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Abstract: Performance tests on caffeine’s corrosion inhibition properties and their derivatives against
copper corrosion have been previously reported experimentally using gravimetric and electrochemical
analyses. The test was able to measure the efficiency of their corrosion inhibition accurately. However,
the caffeine and its derivatives’ structure patterns and coating mechanisms when interacting with
metals during copper corrosion inhibition have not been explained in detail by experimental studies.
In the present study, the theoretical density functional study (DFT), ab initio MP2, and Monte Carlo
simulation approaches explain the problem. The geometrical and quantum chemical parameters
of inhibitors were compared under normal and protonated conditions in the gas and aqueous
environments. Theoretical studies can accurately determine the molecule’s geometrical parameters
and successfully explain the quantum parameters of inhibitors. Molecular dynamics are applied to
study the mechanism of interaction between inhibitors and metal surfaces in an explicit water molecule
environment. The energy absorption of caffeine and its derivatives on metal surfaces was linear,
with quantum parameters calculated from the density functional theory and an ab initio approach.
Furthermore, these theoretical study results align with the previously reported experimental studies
published by de Souza et al. The inhibition efficiency ranking of studied molecules preventing copper
corrosion was caffeine > theobromine > theophylline. This theoretical approach is expected to bridge
the gap in designing effective corrosion inhibitors.

Keywords: density functional theory; ab initio; monte carlo; caffeine; copper; corrosion inhibition

1. Introduction

Corrosion is an electrochemical process in metals that damages metal structures. This process is
usually triggered by corrosive environments such as hydrochloric acid and nitric acid. The corrosion
process is challenging to overcome, and without prevention, corrosion will cause significant economic
losses [1]. Therefore, research to find corrosion inhibitors that are environmentally friendly, economical,
and of high efficiency, is still being carried out intensively. Organic compounds from natural products
have a high potential to be developed as corrosion inhibitors. This compound was chosen as a
corrosion inhibitor because it meets the criteria of high efficiency, economical, environmentally friendly,
and non-toxic, and it does not cause harmful pollutants [2–4].
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Many experimental studies on the efficiency of corrosion inhibition of natural product compounds
have been carried out [5–7]. For example, alkaloids obtained from natural product extraction have high
potential as good corrosion inhibitors [8–10]. The main factors that play a role in inhibiting corrosion
are electrostatic interactions, Π electron donors, and heteroatom groups on inhibitor molecules [11].
Heterocyclic benzene and heteroatom groups such as oxygen and nitrogen in the alkaloid structure play
a role in electron donors, electrostatic interactions, and electron donor acceptors in their interactions
with metal surfaces. These factors will be utilized by the inhibitor to be firmly attached to the metal
surface and form a thin layer that will inhibit the rate of corrosion [12].

Caffeine is an alkaloid extracted from natural products that have been tested for its corrosion
inhibition efficiency [13–15]. Fallavena et al. examined caffeine’s ability to inhibit corrosion on
copper surfaces in a solution of potassium nitrate using electrochemical techniques. The experimental
results show that caffeine can inhibit corrosion by decreasing the corrosion rate in copper [16].
Combining complex caffeine-Zn2+ systems has also been studied to optimize caffeine’s corrosion
inhibition efficiency against copper corrosion. The complex is capable of forming caffeine-Zn2+ film
complex formation on metal surfaces [17]. Other studies also show that caffeine can coat the carbon
steel surface in ethanol solvents to prevent corrosion [18]. Moreover, caffeine has also been tested to
inhibit corrosion on the surface of the nickel. Ebadi et al. showed that caffeine was well adsorbed on
nickel’s surface with an inhibitory efficiency of 96.8% [19]. Furthermore, caffeine derivatives have been
assessed for their ability to reduce corrosion in copper. de Souza et al. showed that caffeine effectively
inhibited copper corrosion than theobromine and theophylline [20].

Accurate measurement of the corrosion inhibitor performance of a compound can be done
experimentally. However, this technique has a limitation: the mechanism of inhibition by inhibitors on
metal surfaces may not be explained in detail. The cost and time of research is expensive. For an instant,
de Souza et al. experimentally showed that caffeine more effectively inhibited copper corrosion than
theobromine and theophylline [20]. However, de Souza et al. have not explained why caffeine is more
efficient at inhibiting corrosion than theobromine and theophylline. The detailed pattern and mechanism
of interactions between caffeine, theobromine, theophylline, and copper surfaces are not well explained.
Therefore, the theoretical study supported by computer hardware and software development is a
bridge to overcome this gap. The density functional theory approaches [21–25], ab initio [26–28]
can explain in detail about the distribution and transfer of electrons when inhibitors interact with metals.
Furthermore, the Monte Carlo simulation can explain in detail the effect of orientation and structure
on the performance of each inhibitor, including the mechanism of adsorption of inhibitor molecules
on metal surfaces. The density functional theory approaches [21–25], ab initio [26–28], and molecular
dynamics simulation can explain in detail the effect of orientation and structure on the performance of
each inhibitor, including the mechanism of adsorption of inhibitor molecules on metal surfaces [29,30].
Kaya et al. [31,32] combined DFT calculations at various theoretical and dynamic molecular levels to
predict iron corrosion inhibition performance by thiazole and piperidine derivatives. It was reported
that the strength of the interaction between thiazole and the surface of Fe (110) is determined by the
orientation of the molecule and its donor and electron-withdrawing groups [31,32]. The theoretical
studies that have been carried out show compatibility with experimental studies. The current report
focuses on examining caffeine’s performance and its derivatives as a corrosion inhibitor on copper’s
surface theoretically by combining the density functional theory, ab initio, and Monte Carlo simulation
simultaneously. This research will also present the coating mechanism of caffeine and its derivatives
on the copper surface.

