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 The ability of metallic compounds to be corroded when they react with the 
environment has been of interest as they are used in various industries and 
domestic applications. The corrosion inhibitive potentials of some amino acid 
derivatives of 1,4-naphthoquinone were studied using density functional 
theory by calculating their electronic properties and reactivity descriptors. 
The energy band gaps followed the order: E ˃ C ˃ A > F ˃ B ˃ D, suggesting 
that molecules B and D would react better compared with that of the other 
molecules. Therefore, their ability to shield metals' surface from rusting is 
better than others. The charge distribution showed that the compounds have 
sites that can donate and receive electrons via back donation, a condition that 
cut out for corrosion inhibition mechanisms very well. Also, the values of the 
fraction of electrons transferred suggest that the molecules have potential as 
good inhibitors. 
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Introduction 

Corrosion of metals occurs when they come in 

contact with air, hydrogen, and electricity from 

the environment leading to loss of form, shape, 

strength, and durability. Also, other adverse 

effects of corrosion on the environment include 

loss of lives due to accidents arising from weak 

metal parts, high cost of production due to high 

maintenance costs, and property loss [1]. To 

control the adverse effects of metal corrosion, 

several compounds have been modeled for their 

corrosion inhibitive potentials. π-conjugated 

organic molecules have been investigated and 

deemed suitable for this purpose as they enable 

easy movement and flow of electrons [2]. The 

occurrence of lone pairs of electrons on the 

hetero atoms (O, S, and N) of some organic 

compounds encourage organometallic bonding 

[1,3,4]. Also, the presence of electrophilic 

moieties in most organic systems enables the 

acceptance of electrons via back-donation from 

the metal orbitals [4,5]. 

The derivatives of 1,4-naphthoquinone amino 

acid are phenolic compounds in some plant 

species [6-7]. They have been reported for their 

bacteriostatic, bactericidal, antiviral, antibiotic, 

antimalarial, antiplatelet, antihypoxic, 

antiplasmodial, antiischemic, antianginal, and 

antitumor activities [8-13]. They have also been 

reported as fungicides and insecticides [14-15]. 

This class of compounds has also received 

interest among material scientists in photo-

physical and optical applications [16]. 

Owing to their extensive π-conjugation and the 

presence of heteroatoms, their use as corrosion 

inhibitors could be well explored as the need to 

continuously search for more anti-corrosive 

agents remains very important [3, 4]. In almost 

every area of materials research, the properties 

of molecules have been predicted using density 

functional theory (DFT) solely [17-21] and/or in 

conjunction with experiments [22-24]. This 

research investigated the corrosion inhibitive 

ability of amino acid derivatives containing 1,4-

naphthoquinone (Figure 1) via DFT calculations. 

The structures of the derivatives of 1,4-

naphthoquinone used in this study have been 

reported earlier [22]. 

Computational Method 

The modeled molecules were optimized using 

B3LYP/6-31G* theoretical level with Pulay's 

D.I.I.S. [25], all on Spartan 14 [26]. The energy 

gap (Eg) ELUMO and EHOMO, and the global reactivity 

descriptors were calculated (Equations 1-7) as 

earlier reported [27].  

                                                   (1) 

                                                                  (2) 

                                                                     (3) 

                                                                        (4) 

                                                        (5) 

                                                                         (6) 

                                                    (7) 

                             (8) 

                                     (9) 

                                                   (10) 

where ηinh and χinh are the parameter 

descriptors of inhibitors electronegativity and 

the chemical hardness, respectively, χFe and ηFe 

represent electronegativity of iron (7.0 eV) and 

the chemical hardness of the iron (0 eV) [27]. 

Yao's dual descriptor was used to explain the 

nucleophilicity and electrophilicity of different 

atoms of Fukui parameters in Equations 8-10. Qk 

(N+1) indicates when the molecule accepts an 

electron. The ground state or neutral state of the 

charge in the molecule was represented by qk 

(N), while qk (N-1) represents when the molecule 

donates an electron [28]. The Fukui functions, 
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which explain nucleophilic and electrophilic, are represented by fk+ and fk-, respectively. 

