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Abstract: The study investigates the corrosion inhibition properties of Trithiocyanuric Acid (TTCA) on
Aluminum and mild steel using Density Functional Theory (DFT) and Molecular Dynamics (MD) simulations.
The electronic properties of TTCA, including the highest occupied molecular orbital (Enomo) of -7.617 eV and the
lowest unoccupied molecular orbital (ELumo) of -4.301 eV, yield an energy gap of 3.316 eV. The calculated
absolute electronegativity was 5.959 eV, global hardness obtained was 1.658 eV, global softness was 0.603136
eV, global electrophilicity index was 1.449891 eV, and nucleophilicity was 0.689707 eV. The energy of back
donation was also 0.689707 eV. The charge transfer parameters, ANFe and ANAI, are also 0.862989 eV and -
0.21653 eV, respectively, indicating effective interaction with both metal surfaces. Functional groups in TTCA
contribute significantly to its corrosion inhibition performance by facilitating alignment on the metal surfaces. The
interaction mechanism is characterized as physisorption, with binding energy values falling within the range
typical for this adsorption type. The results suggest that TTCA is a suitable corrosion inhibitor for Aluminum and
mild steel, making it a promising molecule for industrial applications where metal protection is essential.
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1. Introduction Trithiocyanuric acid (TTCA), presented in Fig.1 is a
heterocyclic compound containing three thiocyanate
groups, shows promising potential, having many
functional groups as well as the presence of pi-bond
in the structure and hetero-atoms in the structure as a
corrosion inhibitor 4. The presence of multiple thiol
(-SH) groups, precisely three per molecule, suggested
the molecule could be a potent inhibitor on metallic
surfaces. The thiol group is highly reactive towards
metal surfaces, forming coordination bonds with
metal ions and effectively adsorbing onto the surface.
The thiol groups' chelating ability on the metal can
form stable complexes with metal ions that can inhibit
corrosion by blocking active sites on metal surfaces:
Aluminium and Iron 2.

Corrosion inhibitors are compounds that can
physically, chemically, or both adsorb into the
metal/solution system. This adsorption technique
successfully shields the metal from direct exposure to
corrosive acidic solution . Heteratoms with lone pairs
electrons, including phosphorus, oxygen, sulfur, and
selenium, provide this protection. At the heteroatom
molecules, which are much on the metal surface
containing several metal atoms, these atoms interact
with the metal surface in an acidic environment to
form complexes with inhibitor 2. Corrosion is a
common occurrence that presents severe difficulties
for many construction and oil industries, resulting in
significant financial losses and safety issues. Due to

their favorable mechanical qualities and affordability, Traditional experimental approaches, such as those
mild steel and Aluminum are two metals prone to from Hong et al. °, offer valuable insights into
corrosion and are often used in various applications *. corrosion inhibition. Hong et al. explore the inhibitory
However, their vulnerability to corrosion needs the effect of trithiocyanuric acid on copper corrosion in
development of efficient inhibitors and corrosion 3.0 wt.% NaCl. Similarly, Chen et al. ® investigated
inhibition techniques to limit the negative the corrosion inhibition of copper in hydrochloric acid
consequences. using trithiocyanuric acid but cannot often elucidate
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the intricate molecular interactions that determine
inhibitor effectiveness 7. Additionally, the study
focuses solely on a single metal, copper.
Computational methods such as density functional
theory (DFT) were needed to complement
experimental studies and provide detailed molecular
insights into the corrosion inhibition process.

The present study will use computational methods
such as Density Functional Theory (DFT) and
simulation methods to examine the inhibition
mechanism of the molecule Trithiocyanuric acid
(TTCA) on the surfaces of Al(110) and Fe(110).

Density functional theory (DFT) and simulation
methods offer a powerful means to investigate the
interaction between corrosion inhibitors like TTCA
and metal surfaces at the atomic level. By employing
DFT calculations and molecular dynamics
simulations, it is hypothesized that the adsorption
behavior of TTCA on Aluminum and mild steel
surfaces can be elucidated, providing valuable
information about the stability and effectiveness of
the inhibitor-metal complexes.