2. Materials and Methods

2.1. Quantum Chemical Calculations

Quantum chemical calculations are applied to predict the structure and electron distribution of
caffeine, theobromine, theophylline, and their electron transfer to the copper surface. Density functional
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theory is a very popular method for assessing the reactivity of molecules [33]. The ab initio method
is also widely used because it has high accuracy [34]. In the quantum chemical calculation
section, all calculations, including optimization of caffeine, theobromine, and theophylline,
are carried out using the DFT and MP2 methods in a combination of 6-31G(d) and 6-311++G(d,p)
basis sets. Geometry optimizations have been performed without any symmetry constraints.
Optimized geometries are always verified as minimum energy potential surface by calculating the
harmonic vibration frequencies. All quantum chemical calculations use the Gaussian 09 program [35].
Solvent effects are included using the polarized continuum model as implemented in the Gaussian code.
The dielectric constant for the water solvent was taken as 78.4, and other solvents were used as in the
Gaussian code. In employing polarized continuum models, the single-point calculations on gas-phase
geometries are sufficient for energetics. The structure of re-optimization in the solvent’s presence
was found to have a minor influence on energetics [36,37]. Therefore, the single point approach has
been employed in this study, minimizing computational costs without sacrificing much accuracy in
solvation energies.

The quantum chemical parameters such as the energy of the highest occupied molecular orbital
(EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the ionization potential
(I), the electron affinity (A), the absolute electronegativity (χ), hardness (η), softness (σ), the fraction of
electron transferred (∆N), and the corrosion inhibitors (IE%) efficiencies were calculated. According to
Koopman’s theorem [38], ionization potential (I) and electron affinity (A), the electronegativity (χ),
and global hardness (η) may be defined in terms of the EHOMO and the ELUMO. Ionization potential
(I) is defined as the amount of energy required to remove an electron from a molecule [39]. It is related
to the energy of the EHOMO through the Equation (1):

I = −EHOMO (1)

Electron affinity (A) is defined as the energy released when a proton is added to a system [39].
It is related to ELUMO through the Equation (2):

A = −ELUMO (2)

Electronegativity is the measure of the power of an atom or group of atoms to attract electrons
towards itself [40]; it can be estimated by using the Equation (3):

χ =
I + A

2
(3)

Chemical hardness (η) measures an atom’s resistance to a charge transfer [41]; it is estimated by
using the Equation (4):

η =
I −A

2
(4)

According to Pearson theory [42], the fraction of transferred electrons (∆N) from the caffeine,
theobromine and theophylline to the copper atom can be calculated Equation (5):

∆N =
χ Cu− χ Inh

2(ηCu + ηInh)
(5)

where χCu and χinh denote the absolute electronegativity of copper and inhibitor molecule respectively,
ηCu and ηinh denote the absolute hardness of copper and the inhibitor molecule, respectively.
To calculate the fraction of electrons transferred, the theoretical value for bulk iron’s electronegativity
was used χCu = 4.43 eV [43] and a global hardness of ηCu = 0 by assuming that for a metallic
bulk I = A [44].
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The Fukui indices for the nucleophilic and electrophilic sites (f+ and f−) are expressed [45] via
Equations (6) and (7).

f+ = qN + 1 − qN (nucleophilic attack) (6)

f− = qN - qN − 1 (electrophilic attack) (7)

According to Koopman’s theorem [38], ionization potential (I) and electron affinity (A),
the electronegativity (χ), and global hardness (η) may be defined in terms of the EHOMO and
the ELUMO. Ionization potential (I) is defined as the amount of energy required to remove an electron
from a molecule [39]. It is related to the EHOMO through the Equation (1).

