology employed and the results of this approach
will be introduced. As the literature indicates, including electrode potential and solvent
effects in CI modelling is typically not addressed in CI modelling, representing a gap in
the literature [48]. This methodology promises to provide a useful approach in describing

the CI process and is a step forward for a complete atomistic description of CI.

5.1 Computational details

Initial MBI and SAM structure on Cu

The surface model investigated was the Cu(111)-5x6 orthorrombic slab, composed by five
atomic Cu layers with 30 atoms each. The surface was constructed similarly to those slabs
reported in section 4.1, using the optimized parameters of the bulk primitive cell to con-
struct the surface unit cell with the Atomic Simulation Environment (ASE) [263], a soft-
ware package written in Python to set up and analyze atomistic simulations. The surface
unit cell was transformed into the Cu(111)-5x6 slab using the corresponding translation
matrix P, which for the 5x6 slab corresponds to P = (§ g ((1%). This matrix will replicate
the surface unit cell 5 times in the x direction, 6 times in the y direction, and once in the
z direction. The vacuum distance chosen to simulate the surface was 22 A, as the other
Cu slabs in section 4.1. The lattice constants of the slab supercell were a = 12.972 A,
b=13.481 A, and c = 30.475 A.

Three cases were investigated: no molecule adsorbed (bare Cu), a low coverage case
(one MBI adsorbed on the Cu surface), and a high coverage case (six MBI molecules form-
ing a SAM structure). The bare Cu surface allowed us to investigate the interaction between

the Cu surfaces and the H,O molecules to validate the correct representation of H,O in
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the system. The MBI initial structure was taken from the optimized two-bonded-3 X 3
adsorption configuration in the low coverage case. This adsorption mode was chosen in
order to corroborate how the stability changes when the solvent is included in the simula-
tions and, in this case, to determine if the two-bonded remains in this configuration or if it
changes to the parallel adsorption case, which was observed as the most stable one in dry
conditions at low coverage (case c in Figure 4.3). Finally, the high coverage case with six
MBI adsorbed allowed us to investigate a saturation case where the surface is completely
protected from interacting with H,O.

For the SAM, the six MBI molecules were adsorbed on the Cu surface, following an
array similar to the one reported in [167] to reproduce a SAM structure. Both Cu-5x6 slab
and the system with the adsorbed SAM were optimized using the same level of theory used
for the previous MBI adsorption configurations at low coverage, as explained in section 4.1
(same functional, optimized basis sets, pseudopotentials, van der Waals approximation and

convergence criterion). The Brillouin zone was sampled using a 3x3x1 k-mesh grid.

5.2 QM/MM methodology

The first step in the QM/MM methodology was to include the liquid water in the simu-
lations. To do so, the ¢ lattice constant of the previous Cu-5x6 slab was increased to a
larger value, 78 A, to ensure that the number of H,O molecules is sufficient to represent
the appropriate density of liquid H,O (1 g/cm?). The lattice vectors of the new Cu-5x6
slab were a = 12.972 A, b =13481 A, and ¢ = 78 A. Also, an extra layer of Cu atoms was
added to the Cu-5x6 slab to have 6 Cu layers in the system. This extra layer was added for
the subsequent NEGF calculation.

The H,O molecules were introduced in the simulation cell using the GROMACS sol-
vate tool [264]. For the Cu bare surface, the low, and the high coverage cases, the number

of H,O molecules introduced in the simulation box was 347, 338 and 309.

We start our simulations by first performing a pre-equilibration of the system to the
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desired pressure and temperature. This was done with molecular dynamics in the NPT
(isothermal-isobaric) ensemble, using classical potentials for the whole system (water,
MBI and the Cu slab), in order to afford sufficiently long simulation times to equillibrate
the system properly. The GROMACS code [264] was used in these simulations. The
temperature was set to 300 K and controlled using a Nose-Hoover thermostat, while the
pressure was set at 1 bar and controlled using a Berendsen barostat. In the NPT calcula-
tion, the @ and b lattice vectors were constrained during the simulation, while the ¢ was
allowed to relax. Also, the atomic positions of both Cu and MBI systems were kept fixed
during the equilibration process. The total simulation time was set to 1 ns. After the NPT
equilibration, once the optimized ¢ was determined, an NVT (canonical ensemble) calcu-
lation was performed to further equilibrate the temperature at 300 K, using the optimized
¢ vector in the simulation box. In this last NVT simulation, the total simulation time was

set to 2 ns. The SPC force field model described the H,O molecules in all the cases.

After the NPT and NVT runs, equilibrated geometries extracted from the simulation
were used as the starting point for performing the QM/MM-NEGF molecular dynamics
under different voltages: -1, 0 and 1 V. The QM/MM-NEGF molecular dynamics were
performed using the SIESTA package. Cu and MBI atoms were described as the QM atoms
of the systems, while the H,O molecules were the MM ones. The non-bonded interactions
between the MBI atoms and the Cu surface were described using van der Waals parameters.
An annealing dynamics was conducted in the system, with a target temperature of 300 K
and a relaxation time to reach the temperature of 20 fs. The mesh cut-off was defined
as 200 Ry, and the Brillouin zone was sampled at the I point. An electronic temperature
of 20 meV was chosen to determine the occupations of the electronic states. The density
matrix was used as the mixing quantity during the self-consistent cycle, with a mixing

weight of 0.01. The tolerance selected for the density matrix was 9x107*.

For the NEGF part of the simulations, the electrodes were simulated using a 1x1x3
supercell, with lattice vectors of a = 2.5944, b = 4.4936, and ¢ = 6.354 A. A mesh cut-off

of 400 Ry was used, and the Brillouin zone was sampled using a 5x3x50 k-points mesh.
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The electrode was replicated by 5 x 3 x 1 to match the supercell used. The same level of
theory was used in all the PBE functional calculations, with the van der Waals described

using the D2 parametrization and the optimized basis set described in section 4.1.

Table 5.1: o [A] and € [kcal/mol] parameters used for the van der Waals
QM/MM interactions in the quantum mechanics/molecular mechanics (QM/MM)
calculations.

Element o €
Cbenzene 3.550 0.070
H benzene 2.420 0.030

C imidazole 3.485 0.0860
N imidazole 3.331 0.1700
H imidazole 1.096 0.0158
S thiol 3.550 0.250
C thiol 3.500 0.066

Structural descriptors such as the H,O density profiles (on,0), and the distribution of
angles defining the orientation of the water molecules were evaluated as averages during
the molecular dynamics runs under the different concentrations and applied voltages.

We also computed the time evolution of the dipole moment of the water layer during
the dynamics. This provides an interesting measure of the response of water to the external
perturbations due to the MBI molecules adsorbed on the Cu surface, or the changes of the
potential imposed on the Cu electrodes. The module of the total dipole of the water layer

u(r) was defined as:

) 5.1

ju(r)| = ‘Z a7,

where ¢; are the classical HO MM charges, and 7; the atoms position vector.

The electronic structure was analyzed through the evolution of the net Hirshfeld

charges along the dynamics, defined as:

Ny
AQ. = > (Qui— O, (5.2)
i=0

where Qy; is the final Hirshfeld charge of the i atom in the simulation, and Q, ; the Hirshfeld
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charge from the isolated i atom (determined by the valence). N, corresponds to the number
of MBI atoms, and the Cu atoms in the left and right side of the device. The AQ, follows the
traditional convention, which indicates that positive net Hirshfeld charges mean positively

charged atoms, while negative net Hirshfeld charges indicate negatively charged atoms.

a) T ¢’\:¢'.‘ g.':‘a°*?£'-f&

X

Figure 5.1: Systems used for the non-equilibrium Green’s Functions (NEGF)
formalism coupled with the quantum mechanics/molecular mechanics (QM/MM)
method. a) represent the Cu/H,O, b) 1-MBI@Cu, and c¢) 6-MBI@Cu. Ochre,
yellow, blue, cyan, red, and white-colored spheres represent Cu, S, N, C, O, and
H atoms. Cu and MBI atoms are the QM ones, while the H,O molecules the MM.

5.3 Water on Cu surface

The first system investigated was the Cu bare surface. This case will help us to understand
the fundamental interaction between the H,O molecules and the Cu surface. In Figure 5.2,
the H,O density profile py,o is shown for the system calculated at 0 and 1 V. In both
cases, pg,0 shows a consistent behaviour with the reported results from experimental and
theoretical works on the Cu(111) - H,O interaction. Two peaks near each surface indicate
the presence of a layering structure of the liquid, with two well defined layers close to each
surface.

For the case at 0 V, the py,o profile shows two clear peaks around 13 and 16 A, which
correspond to the first and second H,O layers, respectively. The position of the left-side

Cu surface atom exposed to the H,O is approx. 10.59 A. This position implies a Cu-H,O
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Figure 5.2: H,O density profile (on,0) of the Cu/H,0 system averaged in the x
and y directions, calculated using the QM/MM-NEGF molecular dynamics. The
position of the first Cu layer exposed to H,O in the left and right of the simulation
box is indicated with a red dotted line.

distance of 2.41 A to the first H,O layer and 5.41 A to the second one.

Similar results were obtained for the right-side Cu surface, with defined peaks at 64.7
and 61.8 A. Considering the position of the first Cu layer on the right-side of the simulation
box as 67.39 A, the Cu-H,0 distances for the first and second H,O layers were 2.69 A and
5.59 A . The results between the left and right sides are similar due to symmetric set-up
of Cu left and right sides. Nonetheless, the slight differences between both surfaces can
be related to structural effects due to the constraints imposed on the positions of the Cu
atoms on the right side during the dynamics. As the MBI adsorption presented below was
only performed on the left Cu surfaces, the discussion will focus on the description of the

Cu left side.

Far from both surfaces (beyond the two well-defined layers discussed above) the den-
sity of water molecules is essentially constant, indicating the convergence towards the un-
structured bulk density. The small oscillations in the interior of the bulk are very sensitive

to the length of the simulation, tending to disappear for longer simulation times.
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We now turn to the more interesting situation in which an external voltage between
both Cu electrodes is switched on. For the case at 1 V, the py,o revealed some subtle but
important changes in the H,O structure. While the overall shape of the density profile
is preserved (layering structure near the Cu surfaces and constant density further inside
the liquid), small peaks appear at around 12.3 and 14.8 A from the left surface. These
peaks are actually enhancements of small shoulders already present for the 0 V case. They
correspond to an enhanced concentration of H atoms at those positions, and originate
from rotations of the H,O molecules to align with electric field generated by the external
potential. Since the electrostatic potential is lower on the left Cu electrode, the positively-
charge H atoms are attracted towards that electrode, which, in the two layer of the liquid,
leads to an increased concentration of H atoms at the left of the main peak of each layer.
By the same reason, there is a small depletion of density at the right of the main peak of
the layer close to the surface, at around 14 A.

To gain further insight on the orientation of the water molecules and the effect of the
external potential, we now analyze the angular average distributions of the angles of the
H,0 molecules during the MD runs. In particular, we show the distribution of the dipole
angle (defined as the one between the dipole moment of each molecule and the normal
to the Cu surface) and the molecular plane angle (defined as the one formed between the

normal to the plane of each molecule and the normal to the Cu surface). These definitions

z
\6 O Dipole angle

are represented in Figure 5.3.

Figure 5.3: Representation of the dipole angle (6), and plane angle (¢) of H,O
molecule. The plane of atoms below the angle’s diagram are the Cu(111) surface.

For the analysis of the molecular orientations, the H,O molecules were divided into
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Figure 5.4: Angular distributions of the dipole angle (#), and the plane angle
(¢) of H>O in the Cu bare surface. Two voltages were used in the simulations: (a)
0V, and (b) 1 V. The left-side, bulk and right-side water layers are represented
by yellow, blue and green colors. The red curve indicates a random distribution
of water, using the sin(6) function.

three groups, depending on their distance from the Cu surface, to understand the H,O
orientation as a function of their distance to the Cu surface. The regions were the first
layers on the left and right sides, and the centre of the water slab.