Moreover, it is anticipated that DFT calculations can
offer insights into the electronic structure and bonding
characteristics of TTCA-metal complexes, aiding in
designing and optimizing novel corrosion inhibitors
with enhanced performances. Molecular dynamics
simulations can further complement these findings by
providing information regarding the dynamics and
stability of the inhibitor-metal interface under varying
environmental conditions.

However, it is essential to acknowledge the
limitations of DFT and simulation methods when
studying corrosion inhibition processes. Firstly, the
accuracy of DFT calculations heavily relies on the
choice of exchange-correlation functional and basis
sets, which may introduce uncertainties in the
calculated properties &1,

But, DFT calculations and simulations simplify the
complexity of corrosion environments by reducing the
time involved in the experimental method. The
density functional theory calculation can provide
insights into the electronic structure, binding energies,
and reactivity of inhibitor molecules with metal
complexes, which is often faster than experimental
methods, which may require lengthy setup and
analysis time. In addition, DFT can contribute to
reducing the environmental impact of chemical
experimentation and waste production *>'°. This
research is limited to the Density Functional Theory
(DFT) and simulation of the molecule Trithiocyanuric
Acid (TTCA) on Aluminum and mild steel.

2. Experimental

Quantum chemical calculations were conducted using
the DMol3 module within the BIOVIA Material
Studio 8.0 program (Accelrys, Inc.), employing the
underlying Density Functional Theory (DFT)
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principles. The B3LYP function was applied to
compute the parameters, utilizing a basis set of
"double-numeric polarization" (DNP) in the gas phase
model 8, The calculation encompassed determining
the Frontier energies of the molecule TTCA with
equations 1-11 following the extended Koopman's
theorem '°. These equations elucidate the initial
electron distribution in the molecule and the
computation of local reactivity, specifically the Fukui
function f(r), through ab-initio quantum chemistry
methods %°. Before establishing their stable geometry,
the molecules were drawn using Chem Draw Ultra
7.0.3 by Cambridge Software .

IE: lonization energy (eV) IE = —Enomo (1)
AE: Electron affinity (eV) AE =—E, umo 2)
AEq: Energy gap (V) AEq = ELumo—EHomo 3)

y: absolute electronegativity (eV)

_IE+AE_ _ (Enomo+ ELumo) (4)
2 2
n: global hardness (eV) no= 5=
(Erymo—Enomo) 5)

2
2

1
o: global softness (eV)! 6 = == - ————
] Enomo— ELumo

(6)
e e, u2 x*
o: global electrophilicity index (eV)w = m 2
()
| chemical potential (Debye)y = % (IE + AE) =
% (ELumo+Eromo) (8)
: nucleophilicity(eV) & = = 9)
AEnq: Energy of back donationAE,_,; = —Z =
1
3 Enomo — Erymo) (10)
AN: Fraction of electron(s) transfer AN =
xmetal—yInh. (11)

2(mmetal+niInh)

The inhibitor molecule's absolute hardness, denoted
as minh, and absolute electronegativity, represented by
yinh, are comparable to Fe and Al. In theory, the
global hardness of iron and Aluminium surfaces is
0 eV, and the electronegativity of bulk iron and
Aluminum are yFe=7.0 eV and yAl=,5.6eV assuming
a higher density for metallic bulk compared to neutral
metallic atoms 222*, The distinction between
nucleophilic and electrophilic local Fukui functions
lies in the definition of the Fukui second function (f?),
also referred to as the dual descriptor Af(k). Based on
the Fukui behavior of atoms, these functions
determine the electrophilicity or nucleophilicity of
molecules #. If f2 > 0, site k favors a nucleophilic
attack, whereas if f2 < 0, site k favors an electrophilic
attack. Thus, 2 is a selectivity index for determining
whether attacks are electrophilic or nucleophilic.
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f(k)* = qk(N+1)—qk(N) (for nucleophilic
attack) (12)
f(k) =qk(N)—qk(N — 1)(for electrophilic
attack) (13)
fk)° = w (for radical attack)

(14
Af(k) = f*f=f? Fukui function)

(15)

