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Abstract 

The corrosion inhibition performance of a corrosion inhibitor on mild steel in phosphoric acid, 
namely 5-chloro-1-(2-(dimethylamino) ethyl) indoline-2,3-dione (TZCDI), was theoretically evaluated 
using density functional theory (DFT) at the B3LYP/6-31G+(d,p) level for all atoms by Gaussian 09W 
program. The quantum chemical properties, such as highest occupied molecular orbital energy (EHOMO), 
lowest unoccupied molecular orbital energy (ELUMO) energy gap (∆Egap), dipole moment (μ), total 
hardness (η), and electronegativity (χ), were studied, and these descriptors were discussed in connection 
to the experimental inhibitory efficiency. The local reactivity was analyzed through the Fukui function in 
order to compare the possible sites for nucleophilic and electrophilic attacks. Accordingly, all data 
obtained using various theoretical calculation techniques were consistent with experiments. 

Keywords: 5-Chloroisatin derivative, Corrosion inhibitor, DFT, Fukui function, Experiment, Theoretical 
studies 
 
 
Introduction 

The corrosion of mild steel in acidic media is an electrochemical process that returns a metal to its 
natural state; it is one of the major challenges in industries, as the production, transportation, storage, and 
refinery operations needed cause losses of millions of dollars annually, along with other safety and 
economic problems [1,2]. 

The most practical and popular methods of corrosion protection use the inhibitors; especially 
organic ones, which are heterocyclic compounds, containing nitrogen, oxygen, and sulfur atoms, either in 
aromatic or long chain carbon systems, also, the availability of π-electrons, and suitable functional 
groups, could be efficient corrosion inhibitors on mild steel surfaces in acidic medium [3]. 

Recently, previous studies in the corrosion field showed that the indole and their several derivatives 
are reported as useful corrosion inhibitors for diverse metals and alloys in various media [4]. Tribak et al. 
[5] reported that TZCDI possesses anticorrosion properties due to the presence of nitrogen and oxygen 
atoms, as well as other functional groups. The isatin derivatives also provide analgesic [6] anti-
inflammatory [7] antitumor [8] antibacterial [9-11] and relaxant effects [12] and therapeutic agents [13]. 

Quantum chemical methods using the density function theory (DFT) approach are widely employed 
for the study of the physico-chemical interactions between organic corrosion inhibitors and metal 
substrates, and also the estimation of other quantum chemical parameters [14].  
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Herein, we have synthesized TZCDI and studied its properties as a corrosion inhibitor for mild steel 
in 1M H3PO4 medium using experimental techniques and theoretical calculation through the DFT 
(DFT/B3LYP/6-31G+(d,p)) method [15,16]. 
 
Materials and methods 

Metal 
The mild steel sheet (1.5×1.5 cm2) used in the study had the following chemical composition: 0.370 

% C, 0.230 % Mn, 0.680 % Si, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, and 0.160 
% Cu, with the balance being iron (Fe). The metal was degreased by washing with acetone. 

 
Solution 
The blank acid solution (1 M H3PO4) was prepared by diluting analytical grade phosphoric acid 85 

% with double distilled water. Various concentrations (10-6 to 10-3 M) of the synthesized TZCDI were also 
prepared and used as inhibitors for mild steel corrosion in 1M H3PO4. 

 
Synthesis of studied inhibitor 
5-Chloroisatin (0.2 g, 1.1 mmol), potassium carbonate K2CO3 (0.23 g, 1.16 mmol), and Tetra-n-

butylammonium bromide TBAB (0.035 g, 0.10 mmol) were combined in Dimethylformamide DMF (15 
mL). After approximately 15 - 30 min, the alkylating agent was added, and the reaction was allowed to 
proceed at room temperature until a phase-transfer catalyst (TLC) indicated complete consumption of the 
starting material. Product could be further purified by recrystallisation (Hexane/Ethyl acetate) and yields 
in excess of 89 mole percent [17]. 
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Figure 1 Chemical structure of TZCDI. 
 
 
Characterization of the synthesized inhibitor: TZCDI 
Yield = 89 %; mp: 114 ºC; 1H NMR (CDCl3) δppm: 7.53 - 7.54 (m, H, HAr); 7.51 (d, H, HAr, J = 9 

Hz); 6.90 (d, H, HAr, J = 9 Hz); 3.85 (t, 2H, CH2, J = 9 Hz); 3.75 (t, 2H, CH2, J = 9 Hz); 2.15 (m, 6H, 
CH3). 13C NMR (CDCl3) δppm: 184.59 (C = O); 164.45 (N-C = O); 146.22, 141.13, 110.39 (Cq); 138.59, 
126.08, 113.36 (CHAr); 55.90, 46.79 (CH2); 45.09 (CH3). Infra Red (KBr) cm-1: 3565, 3174, 30815 (C-H), 
2975, 1720 (C = O), 1607 (NC = O), 1445, 1472 (C = C) 1185,1123 (N-C), 654 (C-Cl). 