2.2. Monte Carlo Simulations

The Monte Carlo simulation is very popular for investigating the interaction between the molecule
inhibitor and the concerned metal surface [45–47]. The Monte Carlo simulation can explain a key
element in the corrosion problem: the adsorption phenomenon. The most stable adsorption sites
on metal surfaces with low energy. The Monte Carlo metropolis simulation methodology is used
in molecular dynamics simulations performed using the adsorption locator and the Forcite code
implemented in Material Studio 7.0 software [48,49]. The lowest conformational energy search is
performed by adopting a Monte Carlo search of interactions between inhibitor molecules and clean
copper surfaces in water. The COMPASS force field is used to optimize all the studied molecular
structures. The advantages of the COMPASS force field are the ab initio force fields that allow
accurate and simultaneous gas-phase predictions and condensation properties. Those properties,
including structural, conformational, vibration and state equations, cohesive energy, interaction energy
for a variety of organic metal molecules, metal oxides, and metal halides, use a variety of solid properties:
the structure of cell units, lattice energy, and even polymers. The first step in this computational study is
to optimize the geometry of the inhibitor molecule: caffeine, theobromine, and theophylline, which will
adsorb next on the copper surface with minimized energy. For this purpose, the Forcite calculation
was performed with the fine calculation quality using the COMPASS forcefield. Once the caffeine,
theobromine, and theophylline have been optimized with the COMPASS forcefield, we simulate those
corrosion inhibitors by loading with a copper surface, considering the solvent effect. The objective
of this computational study is to find the low-energy adsorption sites to investigate the preferential
adsorption of caffeine, theobromine, and theophylline on Cu(1 1 1) surface and to find a relationship
between the effect of their molecular structure and their inhibition efficiency. The simulation protocol
details follow the simulation steps that have been carried out previously [50] with the crystal surface
of Cu(111) in the simulation box (20.447831 Å × 20.447831 Å × 40.43474 Å) with periodic boundary
conditions to simulate the representative part of the interface without arbitrary boundary effects.
The Cu plane (111) was further enlarged to supercell (8 × 8). After that, a vacuum slab with a 3.0 nm
thickness was built on the Cu plane (111). The three caffeine, theobromine, and theophylline corrosion
inhibitors, along with 100 water molecules, are used for simulations in each case. Water is essential in
simulations because it plays a vital role in corrosion in the natural environment.

3. Results and Discussion

The theoretical study can be very close to wet laboratory experiment data, or it can also be
incompatible. As a consequence of using quantum mechanical methods in theoretical calculations,
it is necessary to validate the theoretical approach by comparing experimental data [51]. For this
purpose, we have tested the compatibility of the 6-311++G (d,p) method and basis set options with
the studied system (Figure 1). Comparisons were made between theoretical study results with the
crystal structures of the three previously published inhibitor molecules: caffeine [52], theobromine [53],
and theophylline [54]. It was used to test the accuracy of theoretical calculations in terms of molecular
geometry parameters. The experimental results’ geometry parameters compared with the theoretical
calculation using the DFT/6-311++G (d,p) method are depicted in Table 1. Table 1 shows the linear
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correlation between experimental X-ray and theoretical data. The difference in bond lengths and
bonding angles of the X-ray structure of experiments and theoretical studies for the three compounds
is 0.03 Å and 0.65◦, respectively. The small difference between theoretical and experimental shows
that the level of methods and the basis of the theoretical set of studies can be applied to the system
being studied.
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Table 1. Structural parameters of the optimized geometry of caffeine, theobromine, theophylline at
B3LYP/6-311++G(d,p) level of theory.

Bond
Caffeine Theophyllien Theobromine

Exp B3LYP Bond Exp B3LYP Bond
Angle Exp B3LYP Bond

Angle Exp B3LYP Bond
Angle Exp B3LYP

N1-C2 1.42 14.083 N1-C2 1.41 1.408 C2-N1-C6 126.6 126.821 N1-C2 1.381 1.401 C2-N1-C6 1291 130.007
N1-C6 1.36 14.165 N1-C6 1.41 1.417 C2-N1-C10 117.1 115.160 N1-C6 1.397 1.407 C2-N1-H1 116.7 114.059
N1-C10 1.48 14.665 N1-C10 1.48 1.466 C6-N1-C10 116.3 118.018 N1-H1 0.85 1.013 C6-N1-H1 114.2 115.933
C2-N3 1.35 13.907 C2-N3 1.36 1.393 N1-C2-N3 117.4 117.267 C2-N3 1.377 1.390 N1-C2-N3 116.4 115.304
C2-O11 1.19 12.226 C2-O11 1.22 1.222 N1-C2-O11 120.2 121.383 C2-O11 1.231 1.220 N1-C2-O11 121.5 121.926
N3-C4 1.42 13.761 N3-C4 1.38 1.375 N3-C2-O11 122.4 121.349 N3-C4 1.377 1.380 N3-C2-O11 112.1 122.768
N3-C12 1.50 14.622 N3-C12 1.46 1.462 C2-N3-C4 119.7 119.660 N3-C12 1.473 1.462 C2-N3-C4 118.9 119.647
C4-C5 1.32 13.821 C4-C5 1.34 1.378 C2-N3-C12 120.1 118.109 C4-C5 1.364 1.385 C2-N3-C12 119.2 118.221
C4-N9 1.31 13.596 C4-N9 1.35 1.363 C4-N3-C12 120.2 122.229 C4-N9 1.363 1.359 C4-N3-C12 121.8 122.131
C5-C6 1.44 14.345 C5-C6 1.43 1.432 C4-C5-N7 105.4 104.763 C5-C6 1.426 1.436 N3-C4-C5 122.4 122.212
C5-N7 1.41 13.892 C5-N7 1.38 1.382 C6-C5-N7 129.8 130.877 C5-N7 1.388 1.387 N3-C4-N9 124.9 126.188
C6-O13 1.26 12.300 C6-O13 1.21 1.226 N1-C6-C5 110.1 110.772 C6-O13 1.225 1.227 C5-C4-N9 112.7 111.598
N7-C8 1.32 13.558 N7-C8 1.32 1.357 N1-C6-O13 122.0 123.169 N7-C8 1.343 1.355 C4-C5-C6 122.9 123.104
N7-C14 1.47 14.619 N7-H7 0.90 1.010 C5-C6-O13 127.9 126.057 N7-C10 1.469 1.462 C4-C5-N7 105.1 105.144
C8-N9 1.34 13.300 C8-N9 1.31 1.327 C5-N7-C8 105.7 128.262 C8-N9 1.339 1.330 C6-C5-N7 132.0 131.750