In this context, N represents the total number of
electrons in the molecule. At the same time, N+1
denotes an anion formed by adding an electron to the
Lowest Unoccupied Molecular Orbital (LUMO) of
the neutral molecule, and N-1 signifies a cat ion
formed by removing an electron from the Highest
Occupied Molecular Orbital (HOMO) of the neutral
molecule. The variable gk represents the net charge of
atom k within the molecule, reflecting the electron
density at a specific point r in space surrounding the
molecule. The initial ground state geometry was
utilized as the reference point for all subsequent
calculations. Employing an atomic charge
partitioning method, such as Mulliken population
analysis outlined in Equations, these functions were
concentrated on the nuclei of the atoms 26?7,

Molecular Dynamic Simulations

A quench adsorption method known for its high
stability was employed to mimic the behavior of the
TTCA molecule on closely packed surfaces of Fe
(110), Al (110) atoms. This simulation was conducted
using the FORCITE tool package integrated into the
BIOVIA Materials Studio 8.0 software (Accelrys,
Inc.). The simulation employed the COMPASS force
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field tool and the Smart algorithm approach within a
simulation box measuring 17A x 12A x 28A, aiming
to model a representative surface area ?%. The Fe and
Al crystals were cleaved along the (110) planes at a
fractional depth of 3.0 A, and the form of the bottom
layers was fixed before surface optimization to
mitigate edge effects stemming from molecular sizes.
A 3x3 supercell was then generated by extending the
surfaces. Maintaining a temperature of 350K struck a
balance between excessive Kinetic energy causing
molecule desorption and insufficient kinetic energy
hindering molecule movement across the surface 322,
The simulation, conducted over 5 ps with a time step
of 1 fs, employed the NVT (microcanonical)
ensemble to control temperature. The quenching
occurred every 250 steps for a total of 5000 cycles to
ensure statistical accuracy of energy values on the
examined Fe and Al crystal surfaces. Ultilizing
FORCITE, the lowest energy interactions between
molecules and metal surfaces were determined
through geometry optimization 3410.14.23,

Equations (16-17) were utilized to calculate the
adsorption and binding energies of the TTCA - Metal-
surface.

Ean=Er— (E| + Es) (16)
EB =- EA (17)

Where Ea is the adsorption energy, Er is the combined
energy of the molecule and the metal surface, Es is the
energy of the metal surface, E; is the energy of the
inhibitor molecule without the iron surface, and Eg is
the binding energy 3%,

Chemical structures

HS N SH
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Figure 1. The structure of Trithiocyanuric Acid

3. Results and Discussion

HOMO (Highest Occupied Molecular Orbital: This
refers to the highest energy molecular orbital that is
occupied with electrons in a molecule. It represents
the highest energy level at which electrons are found
in a stable (ground state) molecule. The electrons in
the HOMO are the ones involved in chemical
reactions, particularly in donating electrons during
bond formation. The lowest energy level at which an
electron can be accepted to form a bond with another
atom or molecule is referred to as the HOMO
(Occupied Molecular Orbital) *°. In corrosion studies,
a molecule with a HOMO energy level matching or
close to the energy of the unoccupied d-orbitals of
metal ions can effectively coordinate with these ions,
forming stable complexes. This coordination inhibits
the electrochemical reactions responsible for

corrosion by blocking the metal surface of corrosive
prompt areas on the metal surface %220, Therefore,
understanding and optimizing the HOMO energy of
inhibitor molecules is crucial in designing effective
corrosion inhibitors for various metal systems.

Electrons in the LUMO are involved in accepting
electrons during bond formation. The energy
difference between -the HOMO and LUMO is
important in understanding the reactivity and stability
of molecules *-2, It's often referred to as the HOMO-
LUMO gap. Smaller HOMO-LUMO gaps typically
indicate higher reactivity, suggesting that electrons
can more easily transit between the two orbitals,
facilitating chemical reactions. Conversely, larger
HOMO-LUMO gaps suggest greater stability, as it
takes more energy to promote an electron from the
HOMO to the LUMO. From the molecule TTCA
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studied on the Aluminum and mild steel surfaces, the
Enomo of the molecule is -7.617eV, ELumo -4.301eV,
which is why the HOMO-LUMO gap was 3.316eV.