 
(a) N-[3-(acetylamino)-7-chloro-6-

morpholin-4-yl-5,8-dioxo-5,8-
dihydronaphtalen-2-yl]-glycine 

 
(b) N-[3-(acetylamino)-7-chloro-6-piperidin-

4-yl-5,8-dioxo-5,8-dihydronaphtalen-2-
yl]-glycine 

 
(c) N-[3-(acetylamino)-7-chloro-6-

morpholin-4-yl-5,8-dioxo-5,8-
dihydronaphtalen-2-yl]-methionine 

 
(d) N-[3-(acetylamino)-7-chloro-6-piperidin-

4-yl-5,8-dioxo-5,8-dihydronaphtalen-2-
yl]-methionine 

 
(e) N-[3-(acetylamino)-7-chloro-6-

morpholin-4-yl-5,8-dioxo-5,8-
dihydronaphtalen-2-yl]-phenylalanine 

 
(f) N-[3-(acetylamino)-7-chloro-6-piperidin-

4-yl-5,8-dioxo-5,8-dihydronaphtalen-2-
yl]-phenylalanine 

         
Figure 1. Structure of the compounds 

Results and Discussion 

The corrosion inhibition properties of 

derivatives of amino acid 1,4-naphthoquinone (a-

f) were obtained and given in Tables 1, 2, S1-S5. 

The compounds contain more hetero atoms with 

π-electrons, which help adsorption and act as 

nucleophilic centers for π-π reactions. Figures 2, 

S1-S5 demonstrate the optimized structures of 

all molecules, HOMO, LUMO, and electrostatic 

potential maps. 

 
Table 1. The chemical parameters of compounds A−F at the DFT/B3LYP/6-31G(d) theory level 

Molecules EHOMO (eV) ELUMO (eV) I (eV) A (eV) ∆E (eV) η (eV) 
δ (eV -

1) 
χ(eV) ΔN 

A -5.68 -2.93 5.68 2.93 2.75 1.38 0.720 4.31 0.978 
B -5.74 -3.12 5.74 3.12 2.62 1.31 0.763 4.43 0.981 
C -5.86 -3.03 5.86 3.03 2.83 1.42 0.704 4.45 0.901 
D -5.87 -3.28 5.87 3.28 2.59 1.29 0.772 4.58 0.934 
E -5.75 -2.85 5.75 2.85 2.90 1.45 0.689 4.30 0.931 
F -5.67 -2.93 5.67 2.93 2.74 1.37 0.729 4.30 0.985 
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Corrosion inhibition and frontier orbital energies  

The molecular orbital energies are used to 

predict the anti-corrosion potentials of molecular 

systems. The electron donating ability of a 

corrosion inhibitor depends on the EHOMO value 

(Table 1). The molecules A, B, E, and F have a 

relatively high EHOMO, indicating that the 

molecules have better electron-donating ability 

than the others. The halogen substitution 

(chloride ion) modification to the amino acid 

derivatives stabilized the EHOMO values, hence 

lesser electron-donating ability. The molecules A 

and F gave the highest EHOMO values, which could 

be the result of an additional pi-electron (π) via 

the contribution of an electron from phenyl and 

the amino groups. The compound with greater 

EHOMO helps slow the anodic process, thereby 

preventing corrosion [27-31]. 

Furthermore, a molecule's ability to accept 

electrons promotes interaction between it and 

the metal. The low gap between the orbitals 

(HOMO and LUMO) improves chemical changes 

or reactivity and the molecule's softness, 

increasing the potentiality of rusting inhibition 

[27]. The compounds here have band gaps in the 

range of significant inhibitors reported by 

several researchers [4,19] in the following order: 

E ˃ C ˃ A > F ˃ B ˃ D. The potential 

characteristics of low energy gaps of the 

molecules B and D under consideration could 

result into the relative stabilization of the LUMO 

and destabilization of HOMO. 

To probe into the reactivity of these molecules, 

the reactivity descriptors like the chemical 

hardness, softness, and electronegativity were 

calculated. A molecule is hard if it has high 

chemical hardness and high energy band gap. 