In Figure 5.5, the three regions for the 0 V, and 1 eV cases are shown. The colours of
each region in the plot correspond to the ones used in

The angular distributions at 0 V for both the dipole and the molecular plane angles
for the water molecules far from the surfaces are very close to those corresponding to
random directions: centered at 90°, and following closely the expected sin(6) shape. This
indicates that there is no preferential orientation of the molecules, as it is expected for
the bulk liquid. On the other hand, the distributions for the molecules in the first surface
layers are significantly different, showing preferential orientations. The dipole angle 6 is
also centered symmetrically around 90°, but with more weight around that angle than for
small ones (6 = 0° or 180°). The deviation from random orientations is even more visible

in the molecular plane angle ¢, which has a large weight on angles in the range from 0°
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Figure 5.5: Representation of the H,O layers in the Cu/H,0 case. Brown col-
ored spheres represent the Cu atoms. The H,O molecules in the first left-side layer
are green colored. Yellow, blue and green-colored H>O molecules represent the
left, bulk and right-side H,O layers. The gray-colored H>O molecules represent
to H,O molecules in other layers of the system. (a) corresponds to the O V case,
and (b) to the 1 V case.

to 30°. These deviations on both distributions indicate a preference towards the water
molecules laying flat on the surface (corresponding to small ¢, and to 6 close to 90°). This
matches well with the know structure on water on noble metals reported in the literature

[265]

For the three H,O layers shows a normal probability distribution, where the left and
right H,O layers displayed a narrower distribution than the water bulk case. The narrower
distribution indicates that the water molecules in those layers have more structure than
the ones in the bulk case. The wide distribution for the bulk case indicates that the water
molecules present a random distribution. These results are aligned with the water density

profile, indicating the presence of the layers.

The angular distribution ¢ also shows three distributions for the water layers. For the
left and right water layers, ¢ shows a non-uniform distribution, where one part of the angles
at between 0 and 40°, and the rest spread in all the range of angles until 90°. The greater
water distribution among the smaller angles indicates a more planar water configuration
on the surface, with the three atoms lying parallel to the surface. This can be attributed to
the alternating charge on the Cu surface, avoiding a preferential interaction with the water

atoms. In contrast, the bulk layer displayed a distribution over all the plane angles, with
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a higher number of molecules at 90°. This distribution indicates that most of the water
molecules in the system are perpendicular to the surface. In this case, the water molecules

adopt this configuration to maximize their van der Waals interactions.

We now analyze the changes induced by the external potential. As mentioned, the
applied 1 V in the system induces water reorientation, with H’s atoms pointing towards
the left side of Cu. The angular distributions also reflect the reorientation observed in
all the layers. The distribution of dipole angles 6 in all the layers is now shifted towards
angles smaller than 90°, reflecting the rotation of the molecules towards the direction of
the electric field. The distribution of molecular plane angles ¢ is more similar to the one
at 0 V, still showing the preferential orientations parallel to the surface for the molecules

in contact with the Cu surfaces.

The net Hirshfeld charges were computed and plotted in Figure 5.6 to evaluate the
charge redistribution in the system when the voltage is applied. At O V, the charges of
the electrodes oscillate around zero as expected, since the system is symmetric and the
water layer is isotropic, so the net dipole is zero on average, as the molecules are randomly
oriented. There are, nevertheless, fluctuations in the total dipole of the water slab, which

lead to small opposite charges in both electrodes.

When the voltage is applied, the situation changes dramatically. In the initial step of the
dynamics, there is a small unbalance between the charges on the left and right electrodes,
consistent with the externally applied voltage of 1 V. At this point, the layer of water
molecules is not polarized, as it was equilibrated in an MD simulation with no voltage
imposed. As the simulation proceeds, the water molecules start to orient in the direction
of the field, until the distribution of angles reaches the equilibrium one discussed above.
This leads to a net electric polarization of the water layer, which in turn induces extra
(opposite) charges on the two surfaces, that screen the polarization field. Finally, both
the water layer polarization and the charges on the Cu electrodes stabilize and oscillate
around a value much larger than the initial one. This is consistent with the fact that the

surface charges in a capacitor increase as the dielectric constant of the medium between
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Figure 5.6: Net Hirshfeld charge of the Cu/H,O system calculated at (a) 0 V,
and (b) 1 V. Orange and green solid lines represent the net Mulliken charges
for all Cu atoms on the left-side and right-side of the device, respectively. The
net Hirshfeld net charges followed the traditional convention, which indicates that
positive net Mulliken charges mean positively charged atoms, while negative net
Mulliken charges indicate negatively charged atoms.

the plates. As water has a large dielectric constant, the surface charges after equilibration
reach much larger values than the initial ones, while maintaining the same fixed potential

of 1 V between the plates.

Finally, the average dipole moment, |u(r)|, was computed for the two voltages. In
Figure 5.7, the |u(r)| is plotted. For the case with no voltage between the two electrodes,
the dipole moment of the water layer is small and oscillates around zero. In contrast,
for V=1 V is small in the initial configuration but grows towards a finite value at longer
times. The shape of the evolution of the dipole moment with time follows closely that of
the charges on the electrodes presented above. As discussed, both quantities are closely
related, as the generation of a dipole in water must be followed to screen charges on the

electrodes.
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Figure 5.7: Average H,O dipole moment (u(r)) in the water layers in the Cu/H,O
system. (a) corresponds to u(r) at 1 V, and (b) u(r)at0 V.

5.4 Low coverage of MBIl on Cu

Once the voltage effects were evaluated in the Cu/H,O surface, the adsorption of MBI
was considered in the low-coverage case and using the two-bonded configuration of the
molecule. For this, the total simulation time for each applied voltage was 56 ps and 30 ps
each for the 0, 1 and -1 V cases, respectively. In auto5.8, the water density profile py,0 is

shown for the three voltages studied.

For the 0 V case, the pp,o displays a very similar behaviour to the Cu/H,O system,
showing the water layer positions at similar values. The first H,O layers appeared around
13 and 16 A , approximately the same observed for the Cu/H,O case. In this case, the same
positions of the H,O layers indicate that one adsorbed MBI is not drastically affecting the
water layering. Therefore, one MBI cannot displace all the water molecules from the Cu

surface and thus physically block the metal from the H,O. Nonetheless, a small number of
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Figure 5.8: H,O density profile (on,0) of the MBI@Cu system averaged in
the z direction, calculated using the quantum mechanics/molecular mechanics
(QM/MM) method coupled with the non-equilibrium Green’s Function (NEGF)
formalism: QM/MM-NEGF molecular dynamics. The first Cu layer exposed to
H;O in the left and right of the simulation box is indicated with a red dotted line.

water molecules are displaced by the MBI, which are reflected in the intensity of the first
water layer peak from the left-side surface, compared with the one in the system without
MBI, in Figure 5.2

Forthe 1 V and -1V cases, the py,o indicates the reorientation of the water molecules in
the system by the effect of the applied voltage. These water reorientations can be observed
by the appearance of new peaks in py,o. In the 1 V case, these new peaks appeared at 12.3
and 14.9/&, and they indicate the H’s reorientation towards the left Cu surface, as observed
in Figure 5.2.

On the other hand, the -1 V case displayed the new peaks near the right-side Cu surface,
appearing around 62 and 65A . Those peaks are due to the water reorientation. With the
negative applied voltage on the simulation, this Cu surface is now charged negatively, and

this negative charge orients the H’s atoms towards the Cu surface.
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The polarization in the system was also analyzed in terms of the distributions of the 8
and ¢ angles, as displayed in Figure 5.9. The results are very similar to the ones when no
MBI molecules are attached to the Cu surface for 0 V and 1 V. For the opposite polarization
(V=-1V), the shift of the dipole angle goes in the opposite direction than for V=1 V, as

expected.
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Figure 5.9: Angular distributions of the dipole angle 6 (top panels), and the
molecular plane angle ¢ (bottom panels) of H,O in the Cu/H;O system with a
single MBI molecule adsorbed on the left surface. Three voltages were used in
the simulations: (a,d) -1V, (b,e) 0V, and (c,f) 1 V. The left-side, bulk and right-
side water layers are represented by yellow, blue and green colors. The red curve
indicates a random distribution of water, using the sin(8) function.

The water reorientation due to the voltage also induces a charge redistribution in the
system, as shown in section 5.3. The net Hirshfeld charges were computed for the system
at three voltages, illustrated in Figure 5.10. Again, the results are very similar to those
obtained for the case where no MBI molecules are adsorbed on the Cu surface. At0 V,
the net Hirshfeld charges are small in all parts of the system (Cu electrodes and the MBI
molecule). The charges on the electrodes oscillate during the dynamics, following the
fluctuations of the dipole moment of the water layer. The net charge on MBI was very
small, and slightly positive through most of the simulation.

The applied voltages -1 V and 1 V have a similar effect in the charge redistribution to
that of Cu/H,O case. In both cases, the charge on each Cu electrode in the initial steps

of the MD run is small and corresponds to the surface charges needed to produce the de-
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Figure 5.10: Net Hirshfeld charges of the MBI@Cu system calculated at (a)
-1V, (b)0V,and (c) 1 V. Orange, green and blue solid lines represent the net
Hirshfeld charges for all Cu atoms on the left-side, right-side of the device, and
MBI atoms, respectively. The red curve represent the sum of the charge in the left
Cu side and the MBI molecule. The net Hirshfeld charges followed the traditional
convention, which indicates that positive net Hirshfeld charges mean positively
charged atoms, while negative net Hirshfeld charges indicate negatively charged
atoms.

sired voltage drop between the electrodes. As the simulation progresses, the water layer
between the two electrodes becomes polarized (in opposite directions for the two signs of

the external applied potential), which induces extra surface charges to screen the polariza-
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tion field. When equilibrium is reached, the left and right electrodes show a charge that
oscillates slightly with time around an average value much larger than the initial steps. As
in the previous section, this is explained by the large dielectric constant of the water layer
present between the Cu plates.

The MBI molecule initially shows a very small charge in all cases. However, this charge
becomes somewhat larger during the dynamics due to the interaction of the molecule with
the polarized water layer that surrounds it and the interaction with the increasingly more
charged left Cu surface. For the case of positive bias (left electrode at negative voltage),
the net charge of MBI is slightly positive (around 0.25 electrons). In contrast, for negative
bias, the charge is similar but with an opposite sign. This indicates that, in the presence
of the dielectric environment, the MBI molecule follows the behaviour of the electrode to
which it is bonded and holds part of the surface charge induced to screen the dielectric
polarization field.

The dipole moment was also computed for the three voltages, as plotted in Figure 5.11.
At 0V, the dipole molecule in the water molecules is small (0.2 D), as in the Cu/H,0, and
it remains like that along the dynamics, showing an oscillator behaviour, similar to the
one obtained for the Hirshfeld charges. When -1 V or 1 V are applied in the system, the
initial charge in the Cu electrodes and MBI induces a small dipole moment in the the water
molecules, which increases along the dynamics, until it stabilizes at certain value. This

indicates that the water is completely polarized because of the applied voltage.

5.5 SAM of MBI on the Cu surface

Finally, for the adsorption of the SAM of MBI molecules on Cu, the py,0 at the different
voltages is illustrated in Figure 5.12. The simulation times for the cases at 0, 1, and -1 V
are 54 ps, 32 ps, and 21 ps, respectively. py,o displayed the protection provided by the
MBI-SAM to the Cu, not allowing the water molecules to penetrate the SAM structure

and interact with the Cu surface. The first H,O layers appeared around 18.0 and 20.1 A
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Figure 5.11: Average H,O dipole moment (u(r)) in the water layers in the low
coverage MBI on Cu system. (a) corresponds to u(r) at -1 V, (b) u(r) at 0 V, and
(c)u(r)atOV.

regardless of the voltage applied. In contrast to the previous systems, the first H,O layer is
displaced around 9.51 A from the Cu surface at all the voltages. The small peak around
18.0 A is due to H,O molecules that interact with the SAM structure but without entering
it.