Table 1. The energy parameter of the molecule TCCA
E-HOMO
E-LUMO
IE: lonization energy (eV) IE
AE: Electron affinity (eV)
AEg: Energy gap (eV) AEq
x: absolute electronegativity (eV)
n: global hardness (eV)
o: global softness (eV)*
®: global electrophilicity index (eV
€ :nucleophilicity
AEp.g: Energy of back donation
ANFe: Fraction of electron(s) transfer

ANAL: Fraction of electron(s) transfer

According to Hadisaputra et al., Jamil et al., and
Kokalj et al. *¢-%, Inhibitors with high ionization
energies(l) are less reactive, forming stable, protective
layers on metal surfaces and reducing corrosion. On
the other hand, the low ionization potential (1)
indicates the ease with which the atom can release its
outer electron. It can donate electrons to the metal
surface, thus increasing corrosion inhibition
efficiency *. In Table 1, the molecule TTCA has an
lonization energy of 7.617eV; this, according to
moderately high ionization energy, ensures stable
adsorption of inhibitors on metals. Meanwhile,
inhibitors with high electron affinity can effectively
accept electrons from metal surfaces, forming strong
bonds and creating a protective barrier against
corrosion. These inhibitors form stable complexes
with metals, enhancing corrosion resistance “°. High
Absolute electronegativity () values in Table 1
indicate that organic corrosion inhibitors are electron
acceptors, while those with lower values indicate
corrosion inhibitors as electron donors. The Absolute
electronegativity value of TTCA was recorded as
5.959eV in Table 1. This is because corrosion
inhibitors with low electronegativity values will make
donating electrons easier or more reactive “*. A higher
global hardness (n) in Table 1 has the potential of
having more stability on the surface and the molecule
being reactive. Corrosion inhibitors with high global
hardness are less likely to participate in chemical
reactions that could degrade the inhibitor layer, thus
providing better protection to the metal surface. Softer
molecules are more reactive and can readily form
bonds with metal surfaces, aiding adsorption.
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The result of the molecule was equivalent to the
values obtained by Zarrouk et al., Oyeneyin et al.,
lorhuna et al. 3%,

-7.617
-4.301
7.617
4.301
3.316
5.959
1.658
0.603
1.449
0.689
-0.414
0.863
-0.216

Therefore, an optimal balance between hardness and
softness is crucial for effective corrosion inhibition 2,
Fraction of electron transfer (AN) represents the
extent to which electrons are transferred between the
inhibitor and the metal surface. A value of 0.862989
eV and -0.21653eV on Al and Fe indicates substantial
electron transfer, suggesting strong interaction and
bonding between the inhibitor and the metal. This
enhances the stability of the protective layer, making
it more effective in preventing corrosion. The
molecule TTCA has a high Fraction of electron
transfer on Al and less on Fe. The values of the
Fraction of electron transfer suggest good interaction
with the metal surface, potentially balanced by
appropriate softness to facilitate adsorption 4. In
the context of corrosion inhibition, a higher
electrophilicity index (w) means the molecule can
effectively accept electrons from the metal, forming a
stable protective layer “. This protective layer
prevents further oxidation of the metal, thus inhibiting
corrosion. The TTCA properties suggest moderate
electrophilicity, contributing to its corrosion inhibitor
effectiveness “°. In corrosion inhibition, nucleophilic
property electrons to the metal surface, forming bonds
that create a protective layer. TTCA molecule, with its
high Fraction of electron transfer, likely exhibits
significant nucleophilicity, enhancing its ability to
interact with the metal surface and form a protective
barrier. A negative value, such as -0.4145 eV in the
given molecule, indicates that the molecule can accept
electron density from the metal, stabilizing the
interaction and forming a protective layer 4’8, This
back donation mechanism is crucial for reinforcing
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the inhibitor's adherence to the metal surface and
enhancing its protective qualities. Fig. 2 presents the
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molecule of the molecule presented in Fig. 2, the
white, blue, grey, and yellow atoms represent

optimized molecule, HOMO orbital, LUMO orbital, Hydrogen, Nitrogen, Carbon, and Sulphur,
and the Density of the molecule. From the optimized respectively.
Optimized Geometry HOMO LUMO Electron density