- - - C8-H8 1.02 1.081 C5-N7-H7 128.0 106.529 C8-H8 1.03 1.082 N1-C6-C5 110.3 109.722

Electron transfer between molecules can be studied by showing the conditions of molecular
orbitals. The interaction between the highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) is the cause of electron transfer between molecules [39].
Electron transfer can be measured using energy values from orbitals. HOMO energy (EHOMO) indicates
a molecule’s nature to donate its electrons, while LUMO energy (ELUMO) indicates the nature of a
molecule to receive electrons. The greater the EHOMO or, the smaller ELUMO, the greater the electron
donor so that the stronger an organic molecule is attached to the metal. As a consequence, these organic
molecules will have high corrosion inhibition efficiency. Tables 2–5 show the quantum chemical
parameters for caffeine, theobromine, and theophylline, which were calculated using DFT and MP2 at
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theoretical levels 6-31G(d) and 6-311++G(d,p). All quantum chemical parameter data in Tables 2–5
were calculated as given by Equations (1)–(5). Tables 2–5 show that the increase in EHOMO value is
caffeine > theobromine > theophylline. The EHOMO calculated using MP2/6-31G(d) for caffeine is
−8.5411 eV, while the EHOMO for theophylline is the lowest, −8.6866 eV. These predictions from EHOMO

suggest that caffeine will have the highest corrosion inhibition efficiency (IE%) compared to the other
two compounds. This theoretical result is following an experimental study conducted previously by de
Souza et al. They explained that the order of efficiency of corrosion inhibition of copper metal in acidic
medium was caffeine > theobromine > theophylline [20]. The distribution of electrons in molecular
orbitals on caffeine, theobromine, and theophylline is visualized in Figure 2. The difference in electron
distribution in the three compounds is apparent where caffeine has a wider electron distribution.
It strengthens the predicted EHOMO-related sequence of enhancing inhibitor performance.

Table 2. The calculated quantum chemical parameters of neutral caffeine, theobromine, and theophylline
in the gas phase at a different level of theory. (All values are in eV).

Compound EHOMO ELUMO ∆E I A χ η ∆N

Caffeine
B3LYP/6-31G(d) −5.9576 −0.8781 −5.0795 5.9576 0.8781 3.4178 2.5397 0.2090

B3LYP/6-311++G(dp) −6.3310 −1.3785 −4.9524 6.3310 1.3785 3.8547 2.4762 0.1262

MP2/6-31G(d) −8.5411 2.9102 −11.4513 8.5411
(8.31) a −2.9102 2.8154 5.7256 0.1453

MP2/6-311++Gdp −8.7068 0.8095 −9.5163 8.7068 −0.8095 3.9486 4.7581 0.0558
Theobromine

B3LYP/6-31G(d) −6.0401 −0.9529 −5.0871 6.0401 0.9529 3.4965 2.5435 0.1933
B3LYP/6−311++G(dp) −6.4455 −1.4966 −4.9489 6.4455 1.4966 3.9710 2.4744 0.1028

MP2/6-31G(d) −8.6401 2.8389 −11.4799 8.6401
(8.31) b −2.8389 2.9005 5.7395 0.1375

MP2/6-311++G(dp) −8.8284 0.7760 −9.6045 8.8284 −0.7760 4.0261 4.8022 0.0472
Theophylline

B3LYP/6-31G(d) −6.0735 −0.9208 −5.1527 6.0735 0.9208 3.4972 2.5763 0.1907
B3LYP/6−311++G(dp) −6.4828 −1.4362 −5.0466 6.4828 1.4362 3.9595 2.5233 0.1031

MP2/6-31G(d) −8.6866 2.8879 −11.5741 8.6866
(8.30) b −2.8879 2.8993 5.7873 0.1365

MP2/6-311++G(dp) −8.8779 0.7436 −9.62169 8.8779 −0.7436 4.0671 4.8108 0.0429
a [55], b [56].

