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Abstract
The corrosion protection properties of several drugs attract too much attention in recent years
due to the structural closeness they share with effective corrosion inhibitors. It is obvious that
the mainstay for the choice of drugs as corrosion inhibitors is mostly due to their
environmentally friendly nature. In parallel, interest in the use of expired drugs has also seen a
resurgence in corrosion research community. However, there still exists much skepticism
about the value such usage can add to corrosion inhibition of metals. In this regard, in a
previous study, two expired drugs, i.e., moxifloxacin and betamethasone (betnesol), which are
widely used for the systemic treatment of bacterial infections and inflammation respectively,
have been experimentally investigated as effective corrosion inhibitors for aluminum in
sulfuric acid solution. According to the experimental findings, an increase in inhibitor
concentration resulted in an increase of the inhibition efficiency of the inhibitors and transfer
resistance. The anodic type nature of moxifloxacin and betamethasone has also been
illustrated by polarization curve, and from a thermodynamical aspect, both chemisorption and
physisorption of these drugs on aluminum metal surface have been proposed. However, very
little is known about the relation between molecular structure/electronic properties and
inhibition efficiencies of these compounds at the atomic level. For this purpose, the structures
and the ground-state energies of moxifloxacin and betamethasone have been analyzed
employing density functional theory (DFT) calculations. The reported optimized geometries,
molecular properties such as highest occupied molecular orbital energy (EHOMO), the lowest
unoccupied molecular orbital energy (ELUMO) and the energy gap (ΔE) as well as essential
global reactivity parameters have also been used to reveal the inhibition efficiency of
moxifloxacin and betamethasone. The experimental data which suggest better inhibition by
betamethasone have been theoretically acknowledged.
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Introduction
Structural components made from aluminum are vital to the aerospace industry and very
important in other areas of transportation and building in which light weight, durability,
and strength are needed. However, aluminum and its alloys are readily attacked in dilute
nitric, sulfuric, or hydrochloric acid solutions [1, 2]. It has been reported that the
dissolution rate of aluminum in sulfuric acid becomes appreciable between 50% and 100%
concentration, with the maximum rate occurring at 70–90% concentration [3]. Different
organic molecules are used for aluminum corrosion, and the active ingredients of these
inhibitors invariably contain one or more functional groups containing one or more
heteroatoms, through which the inhibitors anchor onto the metal surface [4]. Since the
substructures of drugs and corrosion inhibitors share so many similarities, the use of drugs
as corrosion inhibitors is an active field of research [5].
(a)

(b)

Figure 1. Molecular structure of (a) moxifloxacin and (b) betamethasone.