Figure 2. Optimized, HOMO, LUMO, and Density Orbitals of the molecule TTCA.
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Figure 3. The Fukui functions of the molecule TTCA

The Fukui indices describe the local reactive sites of
an organic system susceptible to nucleophilic or
electrophilic attacks. Table 1 indicates the Fukui
indices (f+, f-) of the molecule TTCA 2. Large values
of the Fukui indices (f+ and f—) Indicate molecular
softness and chemically reactive sites 2>%°.

The condensed Fukui dual descriptor (Af) is presented
in Table 1, which describes the atoms of the molecule
that are susceptible to Electrophilic or nucleophilic
attacks. The condensed Fukui dual descriptor (Af) is a
more explicit and accurate parameter than f+ and f—
for describing local reactivity *°. Atoms with positive
Af are susceptible to electrophilic attack, while those
with negative Af are susceptible to nucleophilic
attack *“°. For the result presented in Fig. 3 only S3,
S6 and S9 are negative while C2, N1, N4, C5, N7 and
C8 are positive. As a result, a higher percentage of the

molecule is susceptible to electrophilic attack than
nucleophilic attack.

Bond length directly impacts inhibitor molecules'
structural and electronic properties; its influence on
corrosion inhibition effectiveness is indirect but
significant. In their corrosion investigation, lorhuna
et al. Belghiti et al. consider bond length alongside
other molecular characteristics to design inhibitors
with optimal adsorption, electronic structure,
chemical reactivity, and stability on metal surfaces
under corrosive conditions. Thus, understanding the
relationship between bond length and corrosion
inhibition helps develop more effective and durable
inhibitors for practical applications in metal
protection 15, Table 2 presents the bond length of the
molecule before and after the simulation, which
demonstrates how the bonds of the molecule behave
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before the corrosion inhibition of the surfaces and
after the corrosion inhibition. From the result
obtained, the bonds significantly affect the corrosion

Table 2. Bond length before and after simulation.

Bond Type Bond Length

Before((Angstroms)
N1-C2 1.301
C2-S3 1.371
C2=N4 1.715
N4-C5 1.372
C5-S6 1.371
C5=N7 1.716
N7-C8 1.37
C8-59 1.372
N1-C8 1.714
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inhibition of the molecule, where the difference
between before and after corrosion is recorded in
Table 2.

Bond Length Difference
After((Angstroms) in bond length (Angstroms)
1.3 0.001
1.373 -0.002
1.716 -0.001
1.377 -0.005
1.372 -0.001
1.715 0.001
1.375 -0.005
1.371 0.001
1.714 0

Table 3. The bond angle between the atoms before and after simulation.

Bond Angle Before

Angle Type (Degree)
N1-C2-S3 115.989
N4=C2-S3 124.922
C2=N4-C5 115.379
N4-C5-S6 119.164
C5-S6=N7 124.646
C5=N7-C8 114.789
N7-C8-N1 116.142
N1-C8-S9 115.989
C2-N1-C8 124.922

Bond angles can influence the distribution of electron
density within the inhibitor molecule. This
distribution affects the molecule's ability to donate or
accept electrons, essential for forming bonds with
metal atoms or ions on the surface “2“3. Effective
corrosion inhibitors often have specific electronic
configurations that facilitate the formation of stable
complexes with metal surfaces. Table 3 demonstrates
the molecule's behavior regarding the angle between
the bonded atoms. According to Belghiti et al., the

Bond Angle After

(Degree) Difference (Degree)
115.980 0.009
124.923 -0.001
115.375 0.004
119.165 -0.001
124.643 0.003
114.784 0.005
116.141 0.001
115.986 0.003
124.924 -0.002

result obtained shows that the calculated bond angles
for the inhibitor is planar; hence, the angle between
link atoms tends to £180° or 0° from the result, the
compound is expected to exhibit sp? hybridization
with a lot of p-orbital character on the surfaces of
Al(110) and Fe(110) “°. The difference in the bond
angle demonstrates that the molecule was influential
in the corrosion inhibition of both Fe (110) and Al
(1120).
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Molecular Dynamic Simulation
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Table 4. The Energy parameter of the molecule after simulation on Al, and Fe surfaces