The right-side Cu surface, where there are no MBI molecules adsorbed, presents a

similar behaviour to the previous cases when the voltage is applied in the system: negative

potentials charge the right-side Cu surface with a negative charge, which attracts the H
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Figure 5.12: H,O density profile (og,0) of the SAM@Cu system averaged in
the z direction, calculated using the quantum mechanics/molecular mechanics
(QM/MM) method coupled with the non-equilibrium Green’s Function (NEGF)
formalism: QM/MM-NEGF molecular dynamics. The surface Cu layers are in-
dicated with red dotted lines.

atoms of the molecules in the first layer, leading to the enhancement of the peak around
67 A. It is interesting to see that this enhancement of that shoulder also appears at 0 V, in
contrast with the cases where no MBI or just one MBI molecules were adsorbed on the left
surface. This is an interesting and intriguing observation, as it is not immediately obvious
why the chemical composition in the left electrode should affect so much the structure of

water on a distant electrode on the right hand side. We will address this issue below.

The distributions of angles is shown in Figure 5.13. For 0 V, the dipole angle 6 presents
the interesting result that all the layers show a non-symmetric distribution, with a tendency
for values larger than 90°, meaning that the water molecules tend to have their dipoles
(that is, the hydrogen atoms) oriented towards the right surface. This means that the water
layer, even at zero external voltage, has an electric polarization. This is consistent with the
observation made above of the pronounced shoulder at the right of the main peak of the

water density at the first layer of the right surface. We also note that the deviation from
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5. ELECTRODE POTENTIAL AND SOLVENT EFFECTS

the random dipole orientations is more pronounced for the water molecules closest to the
MBI layer in the left surface, and that this deviation decreases in the bulk layers and is
even smaller in the right surface layer.

Concerning the molecular plane angle ¢, at zero external voltage the distributions for
the bulk and right water layers follow quite closely that of random orientations. The water
layer at the left surface, in contact with the MBI SAM, does not show a tendency for
the molecules to lay flat parallel to the surface, as they did with the clean Cu case. This is
because the MBI is softer and allows for more freedom of motion to the water molecules in
contact with it. This is supported by the much more smooth density peak of this layer on the
MBI SAM compared to that on clean Cu. The right water layer, which is in direct contact
with the right Cu surface, in contrast, maintains the strong layering, with the molecules

mainly parallel to the Cu surface.
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Figure 5.13: Angular distributions of the dipole angle (), and the plane angle
(¢) of HO in the MBI SAM adsorbed on Cu surface. Three voltages were used
in the simulations: (a,d) -1 V, (b,e) O V, and (c,f) 1 V. The left-side, bulk and
right-side water layers are represented by yellow, blue and green colors. The red
curve indicates a random distribution of water, using the sin(@) function.

The evolution of the distribution of angles with external applied potential follows what
would be expected. The molecules in contact with the right Cu surface maintain their ten-
dency to lay flat on the surface, irrespective of the potential applied. The dipole angle of

all the water layers changes with the external voltage, with its distribution shifting towards
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5.5 SAM oF MBI on THE CU SURFACE

larger values (i.e., the dipoles pointing more towards the right surface) for decreasing volt-
ages. For the case of the positive voltage, V=1 V, the distribution becomes close to the
random one, with the external potential compensating the tendency of the dipole orienta-

tions observed for the O V case.

The SAM adsorption also modified strongly the electronic charge distribution in the

system. The Hirshfeld charges are shown in Figure 5.14.

To understand the evolution of the charges during the dynamics, we should remember
that the initial configuration was obtained from MD simulations using classical potentials
both for the water molecules and for MBI and Cu. These classical force fields do not
allow for charge transfer between the different components of our system, each of which
remains charge neutral. Therefore, these MD simulations include no polarization fields,
leading to a water structure with no net dipole moment. Nevertheless, when this geometry
is used to start the QM/MM molecular dynamics run, there is a significant charge transfer
between the left Cu electrode and the MBI SAM attached to it (with about one electron
being transferred from Cu to the MBI layer). The left Cu surface, to which the SAM is
attached, loses that charge and becomes positively charged. The opposite Cu surface does

not present a significant charge at the beginning of the simulation.

As the dynamics evolve, the water layer becomes polarized as we have seen above,
with the dipoles pointing towards the right electrode. Although the reason for the dipoles
to align in this particular direction will only be clarified later, the consequence is that the
electric polarization developed in the water layer induces charges on the Cu electrodes and
the MBI molecules, which screen the polarization field and maintain the voltage between
the two electrodes constant. The right electrode develops a negative charge, while the
compensating charge on the left is acquired mostly by the MBI layer, with only a small
fraction located on the left Cu electrode. This is a surprising result, indicating that the
facility of the SAM to acquire charge and screen external fields. When equilibrium is
reached, the right Cu surface is left with a net negative charge, the MBI SAM also retains

a negative charge (although smaller than the initial one), while the left Cu electrode has a
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Figure 5.14: Net Hirshfeld charges of the SAM@Cu system calculated at (a)
-1V, (b)0V,and (c) 1 V. Orange, green and blue solid lines represent the net
Mulliken charges for all Cu atoms on the left-side, right-side of the system, and
MBI atoms, respectively. The red curve represent the sum of the charge in the left
Cu side and the MBI molecule. The net Hirshfeld charges followed the traditional
convention, which indicates that positive net Mulliken charges mean positively
charged atoms, while negative net Mulliken charges indicate negatively charged
atoms.

positive charge. Again, all this occurs without an external potential being applied to the
system, and is due to the polarization developed by the water layer during the molecular

dynamics.
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To understand the reason for this water polarization developing during the dynamics,
we must analyze the charges at the Cu/SAM interface. It could be thought that the small
but appreciable charge transfer between the left Cu surface and the MBI SAM could be
responsible for the orientation of the water dipoles. However, this charge transfer would
induce just the opposite movement of the water dipoles: as the MBI layer is charged with
negative charge, the hydrogen atoms of the water molecules would be attracted towards it,
therefore moving to the left, which is contrary to our observations. Therefore, there must
be another factor that plays a stronger effect on the water dipoles. This turns out to be
the intrinsic dipole of the layers of MBI molecules on the surfaces. Isolated MBI has a
relatively large dipole of about 4 D. For the SAM, the dipole in the direction perpendic-
ular to the surface is somewhat smaller, but still significant, and points towards the water
layer. Therefore, the hydrogen atoms of the water molecules (with a positive charge) are
pushed away from the MBI layer, therefore developing the polarization of the water layer

we observed above.

With this information, it is now easy to understand the evolution of the charges when
an external potential is applied. As all the runs start with the same coordinates, the dy-
namics of the system now reflect the evolution of the system in response both to the charge
distribution among the left electrode and the MBI layer, the dipole present on the MBI
layer, and the charges induced on both surfaces by the external potential. When equilib-
rium is established, the right electrode acquires a negative charge in all cases. As we saw
in the analysis of the results for 0 V, this is due to the polarization of the water molecules in
response to the dipole moments of the SAM. When the applied potential is negative, this
polarization is enhanced, and the accumulation of negative charge in the right electrode
becomes larger, too. On the contrary, when the potential is positive, the charge in that elec-
trode is smaller, although, for the case study of V=1 V, the charge is still negative. This
is counter-intuitive, as a positive voltage would be expected to induce a positive charge in
the right electrode. As we saw before, opposite charges build up on the opposite side, but

they are located largely on the MBI SAM rather than in the Cu electrode. Therefore, the
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SAM behaves like a metal that screens the external potentials.

The evolution of the dipole moment along the dynamics for the three applied voltage
cases also reflects this high polarization induced by the SAM adsorbed on the Cu surface.
The polarization in the water can be observed at 0 V, with a curve that is similar to the
cases in the MBI@Cu case at low concentration, with an increasing dipole moment along
the dynamics. When -1 V is applied in the system, the dipole moment in the water even
increases more until it gets to equilibrium and stabilizes. On the contrary, for the case
at -1 V, the charge in the SAM does not change along the dynamics, leading to a similar
response for the dipole moment, where the dipole moment does not increase along the

dynamics
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Figure 5.15: Average H,O dipole moment (u(r)) in the SAM adsorption Cu
system. (a) corresponds to u(r) at-1 V, (b) u(r)at 0 V, and (c) u(r) at -1 V.

5.6 Conclusions

The quantum mechanics/molecular mechanics method (QM/MM) coupled with the non-
equilibrium Green’s Functions formalism (NEGF) were used to perform QM/MM-NEGF
molecular dynamics in order to understand the solvent effects and electrode potential ef-
fects in the MBI on the Cu surface under three conditions: a Cu/H,O surface, low coverage

case (1 molecule/sur face) and a high coverage case (6 molecule/sur face). The results are
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compared with cases where no inhibitor is attached to the surface. The temperature and
pressure were calibrated in the systems using classical molecular dynamics, and with their
respective final structure, the QM/MM-NEGF molecular dynamics were performed.

The systems described adequately the interaction with H,O, finding a correct descrip-
tion of the H,O density profile (pn,0), reproducing two well defined peaks of liquid water
for the cases with no MBI and 1 MBI adsorbed on surface. In the MBI adsorption at low
concentration and the SAM adsorption systems, the py,o changed according to the MBI
concentration, wherein the low coverage case a slight change in the intensity of the peaks
appeared. In the high coverage case, the first H,O layer was displaced away from the Cu
surface, providing a possible mechanism for protecting the surface from corrosion.

In the three systems, the applied voltage reveals important changes in the H,O struc-
ture, enhancing some water molecules peaks because of its aligning with the electric field
generated by the external potential. In the systems with MBI, the response of the MBI
and SAM follows the behaviour of the electrode which it is bonded and holds part of the
induced surface charge to screen the dielectric polarization field. The applied voltage also
affects the total dipole moment of the water, showing a close behaviour to the induced
charges by the external potential.

The SAM adsorption induces a high polarization in the water that can even be observed
at 0 V, with the angular distributions showing a preferential orientation. This adsorption
also affects strongly the water structuring, enhancing water peaks close to the electrodes.
The reason of this polarization is the high dipole moment present in the SAM layers. The
high dipole moment pushed away the hydrogen atoms of the water molecules, developing
the observed polarization.

Overall, the results represent an important step toward modelling the corrosion inhibi-
tion process and set a precedent for the future use of the QM/MM molecular dynamics to
model the critical steps in the corrosion process. This approach includes all the required
ingredients, namely the solvent and voltage effects, to realistically simulate the CI process

while fully considering the QM character of the electrodes and inhibitor molecules.

130



Section 6

Inhibitory behaviour and adsorption
stability of benzothiazole derivatives as
corrosion inhibitors towards galvanised

steel

This chapter presents a collaborative work with experimental partners from RMIT Univer-
sity to studey the adsorption and corrosion inhibition properties of benzothiazole derivates
towards galvanized steel. The chapter’s significance lies in the comparison of the adsorp-
tion configurations of two different corrosion inhibitors, 2-mercaptobenzothiazole (MBT)
and 2-amino benzothiazole (ABT), on electro-galvanized steel (ZE), obtained using DFT
simulations, with the experimental results using the X-ray Photoelectron Spectra (XPS)
of the system. The different chemical functionalities of both inhibitors affected their ad-

sorption on the surface. Regarding the collaboration, the experimental partners at RMIT
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6. INHIBITORY BEHAVIOUR AND ADSORPTION STABILITY OF BENZOTHIAZOLE DERIVATIVES AS CORROSION
INHIBITORS TOWARDS GALVANISED STEEL

University performed the experimental analysis, while I contributed with DFT simulations.
The paper was published in Molecular Systems Design & Engineering [21]. The following

section will discuss the theoretical results and use them to analyze the experimental XPS.