Table 3. The calculated quantum chemical parameters of protonated caffeine, theobromine, and
theophylline in the gas phase at different levels of theory. (All values are in eV).

Compound EHOMO ELUMO ∆E I A χ η ∆N

Protonated
B3LYP/6-31G(d) −10.6562 −5.6330 −5.0232 10.6562 5.6330 8.1446 2.5116 −0.7295

B3LYP/6-311++G(dp) −10.8929 −5.9524 −4.9405 10.8929 5.9524 8.4227 2.4702 −0.7980
MP2/6-31G(d) −13.2837 −1.6865 −11.597 13.2837 1.6865 7.4851 5.7986 −0.2591

MP2/6-311++Gdp −13.3526 −2.4631 −10.889 13.3526 2.4631 7.9079 5.4447 −0.3147
Protonated

B3LYP/6-31G(d) −10.7909 −5.8177 −4.9731 10.7909 5.8177 8.3043 2.4865 −0.7690
B3LYP/6-311++G(dp) −11.0442 −6.1633 −4.8809 11.0442 6.1633 8.6038 2.4404 −0.8448

MP2/6-31G(d) −13.4056 −1.8754 −11.5302 13.4056 1.8754 7.6405 5.7651 −0.2741
MP2/6-311++Gdp −13.4870 −2.5374 −10.9495 13.4870 2.5374 8.0122 5.4747 −0.3225

Protonated
B3LYP/6-31G(d) −10.8252 −5.9495 −4.8757 10.8252 5.9495 8.3873 2.4378 −0.8013

B3LYP/6-311++G(dp) −11.0780 −6.2885 −4.7894 11.0780 6.2885 8.6832 2.3947 −0.8776
MP2/6-31G(d) −13.4511 −2.0049 −11.4462 13.4511 2.0049 7.7280 5.7231 −0.2837

MP2/6-311++Gdp −13.5325 −2.6169 −10.9155 13.5325 2.6169 8.0747 5.4577 −0.3293
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Table 4. The calculated quantum chemical parameters of neutral caffeine, theobromine, and theophylline
in the aqueous phase at a different level of theory. (All values are in eV).

Compound EHOMO ELUMO ∆E I A χ η ∆N

Caffeine
B3LYP/6-31G(d) −5.9941 −0.8835 −5.1105 5.9941 0.8835 3.4388 2.5552 0.6968

B3LYP/6-311++G(dp) −6.3421 −1.3426 −4.9995 6.3421 1.3426 3.8423 2.4997 0.6315
MP2/6-31G(d) −8.5375 2.9459 −11.4833 8.5375 −2.9459 2.7958 5.7417 0.3661

MP2/6-311++Gdp −8.6842 1.0930 −9.7773 8.6842 −1.0930 3.7955 4.8886 0.3277
Theobromine

B3LYP/6-31G(d) −6.0379 −0.9183 −5.1195 6.0379 0.9183 3.4781 2.5597 0.6879
B3LYP/6-311++G(dp) −6.4118 −1.4188 −4.9930 6.4118 1.4188 3.9153 2.4965 0.6178

MP2/6-31G(d) −8.5922 2.9165 −11.5087 8.5922 −2.9165 2.8378 5.7543 0.3616
MP2/6-311++G(dp) −8.7574 1.1292 −9.8867 8.7574 −1.1292 3.8140 4.9433 0.3222

Theophylline
B3LYP/6-31G(d) −6.0675 −0.8851 −5.1824 6.0675 0.8851 3.4763 2.5912 0.6799

B3LYP/6-311++G(dp) −6.4466 −1.3681 −5.0784 6.4466 1.3681 3.9074 2.5392 0.6089
MP2/6-31G(d) −8.6347 2.9616 −11.5964 8.6347 −2.9616 2.8365 5.7982 0.3593

MP2/6-311++G(dp) −8.8037 1.0982 −9.9019 8.8037 −1.0982 3.8527 4.9509 0.3178

Table 5. The calculated quantum chemical parameters of protonated caffeine, theobromine, and
theophylline in the aqueous phase at different theory levels. (All values are in eV).