Two expired drugs, i.e., moxifloxacin and betamethasone (Figure 1) have been
reported as effective corrosion inhibitors for aluminum in sulfuric acid solution in a recent
experimental study by Nathiya et al. [6]. They showed that in the presence of these two
expired drugs, the corrosion rate of aluminum in 1 M H2SO4 solution was significantly
decreased. The minimum corrosion rate was observed at 400 ppm concentration of the
drugs by all experimental methods, i.e., weight loss, potentiodynamic polarization, and
electrochemical impedance measurements. The inhibition efficiency (IE) of betamethasone
was found to be a little higher (~95%) than that of moxifloxacin (~86%), and this
difference was explained in terms of extra –OH groups with the aromatic ring that
betamethasone possesses.
The corrosion inhibition efficiencies of these drugs have been slurred over at the
aforementioned experimental study, and a deep understanding of the inhibition properties
still has not been fully cleared up. The advancements in computer simulation techniques
hold promise that questions regarding the inhibitive properties of such compounds can be
addressed at the atomic level [7–10]. Thus, in this study we attempted to elucidate the
origin of the inhibition properties of moxifloxacin and betamethasone by using density
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functional theory (DFT) method which has proven to be a very efficient method for the
prediction of different molecular properties.
Computational
All calculations of two drugs were carried out employing a DFT method as implemented in
Gaussian09 [11]. The exchange–correlation functional, M06-2X [12] was selected due to
its good performance on ionization potentials and electron affinities, as well as dispersionlike interactions. In addition, the double-zeta basis set, DGDZVP [13], was applied in
order to include an all-electron description of the different atoms present in the studied
compounds. The gas-phase optimized geometries were obtained with the level of theory,
M06-2X/DGDZVP. These structures were reoptimized in the presence of water as implicit
solvent, in this case, the continuum solvation model SMD was used [14]. In the process of
geometry optimization for the fully relaxed method, convergence of all the calculations and
the absence of imaginary values in the wave numbers confirmed the attainment of local
minima on the potential energy surface. The effects of the frontier molecular orbital
energies, their differences, and some reactivity parameters were investigated.
Results and Discussion
The best start-point to correlate the molecular structure and corrosion inhibition properties
of the drugs is by knowing their electronic structure. In fact, the study of the electronic
structure and related properties is an unavoidable requisite to explain at molecular level the
mechanisms of these compounds. Betamethasone is a glucocorticoid, which promotes the
conversion of protein into glucose and glycogen, acts as an anti-inflammatory and blocks
the immune response [15]. On the other hand, quinolones containing a fluorine substituent
were developed as better gyrase-targeting antibiotics than the non-fluorinated quinolone,
and moxifloxacin is a new generation and most widely known one which was introduced in
2000 [16]. The most significant activities of such drugs are due to some structural
conditions as shown in Figure 2 [17, 18].
The inhibition effects of compounds used as corrosion inhibitors are generally
associated with adsorption of molecules onto a metal surface [7]. In the case of chemical
adsorption, the adsorption energy of a molecule is controlled by the balance donating (the
highest occupied molecular orbital – HOMO) and back-donating (the lowest unoccupied
molecular orbital – LUMO) interaction terms. The strength of the interaction is directly
related to the HOMO–LUMO energy separation. Thus, of the two HOMO–LUMO
interactions which are in general possible, it is the one between the HOMO of the donor
and LUMO of the acceptor which will tend to dominate. In general, the smaller the
HOMO–LUMO separation, the stronger the interaction. Organic molecules with less
negative HOMO values are expected to have high donation ability and therefore high
inhibition efficiency. The LUMO energy is another significant reactivity parameter which
is related to the electron affinity and characterizes the capacity of a molecule to gain
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electron from a metal. The lower the value of the LUMO energy, the stronger the electron
accepting ability of the molecule.
(a)

(b)

Figure 2. Commonly accepted structure-activity relationship for (a) moxifloxacin and (b)
betamethasone structures according to current knowledge.

The chemical potential, μ, and the hardness, η, are the first and second derivatives,
respectively, of the energy with respect to the number of electrons when the external
potential relative to the electron cloud is constant. In addition, μ can be related to the
electronegativity, χ, of the system. Global properties can be obtained by the frontier
molecular orbital energies according to Koopmans theorem. The ionization potential (I)
and electron affinity (A) are given by I = – EHOMO and A = – ELUMO. In numerical
applications, chemical potential μ and hardness η are expressed on the basis of finite
difference approximations in terms of the ionization potential I and the electron affinity A;
1
2

1
2

μ  ( I  A)  χ and η  ( I  A) , where μ is the chemical potential and χ is the

electronegativity. The electrophilicity is a descriptor of reactivity that allows a quantitative
classification of the global electrophilic nature of a molecule within a relative scale and is
effectively the power of a system to soak up electrons. The electrophilicity index ω can be
expressed by ω = μ2/2η and the global softness is defined as S  (2η)1  1/ ( I  A) .
Based on these explanations, it would be appropriate to compare the electronic
properties of moxifloxacin and betamethasone molecules. For this purpose, the quantum
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chemical parameters of these compounds related to molecular electronic structure and
reactivity such as EHOMO, ELUMO and ΔE = ELUMO – EHOMO are compared in Table 1.
Table 1. Quantum chemical parameters of the neutral structures of the compounds studied.
Parameters