Since they are directly related to each other 

(Equation 4), it follows the same order as in the 

energy band gap, E ˃ C ˃ A > F ˃ B ˃ D. Low 

hardness is associated with high softness and 

vice versa because they are inversely 

proportional to each other (Equation 5). The 

order of softness therefore follows, D ˃ B ˃ F ˃ A 

˃ C ˃ E. Compound D displayed the highest 

softness, an indication of its potential to be the 

best among other compounds in inhibiting 

corrosion of metals [27, 32]. Electronegativity is 

the electron-attracting ability . The values ranged 

from (4.30 – 4.58 eV) for the molecules studied, 

these values are like those reported in the 

literature [27, 29, 38]. The number of electrons 

transferred from the inhibitor to the metal 

indicates the ability to inhibit the corrosion of 

metals. The values of ΔN are all less than 3.6 

(0.901 – 0.985), a condition for an effective 

inhibition efficiency displayed by the inhibitors 

[29].  

FMO and electrostatic potential maps 

The frontier molecular orbitals and electrostatic 

potential maps displayed the part of the 

molecules behaving as donors and acceptors of 

electrons [34-39], as demonstrated in Figures 2, 

S1-S5. For molecule A, the HOMO is located on 

the naphthoquinone ring, including the oxygen 

and chlorine atoms present. In contrast, the 

LUMO is located on the morpholine ring and part 

of the naphthoquinone ring (Figure 2). The 

highest negative (red color) located within the 

carbonyl groups in electrostatic potential is an 

indication that the carbonyl groups are rich in 

electrons (sites for electrophilic attack). In 

contrast, the NH2 and CH3 groups indicate 

positive electrostatic potential (blue color), 

implying a lack of electrons from nucleophilic 

attack. For B, the HOMO and LOMO are located 

on the naphthoquinone, including the oxygen and 

chlorine atoms. Part of the LUMO is extended to 

the piperidine ring. The negative electrostatic 

potentials are located in the oxygen areas, while 

other areas have positive electrostatic potential 

(Figure S1). The HOMO was spread on the 

methionine group in compound C, while the 

LUMO is spread across the naphthoquinone ring 

and its oxygen atoms. The negative electrostatic 
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potentials are located in the oxygen, chlorine, 

and sulfur areas, while other areas have positive 

electrostatic potential (Figure S2). For D, the 

HOMO is located on the piperidine ring while the 

LUMO is spread across the naphthoquinone ring 

and its oxygen atoms. The electrostatic potentials 

were observed in A, B, and C (Figure S3). 

Compound E has its HOMO spread on the 

naphthoquinone ring and extended to the 

morpholine ring, while the LUMO is located on 

the naphthoquinone ring and its oxygen atoms. 

The electrostatic potentials are similar to that of 

compound D (Figure S4). For compound F, the 

HOMO and LUMO were distributed on the 

piperidine ring and naphthoquinone ring, 

respectively, and its oxygen atoms possess 

electrostatic potentials like the other molecules 

examined (Figure S5). The asymmetrical charge 

density demonstrated that these compounds 

possess active adsorption sites for attaching and 

backward bonding with metals. The adsorption 

of inhibitor molecules is illustrated in Figure 3. 

 
(a)                                            (b)                            (c)                                                             (d) 

Figure 2. (a) The optimized structure, (b) the highest occupied Molecular Orbital (HOMO), (c) the 
lowest unoccupied Molecular Orbital (LUMO), (d) Electro potential Map of A 

 

Figure 3. Illustration of the adsorption of the inhibitors on Fe surface 

Mulliken charges and fukui functions distributions 

Molecules with a Mulliken atomic charge 

density give information about their reactive 

sites. Charges computed on the cationic, qk (N-1), 

neutral, qk (N), and anionic species, qk (N+1) are 

shown in Tables 2, S1-S5. If the ∆fk > 0 (the atom 

is an electrophile) while nucleophiles have ∆fk < 

0. Table 2 (compound A) shows that C19 has the 

highest fk+ (0.042) and a positive fk (0.009), 

indicating that it favo rs nucleophilic attack. In 
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contrast, the C23 has the highest fk- (0.035) and 

a negative fk (-0.017), suggesting that it favo rs 

electrophilic attack. Compound B has maximum 

fk+ (0.022) and positive ∆fk (0.008) at C20, 

indicating that it favo rs nucleophilic attack. In 

contrast, the maximum fk- (0.522) and a negative 

∆fk (-0.55) was seen at C6, suggesting that it favo 

rs electrophilic attack (table S1). In compound C 

(Table S2), the preferred electrophilic attack 

occurs at C2 with the highest fk+ (0.193) and a 

positive ∆fk (0.353) while nucleophilic attack 

occurs at C4 with the highest fk- (0.86) and a 

negative ∆fk (-1.704). Compound D (Table S3) 