6.1 Computational details

DFT simulations were performed using the SIESTA package [22-24]. The Perdew-Burke-
Ernzerhof (PBE) [31] functional was chosen to treat the electron exchange and correla-
tion terms within the generalized gradient approximation (GGA). The conjugated gradi-
ent method was employed for structural optimization and electronic structure calculations,
where atomic forces below 0.01 ¢V/A? were considered converged. An electronic tem-
perature of 25 meV was chosen to smear the electronic occupations with a Fermi-Dirac
distribution function. For all the calculations, a tolerance of 10~* was set up for the density
matrix as a convergence criterion for the SCF cycles.

Bulk zinc was first studied to obtain the equilibrium lattice parameters a = b = 2.70 A,
c=488A (@ =p=90°7y = 120°), which are in good agreement with the reported ones
in Materials Project database [266]. A mesh cut-off of 600 Ry for the real space integrals
and a Monkhorst-Pack k-grid of 30 x 30 x 15 were used for the bulk calculations. The
ZE surface was modelled using an orthorhombic 6-layered (4x4)-Zn(0001) slab, which
is the predominant grain orientation in the experimental samples, with the lattice vectors
of @ = 10.800, b = 9.353 A, & = 42.200 A, built from an optimized Zn primitive
cell. A vacuum layer of 20 A in the z direction was considered within the slab to prevent
interactions among periodic images.

During the optimization of the Zn(0001) slab, the two outermost layers were allowed
to relax while the remaining four bottom ones were kept frozen. The Brillouin zone of
the surface cases was sampled using a 6x6x1 Monkhorst-Pack k-grid, and the real space

integrals were done with a mesh cut-off of 400 Ry.

The structures of both inhibitors are shown in Figure 6.1. For the isolated molecules
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(MBT and ABT), structural optimization was performed for each of them using a cubic
cell with lattice constant of 30 A to avoid interaction between periodic images. In this
case, the ['-point was used to sample the Brillouin zone, and a mesh cut-off of 400 Ry was

chosen for the real space integrals.

a)

S
)—SH
N

2-mercaptobenzothiazole

N
N\
S>— NH,

2-aminobenzothiazole

b)

Figure 6.1: The structures of 2-mercaptobenzothiazole (MBT) and 2-
aminobenzothiazole (ABT). a) corresponds to MBT, and b) ABT.

Double-¢ basis sets with polarization (DZP) were used to describe the valence elec-
trons of all systems. The basis sets for the different chemical species were optimized
variationally to obtain the best basis set (lowest total energy) in terms of the cut-off radius
(r.), soft confinement potential, ionic charge, and split norm parameters [23]. In the case
of Zn surface, the inner atoms (second to fifth layers) were simulated using the standard
DZP scheme of SIESTA with an energy shift parameter of 0.0001 Ry to define the r,,
while the surface ones (first and sixth layer) were simulated with an extra shell of diffuse
functions with s symmetry to describe better the long decay of the wave functions into
vacuum [261]. These diffuse Ss orbitals have an optimized cut-off radius of 6.8 a.u..

Troullier-Martins pseudopotentials in the psf format were used for the chemical
species in the molecules, and norm-conserving pseudopotentials in the PSML format
for Zn. During the adsorption of the molecules onto the surface, the van der Waals
interactions were described using the D2 Grimme’s parametrization which does not pose
an additional computational cost over that of the PBE functional. Dipole corrections were

applied to avoid the effect of net dipole of the asymmetric slabs. [32, 257, 267, 268].
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The molecular adsorption is considered according to the following equation:

n (MBT/ABT) + Zn(0001)gyface = 7 MBT/ABT — Zn(0001 gy face, (6.1)

where n is the number of molecules adsorbed, (MBT/ABT) is the isolated inhibitor
molecule, Zn(0001)gyfcc iS the Zn surface, and MBT/ABT — Zn(0001)gyace iS the

inhibitor adsorbed system. The adsorption energy (E,y;) is calculated as follows:

Eais = (Ey MBT/ABT-Z0(0001) e — 1 EMBT/ABT — E70(0001)qrace /A (6.2)

where E, MBT/ABT-Zn(0001)o1. 1S the energy of inhibitor bonded to the Zn(0001) surface,
Eypriapr is the energy of the isolated molecule, Ezno001),.. 1S the energy of the
Zn(0001)usface, and A is the area of the surface (nm?). From this definition, the lower the
value (more negative) of E,4q, the higher the stability of the adsorption.

To analyze the change in the charge distribution due to the adsorption, the induced
charge density, p;,4(F), was calculated as Equation 4.3 in chapter 4. Positive (negative)
pina(7) indicates electron excess (deficit) after the adsorption. The DOS, pDOS, and the
projections of the ABT and MBT molecular orbitals on the total DOS were similarly ob-
tained for the system in the chapter 4. The same k-mesh used for the structural optimiza-

tions was employed for the DOS and pDOS calculations, with a smearing of 0.05 eV

6.2 Adsorption modes on the Zn surface

The inhibitor adsorption was evaluated under two different coverages: (1) low - one
molecules/cell ~ 0.98 molecule/nm? - and (2) high coverage - three molecules/cell ~ 2.96
molecules/nm?, which correspond to the SAM formation case. To simplify the adsorption
model of MBT on the surface, the thione form of MBT was used for the calculations. This
approach circumvents the need to model a charged chemical compound (thiolate), which

can introduce complications when using periodic boundary methods such as those used
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in DFT. Due to its higher stability than the thiol form, the thione form was considered in
our analysis as it is reported to have minimal influence on adsorption. Nonetheless, it has
been revealed [167] that both tautomeric cases exhibit very similar final configurations,
with the only notable difference being the higher E,;; values observed in the thiolate
counterparts.

Figure 6.2 depicts the different possible adsorption sites presented on the topmost sur-
face plane considered in the simulation for the vertical adsorption of the inhibitor, where
either the S atom or the NH, group is pointing out to the Zn surface.

u u u u Top
# Bridge

HE Hollow-1
® Hollow-2

_y
Lo eoe

Figure 6.2: Different adsorption sites at the Zn(0001) surface. A top (yellow
circle), bridge (red pentagon), hollow-1 (green star), and hollow-2 (blue square)
represent the different adsorption sites on the surface. Gray-colored spheres rep-
resent the Zn atoms, and a degraded color scale was used to illustrate their position
in the slab layers: dark gray means an exposed Zn surface atom, while light gray
means an atom in the second and subsequent layers.

The adsorption configurations of both MBT and ABT at low and high coverages are
shown in Fig. 6.3 in an energetic diagram showing the adsorption energies as a function
of the coverage. The label depends on the atom linked to the Zn surface. In this regard,
we found for MBT four different adsorption configurations: one in which one sulfur atom
is attached to the surface in a hollow site (S)-Zn, one with the two sulfur atoms linked
to the surface (S, S)-Zn, another with the sulfur and the NH bonded linked to the surface

(S, NH)-Zn, and a parallel configuration, where the MBT lies nearly horizontal on the Zn

135



6. INHIBITORY BEHAVIOUR AND ADSORPTION STABILITY OF BENZOTHIAZOLE DERIVATIVES AS CORROSION
INHIBITORS TOWARDS GALVANISED STEEL

surface, which we will refer to as parallel mode. For ABT, we also found four adsorption
cases: a vertical adsorption between the N, group and the Zn surface (NH,)-Zn, a (N,
NH,)-Zn with the NH, and the N bonded to the surface, (S, NH,)-Zn with the NH, and

the S bonded to the surface, and finally a ABT parallel to the Zn surface.

_10_A (NH>Zn) " (S-zn)
/ % \\ s
// I, Ay
/ / N v
& -20+ [T /// 11 \\ N 0000
| L eveveeee 1! \ ‘.J1 eeee
E VOVOOOUe 1! A N XXX
£ — 88 L Y a5
-301 (S, NH,)-zn LN (S, S)-Zn
—~ ' ] N %
| 8 \ >
S ¥R e Ny
E _40 4 VOO0OUe ,I I \ \ eo00eo
L. eoooveee ; ! Vo v
- o \ \ \ CRC RN
8 0000000 | 1o Y oo
- !
~ 134 L A -16.7 (3S, 3NH,)-Zn (35, 3S)-zn
; -501 (N,NH)-zn 1 Vo (S. NH)-Zn &
= 1
> oo /| PR + + 3§ .& é 5" :’?
v 4 L \ v v v
GC) -60 weoobgooe |/ ‘\ \ L o LT
] | R ,' ,’ \ ‘\ L L 0000000
c oooeveee ; “ S oo N %
-18.0 1 -20. -67. ~< P -70.
= 70- , Y :
-*5_ - Parallel ' \ Parallel (3N, 3NH,)-Zn (3S, 3NH)-Zn
e - \ ke N e » v
1 \
8 1—' ..uﬁuﬂe' l’ \L ’.““uﬁ.' g g 8 /Il ggg
2 -801 _ecee | ‘_eeee Qo086 , 00elede0
-33.9 -36.4 CCN N ’ L ©0000eee
Jdeeee VOVLVUUe
901 -73.1 .7 939
® 2-MBT @ 2-ABT P
T T >
0 1 3

Concentration (molecule nm~2)

Figure 6.3: Different adsorption configurations of ABT and MBT at low (one
molecule/cell) and high (three molecules/cell) coverage on Zn surface. White,
cyan, yellow, blue, and gray colored spheres represent H, C, S, N, and Zn atoms.
The orange and green points represent the adsorption energy (E,q45) per surface
area, which appears below the side view of each structure and is expressed in
kcal mol™" nm™2. Some Zn layers are suppressed for clarity.

For the MBT SAM cases, two adsorption modes were found on the surface, which
came from the (S, NH)-Zn and (S, S)-Zn modes. In the ABT SAM case, we also found
two SAM adsorption modes from the optimized low coverage cases: (N, NH;)-Zn and
(S,NH;)-Zn. In the following sections, a more detailed analysis of the adsorption of the

two inhibitors will be presented.
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6.3 Results for MBT

Adsorption stability

The most stable adsorption configurations of MBT at low coverage are shown in Figure 6.4.
Among these configurations, the parallel mode exhibits the highest stability, followed by
the (S, NH)-Zn, (S, S)-Zn, and (S)-Zn modes. In the parallel, (S, NH)-Zn, and (S, S)-Zn
cases, the S atom from the thiol group (exocyclic S) tends to pull out the interacting Zn

atom from the surface, at a height of approx 0.24, 0.33, and 0.39 A, respectively.

-
e
w v v 258 A V?Z.GBA AleA
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E,s = -36.381 kcal mol* nm? Eyee = -26.115 kcal mol? nm? E .. = -16.738 kcal mol* nm? E,, = -8.473 kcal mol? nm?

Figure 6.4: Top and side views for the MBT adsorption configurations on Zn
surface at low coverage (1 molecule/nm?) obtained for: a) parallel, b) (S, NH)-
Zn, ¢) (S, S)-Zn, and d) (S)-Zn on hollow site cases. White, cyan, yellow, blue,
and gray colored spheres represent H, C, S, N, and Zn atoms. On the top view of
each case, lighter-colored spheres represent the second outermost Zn layer. The
adsorption energy (E,;,) for each case is shown below the side view of the struc-
ture, which also shows the nearest distances between the adsorbed molecules and
the Zn surface. Some Zn layers are suppressed for clarity.

This can be related to the strong interaction between these chemical groups and the
metal surface. Except for the parallel case, where the primary interaction is between the 7
orbitals and the Zn surface states, the displacements in the Zn surface atom, as well as the
Zn-S distance can be correlated to the E,;, trend, which suggests a stronger interaction in

the (S, NH)-Zn case between the exocyclic S and the Zn interacting atom than in the (S,
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S)-Zn case. Nonetheless, in the top adsorption, where only the exocyclic S interacts with
the surface, the Zn interacting atom is not being pulled out from the surface, presenting
the larger Zn-S distance. Additionally, this adsorption configuration is the least stable
one, which indicates the role played by the chemical groups in stabilizing the system and
making the adsorption more favorable. In contrast to the pulling-out effect, the NH group
tends to displace the Zn interacting atom towards the inner Zn layers by approx. 0.15 A.
The next step was to evaluate the effects of increasing the coverage of molecules in
the system, forming a SAM structure. The optimized structures of these adsorption modes
are shown in Figure 6.5. At high coverage, the molecules stabilized in a perpendicular
orientation towards the surface, with the (S, NH)-Zn and (S, S)-Zn as the most stable
geometries, with the (S, NH)-Zn case as the most stable one. The SAM formation on the
surface stabilizes the inhibitor adsorption, with more negative adsorption energies E,;;’s,

compared with the low coverage cases, and as it was shown in chapter 4.