Properties
Adsorption Energy (Kcalmol?)
Total Energy of the Surface (Kcalmol™?)
Binding Energy (Kcalmol™)

30
20
10

-10
-20

B Adsorption Energy (Kcalmol-1)

Fe(110)- TTCA Al(110)- TTCA

-25.59 £+ 0.027 -20.51 £ 0.004
0.000 + 0.00 0.000 + 0.00
25.59 +0.027 20.51 +0.004

-0)- o

M Binding Energy (Kcalmol-1)

Figure 4. The graphical representation of the simulated energy difference.

Fe(110) To View

Fe(110) Side View

Figure 5. The Molecule TTCA on the surfaces of the Al(110) and Fe(111)

Molecular Dynamic Simulation (MDS) provides a
molecular-level insight into the interaction between
inhibitors and metal surfaces, which is essential for
investigations on  corrosion inhibition.  This
computational method sheds light on the inhibitor
molecules' dynamic behavior, how they adsorb onto
metal surfaces, and how protective layers develop.
MDS facilitates the creation of new inhibitors with
improved qualities, clarifies the principles of
corrosion inhibition, and allows the prediction of

inhibition efficacy by modeling the atomic-scale
motions and interactions. MDS is a potent instrument
that may expedite the creation of efficient corrosion
inhibitors, propelling progress in materials science
and corrosion management tactics.

TTCA exhibits a notable binding affinity towards
metal surfaces Fe(110) and Al(110), as evidenced by
its binding energies of 25.59 kcal/mol on Fe(110) and
20.51 kcal/mol on Al(110), as demonstrated in
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Table 4. This suggests strong adsorption capability,
making TTCA a promising corrosion inhibitor for
iron and aluminum substrates. The binding energy of
25.59 kcal/mol with Fe(110)- TTCA and 20.51
kcal/mol with Al(110)- TTCA suggests a relatively
strong interaction between the adsorbate and the
surface. High binding energy recorded by the
molecule suggested a chemisorption rather than
physisorption, which involves the formation of
chemical bonds between the adsorbate and the surface
atoms. . Fig. 4 compares the energy (Binding and
Adsorption) value of the interaction on both surfaces
graphically while Fig. 5 illustrates the interaction of
the molecule TTCA with metal surfaces: Al(110)-
TTCA and Fe(110)-TTCA. It describes how TTCA
interacts with these surfaces and its alignment on
them. This demonstration determines the molecule's
effectiveness on the surface and also influences the
molecule's binding energy.

4. Conclusion

From the electronic properties of TTCA, including the
highest occupied molecular orbital (Enomo) of
-7.617 eV and the lowest unoccupied molecular
orbital (ELumo) of -4.301 eV, yielding an energy gap
of 3316 eV and the calculated absolute
electronegativity 5.959 eV, global hardness 1.658 eV,
global softness 0.603136 eV, global electrophilicity
index 1.449891 eV, nucleophilicity 0.689707 eV and
the charge transfer parameters, ANFe and ANAL
0.862989 eV and -0.21653 eV respectively. The
effectiveness of these molecules as corrosion
inhibitors stems from the functional groups, which
facilitate the alignment on metal surfaces. This
alignment supports physisorption as evidenced by
binding energy values obtained from the typical
interaction of the molecule with the system. These
molecules demonstrate effective inhibition properties
for Aluminum and iron, as presented in the research
results.

e The molecule can be used effectively as a
suitable inhibitor for Aluminum and iron
corrosion inhibition.

e The type of inhibition recorded by the
molecule is physisorption

e The molecule exhibits sp? hybridization with
a lot of p-orbital character on the surfaces of
Al(110) and Fe(110); hence, its angles on the
surface range between +0 and +180
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