has its preferred electrophilic attack occurring at 

C29 with the highest fk+ (0.547) and a positive 

∆fk (1.096), while nucleophilic attack occurs at 

C31 with the highest fk- (1.17) and a negative ∆fk 

(-1.714). C3 in compound E (Table S4) has the 

highest fk+ (0.498) and a positive ∆fk (0.49) 

which favo rs nucleophilic attack, while the site 

for an electrophilic attack is at C23 with the 

highest fk- (0.04) and a negative ∆fk (-0.121). In 

compound F (Table S5), electrophilic attack 

occurs at C29 with the highest fk+ (1.193) and a 

positive ∆fk (1.198), while nucleophilic attack 

occurs at C31 with the highest fk- (0.589) and a 

negative ∆fk (-0.89). 

Table 2. The selected Calculated Mulliken atomic charges and Fukui functions of compound A 
S/N Atom qK(N+1) qk(N) qk(N-1) fk+ fk- Δfk 

1 C1 0.564 0.572 0.589 -0.008 -0.017 0.009 
2 N2 -0.706 -0.711 -0.703 0.005 -0.008 0.013 
3 C3 -0.177 -0.185 -0.201 0.008 0.016 -0.008 
4 O4 -0.472 -0.459 -0.45 -0.013 -0.009 -0.004 
5 O5 -0.567 -0.557 -0.541 -0.01 -0.016 0.006 
6 C6 -0.28 -0.266 -0.256 -0.014 -0.01 -0.004 
7 C7 0.295 0.347 0.402 -0.052 -0.055 0.003 
8 C8 0.304 0.321 0.366 -0.017 -0.045 0.028 
9 C9 -0.245 -0.218 -0.217 -0.027 -0.001 -0.026 

10 C10 0.041 0.041 0.053 0 -0.012 0.012 
11 C11 0.332 0.359 0.38 -0.027 -0.021 -0.006 
12 C12 0.171 0.306 0.322 -0.135 -0.016 -0.119 
13 C13 -0.218 -0.256 -0.231 0.038 -0.025 0.063 
14 C14 0.359 0.418 0.426 -0.059 -0.008 -0.051 
15 C15 0.044 0.055 0.077 -0.011 -0.022 0.011 
16 O16 -0.581 -0.481 -0.44 -0.1 -0.041 -0.059 
17 O17 -0.591 -0.476 -0.447 -0.115 -0.029 -0.086 
18 N18 -0.474 -0.474 -0.433 0 -0.041 0.041 
19 C19 -0.117 -0.159 -0.192 0.042 0.033 0.009 
20 C20 -0.03 -0.035 -0.046 0.005 0.011 -0.006 
21 O21 -0.485 -0.467 -0.432 -0.018 -0.035 0.017 
22 C22 -0.031 -0.038 -0.0051 0.007 -0.0329 0.0399 
23 C23 -0.118 -0.136 -0.171 0.018 0.035 -0.017 
24 N24 -0.727 -0.74 -0.738 0.013 -0.002 0.015 
25 C25 0.595 0.599 0.606 -0.004 -0.007 0.003 
26 O26 -0.5 -0.477 -0.432 -0.023 -0.045 0.022 
27 C28 -0.54 -0.546 -0.559 0.006 0.013 -0.007 
28 Cl24 -0.082 0.009 0.128 -0.091 -0.119 0.028 

 
Conclusion 

DFT was used to investigate the corrosion 
inhibitory properties of six derivatives of amino 

acid 1,4-naphthoquinone from A to F. The 
compounds' low energy band gap and global 
hardness, and their high molecular softness, 
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indicate their ability to inhibit corrosion. 
Compounds B and D, on the other hand, revealed 
minimal energy band gaps and high global 
softness, implying that they are reactive and 
thermodynamically active inhibitors with the 
best anti-corrosion capacity. The occurrence of 
an electron-donating amino group on molecules 
b and d may indeed explain its minimal energy 
gap, which necessitates the best corrosion 
inhibition ability. The compounds can receive 
electrons from the metal's orbital via back 
donation and transfer electrons to the metal's 
vacant orbitals, as shown by the asymmetric 
charge distribution. 
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