$88 58

2.70 A
(ST S TS5 ST S TS S TS
QOO (SIS )

CTRTSTST=T=T=T™ L. eeceecee
Eags = -93.885 kcal mol*nm? Eags = -70.184 kcal mol™* nm™

Figure 6.5: Top and side view for the MBT adsorption configurations on Zn
surface at high coverage (3 molecules/nm?) obtained for: a) (S, NH)-Zn, and b) (S,
S)-Zn cases. White, cyan, yellow, blue, and gray colored spheres represent H, C,
S, N, and Zn atoms. On the top view of each case, lighter color spheres represent
the second outermost Zn layer. The adsorption energy (E g [kcalmol'nm™2])
for each case is shown below the side view of the structure, which also shows the
nearest distances between the adsorbed molecules and the Zn surface. Some Zn
layers are suppressed for clarity.

The stability increases by 5.0 kcal mol™' nm=? and 6.5 kcal mol~' nm=2 for the case

138



6.3 Resurts ForR MBT

of (S, NH)-Zn and (S, S)-Zn, respectively. The stabilization can be related to the increase
in the lateral = — 7 interaction between the molecules, as observed in the MBI adsorption
(chapter 4). This can also be confirmed by the displacement of the Zn surface atom, which
is displaced by approx. 0.48 and 0.44 A in the (S, NH)-Zn and (S, S)-Zn cases, respec-
tively. Furthermore, the displacements are higher than those of the low-coverage cases.
Finally, the E ;s of each case are also in agreement with the displacement, with the lower

E.4s (more stable) for the (S, NH)-Zn than in the (S, S)-Zn.

Electronic structure

The electronic structure for both low and high-coverage cases was investigated in terms
of the DOS analysis and the p;,;(7) in the system, as in chapter 4. The pDOS and some
of the closest molecular orbitals to the Fermi level Er (HOMO-1, HOMO, LUMO, and
LUMO+1) are shown in Figure 6.6.

The HOMO and HOMO-1 orbitals are observed at very similar energies, approxi-
mately around -2.2 eV and therefore cannot be distinguished as different peaks in Fig-
ure 6.6. Both orbitals exhibit prominent lobes around the exocyclic S atom. Specifically,
the lobes are perpendicular to the exocyclic S atom and the aromatic ring for the HOMO-
1, while they are parallel to them for the HOMO. Moreover, the pDOS at this energy
shows the S atoms as the predominant peak. The LUMO appears at an energy around 0.9
eV, showing predominant lobes around both S atoms, whereas the LUMO+1 at energies
around 1.5 eV, with lobes predominantly present around the endo S atom. For both LUMO
and LUMO+1 orbitals, at their corresponding energy, the pDOS shows the C states as the
predominant ones.

As noted in chapter 4, the shape of the inhibitor orbitals enables particular interactions
with the Zn surface states. In Figure 6.7, the pDOS for the different MBT systems at low
coverage are depicted. To compare the pDOS of the MBT with the Zn surface, the pDOS
of the latter one was normalized with the number of Zn atoms. For all the cases at low

coverage, the pDOS of Zn shows the localized character of the 3d orbitals, which appears
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Figure 6.6: Projected density of states (pDOS) for the MBT molecule show-
ing the molecular orbitals corresponding to the HOMO-1, HOMO, LUMO, and
LUMO-+1 orbitals. The Fermi level (Er) was aligned to 0 eV and is indicated by
a vertical dashed black line.

around -8 eV, and the 4s states, which appear continuously crossing the Er.

The MBT pDOS for each adsorption configuration displayed a distinct shape close
to the Ep, which is influenced by the atom bonded to the surface and the strength of the
interaction. To analyze in more detail the peaks near the Er, Figure 6.8 shows a zoom of
the MBT pDOS between -4 and 4 eV, as well as the projections of the MBT’s molecular
orbitals on the pDOS. In the parallel adsorption, the broader pDOS’s peaks near the Ep
appeared due to the strong interaction with the surface in both valence and conduction
bands. This result was expected due to the similar interaction between the MBI and the
Cu surface in the parallel configuration, as explained in chapter 4, but particularly in Zn,
due to the position of the 3d band, which is very profound in energy, the interactions are
with the 4s orbitals from the surface. The predominant states around the Er are from S

and C states, appearing at -2.5 and 1.0 eV. The states at -2.5 eV are mostly composed of S
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Figure 6.7: Projected density of states (pDOS) of the MBT adsorption con-
figurations on Zn at low coverage (1 molecule/nm?) for (a) parallel case, (b) (S,
NH)-Zn, (c) (S, S)-Zn, and (d) (S)-Zn cases. In the first column, the pDOS nor-
malized per Zn atom is depicted for all the cases, whereas the second shows the
MBT pDOS, with the corresponding splitting between atoms. The Fermi level
(EF) was shifted to 0 eV and is indicated in each graph by a dashed black line.

states, and their projections indicate that they belong to the MBT HOMO and HOMO-1.
In this case, HOMO and HOMO-1 present a similar orbital lobe around the exocyclic S,
which in this case enables its bonding to the surface as an extra interaction of the aromatic
ring with the surface. The LUMO orbital appeared around 1 eV, mainly composed of C

states, and the LUMO+1, which appeared at 1.5 eV, also composed by C states.
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Figure 6.8: Projected density of states (pDOS) of the MBT adsorption configu-
rations on Zn at low coverage (1 molecule/nm?) for (a) parallel case, (b) (S, NH)-
Zn, (c) (S, S)-Zn, and (d) (S)-Zn cases. In the first column, the MBT pDOS, with
the corresponding splitting between atoms, is depicted for all the cases, whereas
the second one corresponds to the projections of the MBT molecular orbitals on
the total pDOS. The Fermi level (Er) was shifted to 0 eV and is indicated in each
graph by a dashed black line.

In the (S, NH)-Zn case, due to the weaker interaction in comparison with the parallel
case, the pDOS peaks displays sharper peaks. A similar peak than the parallel case appears

in the pDOS -2.0 eV, composed mainly for S and C. The peak corresponds to the HOMO-
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1, which presents an important lobe in S and facilitates its interaction with the Zn. In
contrast, the HOMO appears dispersed along a range of energy, from -4 to -2 eV, which can
be attributed to the orientation of the molecular orbital on the MBT atoms. The orientation
and shape of the HOMO orbital in the molecule promotes a stronger interaction with the
4s electrons of the Zn, and it spreads out around energies from -4 to -2 eV, and also over

the MBT atoms, primary in the C and S atoms.

The distribution of the states in the (S, S)-Zn case is similar to the obtained for the
(S, NH)-Zn case but shifted towards more negative energies. This similarity in the pDOS
peaks indicates the small reactivity of the endo S, with respect to the Zn, and shows in
this case that the bonding with the surface is also established through the exocyclic S. The
projections of the molecular orbitals shows the same trend than in the (S, NH)-Zn case,

only showing the pDOS peaks shifted to lower energies.

In the vertical adsorption of the (S)-Zn case, the sharper peaks compared with the
previous cases aligned with lower adsorption stability found by comparing the adsorption
energies E,4,. A localized peak around -2.0 eV, mainly formed by S states, belongs to the
HOMO-1 and HOMO molecular orbitals from the molecule. The shape and orientation
of the orbitals in both HOMO and HOMO-1 states make them very similar toward vertical
adsorption. As mentioned above, the higher peak-localized character resembles their not-
so-favourable interaction with the Zn states. LUMO and LUMO+1 molecular orbitals
appear at energies very similar to the ones reported for the isolated MBT, around 1.0 eV
and 1.5 eV, respectively, and showing that they do not take an important part during the

bonding of the MBT.

The pDOS for the SAM cases showed in Figure 6.9 demonstrate the higher interaction
with the surface with more broadened peaks in both valence and conduction bands. In the
(S, NH)-Zn case, the main contributions to the pDOS near the Er level come from S and
C states in both valence and conduction bands. This indicates that the adsorption of the
SAM structure on the Zn surface is through the exocyclic S. As in the low-coverage case,

the Zn pDOS shows that the inhibitor is mainly interacting with its 4s states, near the Er
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level, and not the 3d states, that are located at lower energies around -8 eV'.
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Figure 6.9: Projected density of states (pDOS) of the MBT adsorption configu-
rations on Zn surface at high coverage (3 molecule/nm?) for (a) (S, NH)-Zn, and
(b) (S, S)-Zn cases. In the first column, the pDOS normalized per Zn atom is
depicted for all the cases, whereas the second one is the MBT pDOS, with the
corresponding splitting between atoms. The Fermi level (Er) was shifted to 0 eV
and is indicated in each graph by a dashed black line.

The projections of the molecular orbitals for the SAM (S, NH)-Zn case are shown
in Figure 6.10. The projections show that the HOMO of the SAM remains at similar
energies than in the low-coverage case, around -2 eV, and it is composed mainly of S states.
However, the HOMO-1 gets spread around energies from -2 to -4 eV in the valence band.
The spreading of the HOMO-1 can be related to the higher interaction with the surface
states and the shape and orientation of the lobs in the orbit. The HOMO-1 orbital resembles
the lateral 7-rr interactions between the inhibitors, and also, the predominant lobs in the
exocyclic S can indicate its higher reactivity upon the adsorption. On the other hand, there
were no significant changes for the LUMO and LUMO+1 orbitals, which appear around
1.0 eV, and they only show the corresponding broadening of the pDOS peaks due to the
interaction with the surface.

In the SAM (S, S)-Zn case, a similar behaviour was observed for the pDOS peaks,

which show a more dispersed character that agrees with their stronger interaction with the
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Figure 6.10: Projected density of states (pDOS) of the MBT adsorption config-
urations on Zn surface at high coverage (3 molecule/nm?) for (a) (S, NH)-Zn and
(b) (S, S)-Zn cases. In the first column, the MBT pDOS with the corresponding
splitting between atoms is depicted for all the cases, whereas the second one cor-
responds to the projections of the MBT molecular orbitals on the total pDOS. The
Fermi level (Er) was shifted to 0 eV and is indicated in each graph by a dashed
black line.

surface. As in the SAM (S, NH)-Zn case, the main contributions to the pDOS near the
EFr correspond to S and C states in both valence and conduction bands. In this case, the
projections of the SAM orbitals also showed that the HOMO-1 orbitals are responsible
for the interaction with the surface, where the exocyclic S atoms bind to the Zn surface,
and it gets spread in energies from -2 to -4 e¢V. The LUMO and LUMO+1 orbitals, in
this case, appear in energies slightly below 1 ¢V and with both peaks at the same energy.
This change can be attributed to higher participation in the bond between the SAM and
the surface, but not as important as the HOMO-1 orbital.

The electronic structure was also analyzed in terms of the induced charge density,
Pina(7), which was computed for all the cases at low and high coverage to understand the
charge redistribution due to the adsorption, as performed in chapter 4. In Figure 6.11, the
0ina(F) is depicted for all coverages. The figure’s red and blue colours represent the positive

(deficit) and negative (excess) induced charge density due to adsorption.
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Figure 6.11: The induced charge density (0;,4(7)) due to the MBT adsorption
on Zn surface for the (a) parallel, (b) (S, NH)-Zn, (¢) (S, S)-Zn, (d) (S)-Zn, (e) (S,
NH)-Zn (SAM case), and (f) (S, S)-Zn (SAM case) adsorption cases on Zn(0001)
surface. Pink, blue, yellow, light, and dark gray-colored spheres represent the
atoms of Zn, N, S, H, and C. Blue (red) colors represent a deficit (excess) of
electrons

The p;,4(7) for the parallel case confirms the formation of a chemical bond between
the S atom and the Zn surface atom. Since the p;,;(¥) accumulation is present between
the S atom and the Zn, it can be concluded that the chemical bond formed corresponds
to a covalent one. The interaction between the aromatic ring and the surface can also be
observed in the negative p;,;(7) around the atoms of the aromatic ring and the positive
Pina(7) above the Zn surface atoms close to the aromatic ring, and no sharing of electrons

is observed, indicating a non-covalent interaction.