Phase b

Betamethasone

Moxifloxacin

95.40

85.01

G

–8.599

–7.429

A

–8.531

–7.290

G

–0.792

–0.658

A

–1.035

–0.866

G

7.807

6.771

A

7.496

6.424

G

2.823

2.415

A

3.052

2.589

G

4.695

4.044

A

4.783

4.078

G

3.904

3.386

A

3.748

3.212

G

0.128

0.148

A

0.133

0.156

IE (%) a
EHOMO (eV)
ELUMO (eV)
ΔE (EL –EH) (eV)
ω
χ
η
S
a

b

Ref. [6]. G, gas phase (ε = 1.0); A, aqueous phase (ε = 78.5).

When the results in Table 1 are examined, it is seen that the highest HOMO energy
and the lowest LUMO energy and ΔE values are found for moxifloxacin in both phases,
contrary to the expectations. In other words, no correlation could be found between the
calculated data and those experimental parameters that attest to betamethasone with high
inhibition efficiency. It should be noted here that these calculations belong to the neutral
structure of the inhibitors. However, in a strong acidic environment in which the
experimental study was carried out, that both an alcohol compound, betamethasone and
moxifloxacin exist in protonated form (Figure 3) as demonstrated by other researchers
[19].
Considering this unassailable effect of low pH on the structures of the inhibitors, the
calculations are also made for the protonated forms of both compounds and the results are
given in Table 2.
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Figure 3. Protonation equilibria of moxifloxacin and betamethasone.
Table 2. Quantum chemical parameters of the protonated structures of the compounds studied.
Parameters

Phase b

Betamethasone

Moxifloxacin

95.40

85.01

G

–10.523

–9.602

A

–6.942

–7.513

G

–5.614

–2.991

A

–2.753

–0.929

G

4.909

6.611

A

4.189

6.584

G

13.263

5.998

A

5.611

2.706

G

8.069

6.297

A

4.848

4.221

G

2.455

3.306

A

2.095

3.292

G

0.204

0.151

A

0.239

0.152

IE (%) a
EHOMO (eV)
ELUMO (eV)
ΔE (EL –EH) (eV)
ω
χ
η
S
a

Ref. [6]. b G, gas phase (ε = 1.0); A, aqueous phase (ε = 78.5).
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When the results of the protonated structures in Table 2 were evaluated, although the
highest EHOMO value (–9.602 eV) was found for moxifloxacin in gas phase, betamethasone
molecule has the lowest ELUMO and ΔE values. Not only that, the highest EHOMO (–6.942 eV)
and the lowest ELUMO (–2.753 eV) and ΔE (4.189 eV) values are also found for
betamethasone in the aqueous phase. A more reactive nucleophile is characterized by a
lower value of ω, in opposite a good electrophile is characterized by a high value of ω. In
this regard, betamethasone is a good electrophile. A hard molecule has a large energy
disparity and a soft molecule has a small energy disparity. Soft molecules are more reactive
than hard ones because they could easily offer electrons to an acceptor. As is seen,
betamethasone is softer than moxifloxacin. Hereby, the comparison of chemical hardness
values also shows a similar trend to those of the energy gaps, being betamethasone the
lowest. The obtained values for EHOMO, ELUMO and ΔE as well as other parameters
explicitly confirm that, as an corrosion inhibitor for aluminum in acidic media, it is
possible to achieve better corrosion inhibition performance with betamethasone compared
to moxifloxacin, as indicated by the experimental findings.
Conclusions
As a result, a correlation could be established by the density functional theory approach
between the parameters related to the electronic structures of the two out-of-use drugs,
namely betamethasone and the moxifloxacin molecules, and their ability to prevent
corrosion. Calculations in the theory level of M06-2X/DGDZVP used in this study
confirmed that betamethasone is superior to moxifloxacin in hindering the corrosion of
aluminum in an acidic environment in a way that supports experimental data. For the
protonated forms of the studied inhibitors, the concordance between the parameters of the
global reactivity obtained in both the gas and the aqueous phase and the electronic
parameters supported the findings.
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