Compound EHOMO ELUMO ∆E I A χ η ∆N

Protonated Caffeine
B3LYP/6-31G(d) −7.0355 −1.8084 −5.2270 7.0355 1.8084 4.4219 2.6135 0.4932

B3LYP/6-311++G(dp) −7.2730 −2.1284 −5.1445 7.2730 2.1284 4.7007 2.5722 0.4469
MP2/6-31G(d) −9.5890 2.2329 −11.8219 9.5890 −2.2329 3.6780 5.9109 0.2809

MP2/6-311++Gdp −9.6586 0.9875 −10.6461 9.6586 −0.9875 4.3355 5.3230 0.2502
Protonated Theobromine

B3LYP/6-31G(d) −7.0736 −1.8784 −5.1952 7.0736 1.8784 4.4760 2.5976 0.4858
B3LYP/6-311++G(dp) −7.3283 −2.2250 −5.1032 7.3283 2.2250 4.7766 2.5516 0.4356

MP2/6-31G(d) −9.6192 2.1717 −11.7909 9.6192 −2.1717 3.7237 5.8954 0.2778
MP2/6-311++Gdp −9.7005 1.0201 −10.7207 9.7005 −1.0201 4.3402 5.3603 0.2480

Protonated Theophylline
B3LYP/6-31G(d) −7.0785 −1.8990 −5.1794 7.0785 1.8990 4.4887 2.5897 0.4848

B3LYP/6-311++G(dp) −7.3321 −2.2397 −5.0923 7.3321 2.2397 4.7859 2.5461 0.4347
MP2/6-31G(d) −9.6306 2.1760 −11.8067 9.6306 −2.1760 3.7272 5.9033 0.2771

MP2/6-311++Gdp −9.7106 0.9948 −10.7055 9.7106 −0.9948 4.3579 5.35275 0.2467
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Ionization potential (I) can be used to measure the reactivity of a molecule. A high ionization
potential indicates that the molecule has high reactivity, while a low ionization potential value
indicates the molecule has a low reactivity [39]. Tables 2–5 also show the pattern of increase in
ionization potential, which follows the pattern of increase of EHOMO. The potential ionization value
of caffeine calculated using MP2/6-31G (d) is 8.5411 eV, and it is lower than the potential ionization
value of theobromine and theophylline. Based on this ionization potential, it can be predicted
that caffeine has a higher corrosion inhibition efficiency (IE%) than theobromine and theophylline.
This potential ionization value can also be used to test the accuracy of the theoretical calculation
methods. The potential ionization value measured using DFT/B3LYP is far below the standard
experimental value [55,56]. For example, experimentally, the value of caffeine’s ionization potential
is 8.31 eV, while DFT/B3LYP/6-311++G(d,p) gives a value of 6.3310 eV. The potential ionization
value of DFT/B3LYP is 2 eV lower than the experimental results. It shows the weakness of DFT,
which failed to imitate the energy of the experimental results. A similar finding was found by previous
researchers [57–59], although DFT was successful in mimicking the results of the structural parameters,
as seen in Table 1. We, therefore, recommend that DFT/B3LYP not be used to measure the energy of a
quantum parameter of a molecule.

Small electronegativity values cause molecules to easily reach electron equilibrium so that the
molecules get more reactive. In contrast, high electronegativity values show the opposite [40]. Tables 2–5
show how electronegativity increases are caffeine < theobromine < theophylline. The electronegativity
value of caffeine that calculated using MP2/6-311++G(d,p) is the lowest (3.94 eV) compared to the
electronegativity values for theobromine, and theophylline, which are 4.0261 and 4.0671 eV, respectively.
Based on electronegativity data, it is predicted that caffeine has a higher corrosion inhibition efficiency
(IE%) than theobromine and theophylline. Electronegativity obtained in theoretical calculations has a
linear relationship with experimental studies from de Sousa et al. [20].

Tables 2–5 show that electron transfer also affects the corrosion inhibition efficiency of caffeine and
its derivatives. The fraction of electrons (∆N) quantifies the transfer of electrons from molecule to metal
if ∆N > 0, and from metal to molecule if ∆N < 0 [60]. In general, the efficiency of corrosion inhibition
increases as the value of the electron transfer increases, because the more electrons are transferred
to the iron surface, the more electrons will coat the iron surface, so that the corrosion process can be
inhibited [41]. The order of magnitude of the electron transfer for the three compounds to copper
is caffeine > theobromine > theophylline. These results apply to all conditions in both the gas and
solution phases, as well as for normal and protonated molecular conditions.

The local reactivity of caffeine, theobromine, and theophylline can be studied by observing the
Fukui indices of each of their atoms. The Fukui indices provide more comprehensive information of the
reactivity of the molecules under probe. In general, the numerical representation of the Fukui indices
is the highest f− the site indication for electrophilic attack or molecule receive electron, whereas the
highest f+ denotes the site for nucleophilic attack or when the molecule donates electrons [61,62].

The local reactivity of a molecule is analyzed using condensed Fukui indices as depicted in Table 6.
For nucleophilic attack the most reactive sites of caffeine are O15, O16, and N24 atoms which are
indicating the propensity to donate electrons to vacant molecular orbitals on the Fe (110) surface to form
a coordinate bond, and the most reactive site for electrophilic attack is C17. The local softness indices
also explain the comparison between reactivity of similar atoms of each part of different molecules.
This result is linear with the calculation of HOMO density. For theobromine, the most nucleophilic
sites are O11, O12, and N20 atoms, and the most electrophilic site is the C14 atom. For theophylline,
the most nucleophilic sites are O11, O12, and N16 atoms, the most electrophilic site is the C13 atom.
The electrophilic attack corresponds to the sites that most likely cause the molecule to accept electrons
from the Fe (110) surface in the form of a back donation. This result corresponds to the LUMO energy
values of caffeine, theobromine and theophylline.
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Table 6. Calculated Mulliken atomic charge distribution and Fukui indices for caffeine, theobromine,
and theophylline in condensed phase at the B3LYP/6-311++G(dp) level.