In the (S, NH)-Zn case, the covalent bond between the S and the Zn is also observed,
besides the positive p;,(7) induced by the formation of this bond on the surface. p;,4(7)
also confirmed that the interaction between the NH group is not as intense as the one
induced by the exocyclic S. The covalent bond formation between the exocyclic S and Zn
also appeared in the (S, S)-Zn case, being mostly the only interaction presented in the

system, as the p;,4(7) slightly changed for the other endo S, and as was also observed for
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the top adsorption, where there is a slightly negative p;,;(7) around the S atoms, without
the formation of chemical bond.

In the SAM cases, a higher redistribution of p;,;(7) can be observed in the system,
but as in the low-coverage cases, the main feature observed was the negative and positive
0ina(F) around the exocyclic S and Zn, indicating the formation of the covalent chemical
bond between them, in the three molecules that composed the SAM. Also, a positive p;, (7
is observed between the aromatic rings, particularly in the thiazole ring of the molecule,
which shows the enhanced 7-7r lateral interactions of the inhibitors, compared with their
corresponding modes at low-coverage. In the SAM (S, NH)-Zn case, besides the covalent
bond formation, there is also the non-covalent interaction between the NH and H’s of the
rings with the Zn surface, as in the low-coverage case. Similarly, in the (S, S)-Zn case, the
endo S does not show chemical bond formation with the surface.

The different p;,,(7) patterns in all the cases suggest that the most reactive atoms in
the MBT are the exocyclic S, which induces the covalent bond formation, the aromatic
ring and the NH group. The endo S does not appear to have a strong effect in the MBT
adsorption, as the other parts of the molecule. The conjunction of all these interactions

with the lateral - determined the stability of the MBT adsorption on the surface.

6.4 Results for ABT

Adsorption stability

The stability trend for low coverage ABT adsorption in terms of E,;,, as one can see in
Figure 6.3, also shows the parallel case as the most stable one, followed by the (N, NH,)-
Zn, (S,NH;)-Zn, and (NH;)-Zn cases. The final adsorption configurations at low coverage
for the ABT adsorption are shown in Figure 6.12. As in the case of MBT, the higher
stability for the parallel adsorption can be related to the interactions between the Zn surface

states and the aromatic ring 7 electrons of the molecule. It is remarkable the higher stability
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of the (N, NH;)-Zn against the (S, NH,), where even if the two N groups could compete
(and thus "screen" each other) for the adsorption sites, the (N, NH;)-Zn is most favorable
one. Finally, in the vertical adsorption case (NH;)-Zn, the E,; value suggests a weak

interaction with the surface, as in the MBT case, probably leading to physisorption.

b o
:!5475/& 2.79AY v . 3.12A
I LT T LT =TT 000UV
Q009 C LT TSTSTSTST . 00000000 00000000
L Y L. 0000000 e L. 00000000 L. 00000000

Eags = -33.942 kcal mol? nm? Eygs = -18.000 kcal mol*nm? E,qs = -13.550 kcal mol* nm? g _ _g 789 kcal mol! nm?

Figure 6.12: Top and side view for the final adsorption configurations at low
coverage (1 molecules/nm?) obtained for ABT on Zn surface: a) parallel, b) (N,
NH,)-Zn, ¢) (S, NH»)-Zn, and d) (NH;)-Zn on top site cases. White, cyan, yellow,
blue, and gray colored spheres represent H, C, S, N, and Zn atoms. On the top
view of each case, lighter color spheres represent the second outermost Zn layer.
The adsorption energy (E g5 [kcalmol™"'nm=2]) for each case is shown below the
side view of the structure. The nearest distances between the adsorbed molecules
and the Zn surface are shown in the side views. Some Zn layers are suppressed
for clarity.

The pulled-out effect in the low-coverage case shows a displacement of approx. 0.21
A for the Zn surface atom by the N in the ring in the parallel case, where the H atoms
of the NH, group are also displacing by approx. 0.1 A the interacting Zn surface atoms
towards the inner layers. In the (N, NH,)-Zn case, the N of the aromatic ring displaced the
Zn surface atom by 0.35 A, while the H atoms in the NH, move it towards the inner Zn
layers by 0.17 Adue to the repulsion between the atoms. For the (S, NH;) and (NH;)-Zn,
we did not observe this pulled-out effect on the Zn surface atom, but the repulsion between
the H’s in the NH, and the surface.

The high-coverage cases forming a SAM are shown in Figure 6.13. The stability trend
determined by the E,;; shows the (S, NH,)-Zn case as the most stable one. As we observed
in the MBT SAM case in the previous section, the presence of the other ABT molecules

also enhanced the m — 7 interaction between the SAM molecules and, thus, the adsorption
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on the surface. Due to the m — & stacking interaction, each ABT molecule gains -6.2

kcal mol™" nm? in the (N, NH,)-Zn case, and -9.1 kcal mol™" nm~? in the (S, NH,) one.
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Figure 6.13: Top and side view for the optimized adsorption structures at high-
coverage (3 molecules/nm?) obtained for ABT on Zn(0001): a) (N, NH,)-Zn and
b) (S, NH;)-Zn cases. White, cyan, yellow, blue, and gray colored spheres rep-
resent H, C, S, N, and Zn atoms. On the top view of each case, lighter color
spheres represent the second outermost Zn layer. The adsorption energy (E g5
[kcalmol™'nm™2]) for each case is shown below the side view of the structure. The
nearest distances between the adsorbed molecules and the Zn surface are shown
in the side views. Some Zn layers are suppressed for clarity.

The m — 7 stacking interaction enhances the pulling-out effect in the Zn atom from the
surface. The Zn surface atom is displaced from the surface by approximately 0.49 A in
the (N, NH,)-Zn, and 0.44 A in the (S, NH;)-Zn cases. We also observed some repulsion
between the Zn surface atoms near the H atoms of the NH, group. For the (N, NH;)-Zn
case, the Zn surface atoms are displaced by 0.29 A towards the inner layers. This effect is
less intense than in the low coverage adsorption, where the Zn surface atom is displaced
towards the inner layers by 0.17 A. In the case of (S, NH,)-Zn, the repulsion between the
H’s of the NH, and the Zn surface atoms was similar to the low coverage case, with a
displacement of approx. 0.1 A towards the inner layers, but the repulsion between the
molecules in the SAM leads to a more disorganized structure, where those H atoms in the

NH; seem to play a crucial role.
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Electronic structure

The pDOS and the frontier molecular orbitals of isolated ABT are shown in Figure 6.14.
As in the MBT case, the pDOS peaks present a localized character, where the main con-
tributions near the Er are due to C states in both the valence and the conduction bands.
The molecular orbitals plotted present a typical aromatic character, with delocalization of
the electrons around the aromatic ring, similar to the obtained by the MBT case in sec-
tion 6.3. The difference between both inhibitors is the exocyclic amine NH, group in ABT
and the exocyclic S in MBT. Comparing both molecular orbitals around these exocyclic
atoms (Figure 6.6 vs. Figure 6.14), particularly the HOMO and HOMO-1, show larger
lobs for the exocyclic S than the NH,, which can lead to a lower reactivity of the lower one

upon adsorption on the surface.
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Figure 6.14: Projected density of states (pDOS) of the isolated ABT molecule,
showing the molecular orbitals corresponding to the HOMO-1, HOMO, LUMO,
and LUMO+1 orbitals. The Fermi level (Er) was aligned normalized to 0 eV. Ep
is indicated by a vertical dashed black line.

The pDOS for the low-coverage systems is depicted in Figure 6.15. As in the MBT
case, the pDOS of the Zn states were normalized by the number of atoms to be compared
with the rest of the states. The pDOS also reveals a similar behaviour to the MBT case

for Zn states, with the 3d states appearing around -8.0 eV, and the contribution of the 4s
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states crossing the Er level.
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Figure 6.15: Projected density of states (pDOS) of ABT adsorption configura-
tions on Zn surface at low-coverage (1 molecule/nm?). (a) corresponds to the par-
allel case, (b) (N, NH»)-Zn, (c) (S, NH,)-Zn, and (d) (NH)-Zn cases. In the first
column, the pDOS normalized per Zn atom is depicted for all the cases, whereas
the second one is the ABT pDOS, with the corresponding splitting between atoms.
The Fermi level (Er) was shifted to 0 eV and is indicated in each graph by a dashed
black line.

As shown in chapter 4 and section 6.3, the shape of the peaks in the pDOS reflects
the strength of the interaction between the molecule and the metal. In this sense, the

parallel configuration presents the pDOS peaks with a larger broadening than the vertical
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adsorption, which presents smaller adsorption energy and, therefore, a weaker interaction
with the surface. The pDOS peaks for the parallel case near the Er mainly correspond to
C states, appearing around -2.5 eV in the valence band and 2.0 ¢V in the conduction band.
The projections of the ABT molecular orbitals, depicted in Figure 6.14, show that the
HOMO and HOMO-1 form the pDOS peaks at -2.5 eV and -3.0 eV. Those pDOS peaks
are mainly formed by C states. The projections showed peaks more broad for the HOMO-
1 and HOMO, appearing at a similar range of energies as in the isolated ABT. The large
broadening indicates the interaction between the & and surface states. This broadening also
appears for the LUMO and LUMO+1 states, with both peaks almost at the same energy,

around 2 €V.

In the (N, NH;)-Zn case, the pDOS peak at -2.0 eV corresponds mainly to C and N
states, and the one at -2.5 eV, formed by S and C states. Those peaks are similar in energy
and shape to the ones of the isolated ABT, and the projections of the ABT orbitals show
that they belong to the HOMO and HOMO-1 orbitals, respectively. On the other hand, the
LUMO and LUMO+1 orbitals, mainly formed by C states, appear to shift towards more

positive energies than in the parallel and isolated molecule cases.

A similar behaviour appeared for the (S, NH,)-Zn and the (NH,)-Zn cases, where the
LUMO and LUMO-+1 orbitals appeared at higher energies. In both cases, the pDOS peaks
in the valence band are also shifted towards higher energies, appearing around -1.0 eV for
the HOMO and -1.5 eV for the HOMO-1 orbitals. The energy shift may be related to the
adsorption stability determined by the E,;;, showing that the more significant the shift in
the LUMO and LUMO+1 orbitals, the less stable the adsorption. This change in LUMO

and LUMO+1 orbitals also indicates a tendency for less electron affinity in the ABT.

The pDOS of Zn and ABT states for the high-coverage cases are plotted in Figure 6.17.
In the (N, NH,)-Zn case, the predominant peaks in the valence band close to the E level
correspond mainly to C and N states, with the first peaks appearing at -2.0 eV in the valence
band and 1.5 eV in the conduction band. The pDOS peaks in the valence band correspond

to the HOMO and HOMO-1 orbitals, as shown in Figure 6.18. On the other hand, LUMO
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Figure 6.16: Projected density of states (pDOS) of ABT adsorption configura-
tions on Zn at low-coverage (1 molecule/nm?) for the a) parallel, b) (N, NH;)-Zn,
¢) (S, NH;)-Zn, and d) (NH)-Zn cases. In the first column, the pDOS normal-
ized per Zn atom is depicted for all the cases, whereas the second one represents
the projections of the ABT molecular orbitals on the total pDOS. The Fermi level
(Ep) was shifted to 0 eV and is indicated in each graph by a dashed black line.

and LUMO+1 appear at energies of around 1.5 eV in the conduction band. Even if some
peaks appeared with more broadening than in the low-coverage cases, the presence of very
localized peaks in the pDOS could be an effect of the formation of a more distorted SAM

adsorption at the surface, as can be seen in Figure 6.13.
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Figure 6.17: Projected density of states (pDOS) of the ABT adsorption con-
figurations on Zn surface at high-coverage (3 molecule/nm?) for a) (N, NH;)-Zn
and b) (S, NH;)-Zn cases. In the first column, the pDOS normalized per Zn atom
is depicted for all the cases, whereas the second one is the ABT pDOS, with the
corresponding splitting between atoms. The Fermi level (Er) was shifted to 0 eV
and is indicated in each graph by a dashed black line.