Caffein N−1 N N+1 f+ f−

C1 0.162586 0.155782 0.158459 0.002677 −0.006804
C2 −0.089031 −0.148159 −0.161602 −0.013443 −0.059128
C3 0.376028 0.469948 0.603219 0.133271 0.093920
C4 −0.446803 −0.411679 −0.451646 −0.039967 0.035124
N5 −0.120690 −0.102655 −0.032743 0.069912 0.018035
N6 −0.334752 −0.256422 −0.160822 0.095600 0.078330
C7 −0.194505 −0.206969 −0.216473 −0.009504 −0.012464
C8 −0.268936 −0.270889 −0.284398 −0.013509 −0.001953
H9 0.167456 0.195631 0.215417 0.019786 0.028175
H10 0.167444 0.195728 0.215478 0.019750 0.028284
H11 0.182352 0.195429 0.208032 0.012603 0.013077
H12 0.170662 0.182777 0.209048 0.026271 0.012115
H13 0.179276 0.198429 0.239475 0.041046 0.019153
H14 0.178993 0.198039 0.238854 0.040815 0.019046
O15 −0.470802 −0.410286 −0.273299 0.136987 0.060516
O16 −0.542781 −0.382377 −0.263297 0.119080 0.160404
C17 −0.042468 0.256205 0.346290 0.090085 0.298673
H18 0.191120 0.255362 0.312937 0.057575 0.064242
C19 −0.298899 −0.337688 −0.335998 0.001690 −0.038789
H20 0.138713 0.190666 0.219476 0.028810 0.051953
H21 0.198913 0.209085 0.221788 0.012703 0.010172
H22 0.139729 0.194213 0.223975 0.029762 0.054484
N23 −0.240805 −0.208855 −0.179672 0.029183 0.031950
N24 −0.202799 −0.161314 −0.052499 0.108815 0.041485

Theobromine −1 0 1 f+ f−

C1 0.373874 0.374038 0.379773 0.005735 0.000164
C2 0.018911 −0.010603 −0.007031 0.003572 −0.029514
C3 −0.023784 0.077196 0.199807 0.122611 0.100980
C4 −0.103393 −0.073697 −0.101482 −0.027785 0.029696
N5 −0.100676 −0.086996 −0.017762 0.069234 0.013680
N6 −0.348486 −0.271648 −0.178983 0.092665 0.076838
C7 −0.299243 −0.301030 −0.312570 −0.011540 −0.001787
H8 0.167920 0.179710 0.205525 0.025815 0.011790
H9 0.178711 0.197757 0.237973 0.040216 0.019046
H10 0.178561 0.197558 0.237676 0.040118 0.018997
O11 −0.479782 −0.419618 −0.280301 0.139317 0.060164
O12 −0.576362 −0.400980 −0.276690 0.124290 0.175382
C13 −0.049400 0.223986 0.308130 0.084144 0.273386
H14 0.192142 0.255051 0.312138 0.057087 0.062909
C15 −0.310541 −0.345573 −0.343497 0.002076 −0.035032
H16 0.144336 0.194271 0.223403 0.029132 0.049935
H17 0.194748 0.204244 0.216713 0.012469 0.009496
H18 0.144840 0.195562 0.225038 0.029476 0.050722
N19 −0.468999 −0.430532 −0.409691 0.020841 0.038467
N20 −0.196793 −0.159632 −0.051456 0.108176 0.037161
H21 0.363416 0.400936 0.433287 0.032351 0.037520
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Table 6. Cont.

Theophylline −1 0 1 f+ f−

C1 0.175358 0.167927 0.169995 0.002068 −0.007431
C2 −0.324537 −0.373043 −0.413192 −0.040149 −0.048506
C3 0.472094 0.544694 0.696139 0.151445 0.072600
C4 −0.323918 −0.264517 −0.285707 −0.021190 0.059401
N5 −0.313234 −0.259961 −0.184856 0.075105 0.053273
N6 −0.343520 −0.256613 −0.162417 0.094196 0.086907
C7 −0.292243 −0.291210 −0.305278 −0.014068 0.001033
H8 0.163387 0.176023 0.203266 0.027243 0.012636
H9 0.181507 0.201215 0.243740 0.042525 0.019708
H10 0.181551 0.201278 0.243833 0.042555 0.019727
O11 −0.470998 −0.407345 −0.266334 0.141011 0.063653
O12 −0.578086 −0.399884 −0.271699 0.128185 0.178202
C13 0.036256 0.275613 0.363617 0.088004 0.239357
H14 0.196826 0.262887 0.317711 0.054824 0.066061
N15 −0.233768 −0.196546 −0.165706 0.030840 0.037222
N16 −0.193781 −0.151441 −0.037230 0.114211 0.042340
C17 −0.182087 −0.194383 −0.204253 −0.009870 −0.012296
H18 0.186109 0.200068 0.213343 0.013275 0.013959
H19 0.168038 0.197461 0.217926 0.020465 0.029423
H20 0.168028 0.197441 0.217894 0.020453 0.029413
H21 0.327017 0.370337 0.409207 0.038870 0.043320