The (S, NH,)-Zn pDOS also presents localized peaks due to the distorted ABT struc-
ture on the surface, with the first pDOS peaks in the valence band appearing in energies
around -1.5 eV, and corresponding to C and N states. This peak corresponds to the HOMO
of the adsorbed ABT structure, and the peak is located next to this one to the HOMO-1
orbital. The LUMO and LUMO+1 orbitals appear from energies close to 1.5 eV and 2.5
eV in the conduction band. The broadening of these orbitals can be related to the more
distorted ABT structure on the surface.

The p;nq(7) for all the adsorption cases is depicted in Figure 6.19. As in the MBT
adsorption, all the adsorption configurations present a different p;,,(7) that reflects the in-
teraction with the surface. However, contrary to the MBT case, the formation of a covalent
bond between the NH, group and the surface was not observed for ABT. This result un-
derlined the higher reactivity of the exocyclic S against the Zn surface, compared with the
NH, group.

In the parallel case, the adsorption of the molecule leads to a physisorption on the
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Figure 6.18: Projected density of states (pDOS) of the ABT adsorption config-
urations on Zn surface at high-coverage (3 molecule/nm?) for a) (N, NH,)-Zn b)
(S, NH3)-Zn cases. In the first column, the MBT pDOS is plotted with the cor-
responding splitting between atoms, and in the second one, the projections of the
molecular orbitals of the ABT adsorbed on Zn. The Fermi level (Er) was shifted
to 0 eV and is indicated in each graph by a dashed black line.
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Figure 6.19: The induced charge density (0;uqs(7)) due to the ABT adsorption
on Zn surface for a) parallel, b) (N, NH3)-Zn, c) (S, NH;)-Zn, d) (NH,)-Zn, e)
(N, NH»)-Zn (SAM case), and f) (S, NH;)-Zn (SAM case) cases. Brown, blue,
yellow, light, and dark gray-colored spheres represent the atoms of Zn, N, S, H,
and C. Blue (red) color represents deficit (excess) of p;nq (7).
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surface, with a non-covalent interaction between the 7 electrons of the ABT and the Zn
surface states. In the (N, NH,)-Zn case, the primary interaction is through the N of the
aromatic ring, which induces negative p;,;(7) on the Zn surface interacting atom, but with-
out the formation of a chemical bond. However, this interaction is strong enough to pull
out the surface plane of the Zn atom.

In the (S, NH,)-Zn case, there is positive p;,;(7) on the atoms below the NH, group,
and negative p;,;(7) around the S atom and the Zn surface atoms below it. However, as
shown in the previous case, the interaction does not lead to forming a chemical bond.
Finally, the last adsorption configuration at low coverage, the (NH;)-Zn, shows a slightly
Pina(7) on its atoms and the Zn surface, indicating its weaker interaction with the surface,
and the non-covalent interactions with the Zn surface.

For the cases at high coverage, the p;,,(7) is more intense, indicating a higher interac-
tion with the surface. As the cases at low coverage, there is the formation of a covalent
chemical bond between the ABT and the Zn surface in the (N, NH,)-Zn case, but in the (S,
NH,)-Zn case, due to the distorted adsorption, which gets NH, group closer to the Zn sur-
face, there is the slight formation of a covalent bond with the surface. In both (S, NH;)-Zn
and (N, NH;)-Zn cases, there is positive p;,;(7) above the Zn surface atoms and between
the atoms of the aromatic rings in the molecules. The last one represents a confirmation
of the lateral - interaction between the inhibitors; nonetheless, as it is suggested by the
distorted structure of the (S, NH,)-Zn case, the -7 interactions might be weaker than in

the MBT high coverage cases.

6.5 XPS measurements

In this section, the experimental XPS spectra for both inhibitors are correlated with the
adsorption configuration of the inhibitors on the surface obtained in our DFT calculations.
The experimental partners at RMIT University performed the XPS measurements, and the

details of the experimental measurements are shown in [21]. From the XPS data , the
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chemical environments of S 2p and N 1s were analysed as fingerprints to determine the
bonding states of both inhibitor molecules on the surface. These chemical environments
were chosen as the fingerprints due to previous studies suggesting the importance of the

heteroatoms in the inhibitor-surface interaction [269].

In Figure 6.20 and Figure 6.21, the XPS spectra for the S 2p and N 1s of the chemical
powder (reference) and the inhibited ZE surface for the MBT and ABT cases, respectively,
are shown. In both XPS spectra, the bottom panels show the XPS spectra for each inhibitor
in dissolution with metal ions to underlie the interaction between them. In Figure 6.20,
the S 2p spectrum of the MBT powder was decomposed with two main components, the
endocyclic S (S in the aromatic ring) (164.3 eV) and exocyclic S (162.2 ¢V). Two differ-
ent N environments can be observed in the spectrum, corresponding to the imine N (C=N)
and amine N (C-NH). The imine environment, which corresponds to the thione form, is
suggested to be the predominant in the solid state [270], and as indicated by the experi-
mental XPS spectra, particularly the peak component of amine at 400.8 eV. Additionally,

oxidised S was also observed in the XPS spectra.

The S 2p spectrum for the inhibited ZE surface shows a larger binding energy shift
of the exocyclic S (162.6 ¢V) by +0.4 eV than the reported for the powder. This peak
corresponds to the thiolate form, which comes from MBT’s thione/thiol form interacting
with the Zn atom. Also, in the N s spectra, one main peak corresponding to the NH
group appears at 399.7 eV, which is shifted by 0.7 eV compared with the MBT reference
(399.0 €V). This shift in the binding energy corresponds to the bond formation between
the N atom and the Zn surface. However, the reduction of the peak’s intensity that belongs
to the protonated N indicates that the thiolate form predominates during the adsorption.
Therefore, the S 2p and N 1 s spectra obtained by the experimental partners suggest an

adsorption configuration of the molecule where both S and N are bonded to the surface.

The DFT results are aligned with the experimental findings, showing that the most
stable adsorption case for MBT is the (S, NH)-Zn configuration, where both S and NH

are bonded to the surface. As reported in Figure 6.3, between the two most stable cases,
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Figure 6.20: High-resolution XPS spectra of S 2p and N 1s of MBT powder
(reference), ZE surface treated with MBT and precipitates of inhibitor solution
mixed with ZnCl,. Adapted from [21] with authorization.

the (S, NH)-Zn presents the more negative adsorption energy, which indicates its higher
adsorption stability. The electronic structure analysis also showed the formation of cova-
lent bonding between the inhibitor and the surface, which can also be confirmed by the
changes in the XPS binding energies of S 2p and N 1.

The matching between the experimental and DFT results could have a better match
using the thiolate form of the molecule. However, as mentioned in chapter 4, the main
difference observed between the adsorption of the thiolate/thione form of the inhibitors
is the higher adsorption energies, without dramatic changes in the adsorption geometries
[167]. For ABT, the XPS Figure 6.21 shows a change in the binding energy of the S
2p peak from the powder (164.1 eV) to the ZE substrate adsorption, where the peak is
shifted towards lower binding energies (161.9 eV). This shift in binding energy suggests
the formation of a chemical bond between the S and the Zn surface. However, the N 1s
peak does not present any changes between the powder and the ZE substrate, indicating

no bond formation between the aromatic N and the NH, group with the surface.
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(reference), ZE surface treated with ABT and precipitates of inhibitor solution
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On the other hand, our DFT results suggested the (N, NH2)-Zn adsorption configura-
tion as the most stable case on the Zn surface, which is not in agreement with the XPS
findings since it indicates the (S, NH;)-Zn one. However, the difference in adsorption en-
ergy between both adsorption configurations is minimal. Therefore, it is complicated to

conclude which adsorption configuration is the one observed in the XPS experiment from

a theoretical point of view.

6.6 Conclusions

Comparing the results obtained for the two inhibitors at low and high coverage, the ad-
sorption of MBT was found to be more energetically favourable on the Zn surface. Both
molecules adopt a parallel configuration at low coverage, where the 7 orbitals of the ring
interact with the Zn surface states. Electronic structure analysis reveals a covalent chemical

bond formation in the MBT adsorption case between the exocyclic S and the Zn surface,
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contributing to the stabilization of adsorption on the surface. In the case of ABT, only
non-covalent interactions are observed.

When the inhibitor coverage is increased on the surface, the molecules adopt a tilted
configuration, which is enhanced by the © — 7 stacking and contributes to the adsorption
stabilization. In the MBT case, the SAM presents an ordered array on the surface, with the
(S, NH)-Zn adsorption configuration as the most favourable one on the surface. However,
in the ABT case, the SAM formation presents some structural distortions that are more
pronounced in the (S, NH;)-Zn case, and that leads to the formation of a chemical bond
between the NH, group and the Zn interacting atom. In the ABT adsorption at high cov-
erage, the (N, NH;)-Zn was found as the most stable one, but close in stability to the (S,
NH,)-Zn case.

The synergy between XPS measurements and DFT results allows for the identification
and validation of the inhibitor structure when it adsorbs on the surface. In this case, it
was possible to correlate the structure of MBT experimentally and theoretically, thereby
obtaining more details at the atomic level that complement both aspects. However, in
the case of ABT, the minimal difference between the adsorption energies prevented the
correlation of the observed structure with DFT and experimental results from XPS.

Finally, the literature reveals MBT’s ability to form complexes with Zn at the experi-
mental pH conditions. The higher displacement of the Zn surface atom by the MBT could
provide insights into the formation of these complexes, but an aqueous medium must be

considered for that.
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Section 7

Discussion, Conclusions and Future

Work

7.1 Discussion

In this thesis, firstly, the main gaps present in the corrosion inhibition (CI) modelling are
discussed in the literature review chapter. In this regard, six important aspects (A) that the
modelling needs to consider in order to describe the CI process realistically were identified:
(A1) the electronic properties of the isolated inhibitors, (A2) the interaction of the inhibitor
with the surface, (A3) the surface model, (A4) the effect of anodic and cathodic zones on
the surface, (AS5) the solvent effects, and (A6) the electrodes’ potential effects and how it
shapes the inhibitor-inhibitor interactions. Aspects A1-A3 are usually considered in the
reported CI modelling literature, while A4-A6, as well as some more complex surface
models in A3, are not.

Most of the works in the literature are mainly intended to support experimental results.
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For these works, the central aspect is to use Al to correlate these properties with exper-
imental CI performance using several correlation techniques. However, in these works,
the explicit inhibitor adsorption on the surface is not considered, which cannot accurately
describe the CI processes. Some other works include the explicit interaction between the
inhibitor and the surface, using either bare metallic slabs, or more complex surface models,
using oxidized surfaces, and thus addressing aspects A2-A3. The more complex surface
models better account for the interactions between the inhibitor and the surface but also
increase the simulation’s complexity and computational cost, restricting the system’s size

and, therefore, limiting its application to CI modelling.

In the case of the solvent effects, which affects the chemical and physical properties of
the inhibitors and electrolytes present in the media, the most common approach reported is
the implicit solvent model, where the inhibitor is investigated either isolated or adsorbed on
the surface. While these models can offer significant insights into the solvation process, the
lack of explicit interaction with solvent molecules is a drawback. The explicit interaction
with solvent molecules is an essential part of the CI process since the inhibitor has to
remove some solvent molecules from the interface to get adsorbed on the surface. From
the modelling part, the MM methods, such as the MD simulations with classical potentials,
are commonly used to include the explicit solvent interactions rather than the QM methods,

which may become too costly for the explicit description.

Lastly, the electrodes’ potential effects are critical to describing the induced surface
charges, the polarization between the solvent and the electrolytes, and how this polariza-
tion affects the inhibitor-inhibitor interactions in the formation of monolayers or subse-
quent multilayers. In the literature, the electrode potential effects are typically included by
adding charges to the metallic atoms or using Gran Canonical approaches. One alternative
to those approaches, allowing for explicit control of the voltage in the simulations, is the
non-equilibrium Green’s functions formalism. This thesis represents the first attempt at

addressing the CI modelling gaps mentioned above, especially for A4-A6.

The system chosen to showcase the new methods was the 2-mercapto benzimidazole
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(MBI) inhibitor and the Cu(111) surface. First, the coverage of Cu by the inhibitors was
evaluated in terms of the fundamental interaction between the inhibitor and the surface,
considering different adsorption sites. The MBI adsorption energies (E,;,) were used to

compare the stability for the varying coverages.

Using a (3 2,), three different MBI adsorption configurations were found at the sur-
face: parallel, two-bonded, and hollow cases. In terms of the E,;;, the adsorption stability
indicates that the most stable configuration is the parallel case, followed by the two-bonded
and hollow cases. This stability trend can be attributed to the interaction between the 7
orbitals of the aromatic ring with the 3d electrons from the Cu surface, which in the paral-
lel case are maximized due to the adsorption geometry. Between the two-bonded and the
hollow cases, the higher number of interactions within the two-bonded case enhances its

adsorption compared with the hollow case.

More packed inhibitor coverages enhance the MBI-MBI lateral adsorption. In this
sense, it was found that the higher the surface coverage, the more stable (more negative
adsorption energies) the system is. This effect can be explained by the lateral -7 interac-

tions between the inhibitors, forming a self-assembled monolayer (SAM).

The changes in the electronic structure after the adsorption were evaluated in terms of
the induced charge density (Ap;,s) and the projected density of states (pDOS). Ap;,,; mainly
indicates charge accumulation on the Cu surface atoms and charge depletion on the MBI
ones. The depletion is related to the electron donation from the MBI to the Cu surface,
which also depends on the adsorption mode of the MBI. The charge donation comes from
the aromatic ring and the S atom in the parallel configuration. In the two-bonded, it comes
from the S and N atoms; in the hollow case, it comes mainly from the S atom. On the other
hand, the charge accumulation comes from the electron back-donation of the Cu surface
atoms to the MBI molecule. Comparing the net Mulliken charges after the adsorption, it is
observed that the MBI mainly accepted electrons (more negative net charges) from the Cu
surface, which ends up losing electrons (more positive net charges) and then suggesting

the strength of the electron back-donation.
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The distortion on the MBI atoms in all the cases and the changes in Ap;,, indicate the
formation of a chemical bond between the inhibitor and the surface. The drastic change
in the MBI’s pDOS before and after adsorption also indicates the bond formation. More
non-localized and dispersed peaks were observed for the parallel case, the most stable case
in the (3 3) slab, and the SAM cases. The projections of the MBI molecular orbitals on
the total pDOS in all the cases suggest that the LUMO and LUMO+1 orbitals are getting
discharged while the HOMO is getting charged, which is a corroboration of the electron

donation and back-donation between MBI and surface.

The influence of the electrode potential on adsorption was evaluated in the final ad-
sorption configurations using the NEGF formalism. This analysis revealed changes in the
electronic structure of the system corresponding to the applied voltages. The charge den-
sity difference (Ap) between the cases at a finite voltage (-1 and 1 V) and O V showed Ap
accumulation (depletion) for the positive (negative) voltage specifically on the left (right)
side of the device, where the MBI was adsorbed. Interestingly, the redistribution of charge
primarily occurred at the MBI’s edge rather than between the MBI and the surface, as an-
ticipated from the DFT results. This charge redistribution could potentially influence the
bonding between inhibitors in subsequent layers and, therefore, the formation of inhibitor
films at the surface. In contrast, on the right side of the device, the Cu surface displayed
Ap depletion (accumulation) for positive (negative) voltage, exhibiting an opposite trend
compared to the left side. This opposite trend is attributed to the inversion of the chemical

potentials used to introduce the voltage in the NEGF formalism.

The final step addressed the solvent effects in the MBI adsorption, where the method-
ology combining the NEGF formalism and the Quantum Mechanics/Molecular Mechanics
(QM/MM) method was used. QM/MM-NEGF molecular dynamics were obtained for the
5x%6 Cu surface slab under varying coverage conditions: bare surface, a low-coverage with
one MBI adsorbed, and a high-coverage case with six MBI adsorbed, and under different
applied voltages (-1, 0 and +1 V). The dynamics explicitly included water molecules,

with their quantity adjusted to match the density of liquid water under standard pressure
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and temperature conditions (1 g/cm?).

The QM/MM-NEGF dynamics revealed the influence of coverage on MBI adsorption.
The results showed a stable SAM monolayer formed with six MBI molecules, which pre-
vailed throughout the simulation and the applied voltages. Water structural descriptors,
such as the density profiles, dipole moments (&), and angular distributions, were evaluated
under the different concentrations and applied voltages. The water density profile indi-
cated a strong layering along the systems’ z-axis. In the bare surface and with one MBI
adsorbed, a water layer is directly in contact with the Cu surface, contrary to the case with
a SAM adsorbed, where the first water layer is located at the end of the SAM structure,
and therefore suggesting that the SAM plays a role as a physical barrier between the water

molecules and the surface, preventing their interaction with the metallic surface.

The dipole moments and angular distribution also revealed the polarization in the wa-
ter molecules, primarily with the ones located at the inhibitor-surface interface. In the bare
surface and with one MBI molecule, the water molecules aligned according to the voltage
sign, and in the case of positive voltages, their hydrogen atoms pointed out towards the left
Cu surface. Negative potentials induced the opposite effect: hydrogen atoms pointing to-
wards the Cu right surface. Even at O V, the simulations with the SAM adsorption showed
a polarization, which is evident in the angular distributions and indicates the outstanding
charge redistribution caused by the SAM upon adsorption on the surface. The systems
were also evaluated through the evolution of the net Hirshfeld charges for the three con-
centration cases (0, 1, or 6 MBI molecules) in the varying voltages (—1, 0 and +1 V). In the
bare Cu surface at 0 V, an oscillatory behaviour was observed between the left and right
Cu surfaces due to the water molecule’s random distribution, which indicated no prefer-
ential orientation. In contrast, at 1 V, the applied potential induced negative net charges
on the left Cu surface and positive charges on the right Cu surface, influencing the water
alignment, with the H’s atoms pointing out to the left Cu surface. Similar behaviour was
observed in the case of one MBI adsorbed, responding to the induced polarization by the

positive potential and negative applied voltage in simulations. For the SAM case, a partic-
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ular intense polarization led to charge separation between the left and right Cu surfaces,
with the SAM exhibiting a negative charge even at 0 V. At 1 V, net charges on the left Cu
surface remained similar, while SAM and right Cu surface charges changed. The SAM
presented more negative net charges, and the right Cu surface presented small negative
net charges (close to zero). At -1V, SAM net charges were slightly negative, while more
negative for the right Cu surface. In this sense, regardless the sign of the applied voltages,
charges in the left Cu surface remained constant, with the sum of net charges between the
left Cu surface and MBI molecules opposing in signal to the net charges of the right Cu
surface, suggesting MBI and left Cu surface acted as an electrode, and corroborating the
effect observed in the MBI adsorption in vacuum under a voltage, where the MBI is acting

as a metal and accumulated the induced charge at the molecule’s edge.

Finally, a collaboration with experimental partners at RMIT University was carried out,
where the adsorption of 2-mercaptobenzothiazole (2-MBT) and 2-aminobenzothiazole
(2-ABT) on galvanized steel, using a Zn(0001) model surface, was showcased. Two
concentrations at the surface were investigated: a low (1 molecule/nm;) and high (3
molecules/nm,) concentration cases, identifying the most stable adsorption modes. The
findings showed that parallel adsorption was the most stable configuration for both 2-ABT
and 2-MBT inhibitors at low concentrations, while a vertical arrangement, slightly tilted,
forming SAM is obtained at higher concentrations. The adsorption enhancement for SAM
cases is also attributed to 7 — & stacking interactions between the molecules. Experimental
results [21] corroborated those findings using X-ray Photoelectron Spectroscopy (XPS),
which revealed the bonding between 2-ABT and the Zn through the endo S and the 2-MBT
through the endo N and exo S. Electronic structure analysis revealed the inhibitor’s charge
density donation to the Zn surface. Between 2-MBT and 2-ABT, the latter interacted
more strongly with the Zn surface, which could facilitate the formation of complexes with

2-MBT with Zn** ions.

Therefore, this thesis demonstrated that the proposed QM/MM-NEGF approach signif-

icantly advances modelling electrochemistry and can be successfully applied in corrosion
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inhibition studies. Some results from these simulations might be used to feed artificial in-
telligence (Al) methods and multiscale models to construct the bridge between nanoscale

CI modelling and the continuum scale of CI processes.

7.2 Conclusions

The main findings of this thesis will be outlined in the following. For the adsorption in a

vacuum and the electrode potential:
* Isolated adsorption: m-transition metal surface states interactions favored.
* Charge donation from the inhibitor to the metallic surface.

* Enhanced adsorption with the surface coverage: lateral 7-r interactions in the self-

assembled monolayers cases.
» Electrode potential: specific response based on the adsorption mode.

— Electronic charge redistribution in the system due to the applied voltage.

— Charge accumulation at the corrosion inhibitors could affect the layering sta-

bility and interactions with subsequent layers.
For the adsorption with the solvent and electrode potential effects:
* SAM stable physical barrier: prevents interaction with H,O at all voltages.

* Preferential orientation in the H,O distribution: induced by the high coverage on

the surface (SAM formation) and the voltage.
* Electronic charge in the metallic surfaces are strongly affected by the SAM.

Finally, from the experimental collaboration, the main conclusion is the synergy be-
tween the experimental XPS analysis and the theoretical adsorption energies obtained for

the inhibitors, which allows us to corroborate and explain how the bonding is between the
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corrosion inhibitor and the surface, providing information that cannot be obtained experi-
mentally, such as induced charge densities due to the formation of chemical bonds, as well

as charge transfers.

7.3 Future work

In this thesis, the principal results considered the adsorption of MBI on the Cu(111) sur-
face and the adsorption of another two inhibitor molecules, MBT and ABT, on galvanized
steel using the Zn(0001) surface as the substrate. Two scenarios were considered in the
adsorption of MBI on Cu: a vacuum situation, where no solvent is included in the simu-
lations, and a situation where the solvent is included explicitly. In the first scenario, the
plans include the simulation instead of the thione form of MBI, the thiolate one, which has
been suggested by XPS analysis [21] as one of the possible MBI forms attached to the Cu
surface. This will allow us to compare the adsorption configurations and their energetic
among the different inhibitors tautomers.

Another aspect to be improved is the surface model used for the simulations. In our
case, due to the novelty of our approach to describing the solvent and electrode potential
effects, a simple (but realistic enough) model surface was used to reduce the problem’s
degree of freedom and corroborate any potential setback of the methodology. However,
once the methodology is corroborated with the robust findings of this thesis, more com-
plex systems will be described. In this sense, the evolution of this project considers the
modelling of oxide surfaces, which are observed in the experiments.

Finally, different coverages and voltages will be included in the next project. Regard-
ing the former, intermediate concentrations will be investigated to get an idea about the
minimum coverage required to protect the surface from the interaction of water molecules.
A range of small voltages will be used in the simulations to analyze how the charge is get-
ting distributed when smaller voltages, and in this case, to have a more comparable case

with the experimental potentiodynamic studies.
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