The Monte Carlo Metropolis simulation is performed to find a possible position on the interaction
between the inhibitor and the copper surface in aqueous solution. Figure 3 shows the most stable
low energy adsorption configuration of the inhibitor in the Cu (111)/100H2O system using a Monte
Carlo simulation. The detailed analysis results on the shortest length of the active side bond of the
inhibitor with copper are less than 3.50 A, which indicates the formation of a strong adhered layer
between the inhibitor and the copper surface [63,64]. This layer coats the copper surface and prevents
copper from being attacked by aggressive solutions. This strong layer bond also suggests the transfer
of electron density from the inhibitor’s active side to the d-orbitals of copper. This electron transfer
causes strong interactions between the inhibitor and copper so that it can inhibit the rate of corrosion.
Furthermore, van der Waals interactions are also involved in the adsorption of inhibitors with Cu
surfaces. It is evident from observations with a bond distance above 3.50 A. Table 7 shows the adsorption
energy for the most stable configurations for Cu(111)/Caffeine/100H2O, Cu(111)/Theophylline/100H2O,
and Cu(111)/Theobromine/100H2O systems. Table 7 also shows the adsorption energy of water. In all
cases, the adsorption inhibitors’ energy was much higher than water molecules (Table 7). It shows the
possibility of gradual replacement of water molecules from the copper surface, which results in the
formation of a stable layer that can protect the copper from aqueous corrosion. It can be seen from
Table 6 that the energy of adsorption inhibitors on the iron surface in the presence of water decreases
in the following sequence caffeine > theobromine > theophylline. This sequence is in accordance with
an experimental study of caffeine, theobromine, and theophylline, which was carried out previously
by de Souza et al. [20]. Caffeine has the best inhibitory ability while theophylline ranks lowest.
The adsorption energy distribution of the inhibitors and water is depicted in Figure 4. It explains
why caffeine is able to form a more stable layer on the copper surface than the other two inhibitors.
Adsorption energy distribution in caffeine and water is separated from each other. In contrast, at some
energy points of theobromine and theophylline adsorption energy distribution are almost the same as
the adsorption energy distribution of water, so they form a weaker layer because, at some energy point,
water is able to compete with them. Figures 5 and 6 show the correlation of the adsorption energy and
quantum parameters of neutral and protonated inhibitors on copper surfaces. The Pearson correlation
in Figures 5 and 6 indicates a linear correlation between energy adsorption and quantum parameters,
especially EHOMO and ∆N. Still, it is not followed by electronegativity χ and hardness η. This shows
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that EHOMO and ∆N play an essential role in the inhibitor’s adsorption on the copper surface. It is
generally recognized that the primary mechanism of interaction of corrosion inhibitors with copper is
by adsorption. So, the adsorption energy can give us a direct tool for ranking inhibitory molecules.
High negative adsorption energy indicates the system with the most stable and strong adsorption [64].Coatings 2020, 10, x FOR PEER REVIEW 14 of 21 
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Figure 5. Correlation of the adsorption energy and quantum parameters such as EHOMO, electronegativity,
hardness, and electron transfer of neutral inhibitors (caffeine (CN), theophylline (TP), and theobromine
(TB)) in copper surface. (a) The correlation between the adsorption energy and EHOMO, (b) the
adsorption energy and electronegativity, (c) the adsorption energy and hardness, (d) the adsorption
energy and electron transfer.
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4. Conclusions

This theoretical study aims to evaluate caffeine, theobromine, and theophylline’s corrosion
inhibition performance against copper corrosion in gas and aqueous conditions. The density functional
theory at B3LYP function and ab initio MP2 at various levels of theory and Monte Carlo simulation
study were employed to evaluate the corrosion inhibition efficiency and to provide a detailed picture of
the mechanism of corrosion inhibition of these three compounds on the copper surface. According to
all data given in this study, caffeine, theobromine, and theophylline will be effective in preventing
the corrosion of copper. The DFT, MP2 approach, and Monte Carlo simulation study showed that
the inhibition efficiency ranking of studied molecules in preventing corrosion of copper as caffeine
> theobromine > theophylline. The adsorption energy obtained in the study shows that the most
effective inhibitor among them is caffeine. The theoretical research agrees with the results of previously
published experimental studies by de Souza et al. This theoretical study will help the rational design
of a more effective caffeine-based corrosion inhibitor.
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