 
Corrosion tests 
In this work, the gravimetric method, potentiodynamic polarization and electrochemical impedance 

spectroscopy, the effect of temperature, adsorption isotherm, and thermodynamic parameters were used 
for the investigation of the inhibition efficiency of TZCDI. Then, scanning electron microscopy (SEM) 
was used to study the surface morphology of the mild steel before and after inhibition. All of these 
experimental techniques were analyzed in detail by Tribak et al. [18]. 
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Computational methods 

Gaussian calculations 
Full quantum chemical calculations were carried out with the aid of Gaussian 09 and GaussView 

5.0 software package programs [19], using the DFT approach, which involves Becke’s 3-parameter 
hybrid functional and Lee-Yang-Paar’s correlation functional (B3LYP) combined with the 6-31G+(d,p) 
basis function [20]. The purpose of this study was to investigate the interaction between the metal and the 
inhibitor. Some quantum chemical parameters [21,22], such as the energy of the highest occupied 
molecular orbital (EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the ionization 
potential (IP), electron affinity (EA), the energy gap (∆Egap), total hardness (η), and electronegativity (χ) 
were calculated according to the following equations with IP = -EHOMO , EA = -ELUMO, respectively; 
 
∆E gap = ELUMO - EHOMO               (1) 
 

 = 𝐼𝐼𝐼𝐼−𝐸𝐸𝐸𝐸
2

                   (2) 
 

χ = 𝐼𝐼𝐼𝐼+𝐸𝐸𝐸𝐸
2

                 (3) 
 
Fukui functions 
In this work, the evaluation of the Fukui functions [23] have been employed to analyze the local and 

global selectivity behavior of the molecule towards corrosion, to define the electrophilic and nucleophilic 
Fukui functions for a site k in a molecule via Equations [24]. 

  
For nucleophilic attack              fk

+= qN+1− qN                 (4) 
 
For electrophilic attack   fk

-= qN − qN-1             (5) 

Finally, the values of these Fukui functions were used to examine which atoms in the inhibitors 
were more prone to undergo electrophilic or a nucleophilic attack 

Results and discussion 

The studied 5-Chloroisatin derivative [25], namely TZCDI, was synthesized by the N-alkylation of 
5-Cloroisatin [26-29] with Chloro-N,N-dimethylethanamine under the conditions of catalysis by phase 
transfer for 48 h. 
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Scheme 1 Synthesis of TZCDI. 
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Gravimetric measurements 
Table 1 summarizes the obtained results from weight loss tests, such as corrosion rate (CR) and 

inhibition efficiency (IE %), in the absence and in the presence of TZCDI at different concentrations in 1M 
H3PO4 solution at 303 K for 6 h of immersion on mild steel. 

The corrosion rate (CR) and the IE % was determined by using following equation; 
 

At
WW

C ab
R

−
=                 (6) 

1001% IE
0

i ×







−=

w
w

               (7) 

Wb and Wa are the weights of the sample before and after immersion in the test solution, w0 and wi are the 
values of weight loss corrosion of mild steel in the absence and presence of inhibitor, A the surface of the 
mild steel specimen (cm2), and t is the exposure time (h). 
 
 
Table 1 Corrosion rate and inhibition efficiency at different concentrations of 5-chloro-1-(2-
(dimethylamino) ethyl) indoline-2,3-dione for mild steel in 0.1 M H3PO4). 

 
Concentration 

(M) 
CR 

(mg.cm-2.hr-1) 
IE 

(%) 
Blank 0.470 -- 
10-3 

5.10-4 
10-4 

5.10-5 
10-5 
10-6 

0.038 
0.065 
0.076 
0.164 
0.227 
0.237 

91.91 
86.21 
83.91 
65.16 
51.73 
49.60 

 

It is clear from Table 1 that the IE % increased and the CR decreased with the increase of the 
concentration and reached a maximum inhibition efficiency value of 91 %, reported at a concentration of 
10-3 M inhibitor (TZCDI), which shows that the inhibitor had a good tendency for corrosion inhibition. 
This trend may be due to a molecular size and the presence of functional groups in its structure, which 
could form a protective layer on the metallic surface and therefore retard the attack of the mild steel 
surface by phosphoric acid; Tribak et al. confirmed this by the SEM. 

 
Effect of temperature on anticorrosion activity  
The effect of temperature on the inhibition efficiency of TZCDI for mild steel in 1M H3PO4 solution 

in the absence and presence of inhibitor at temperatures ranging from 303 to 323 K was investigated by 
weight loss. The analysis of the obtained data is included in Table 2 and is presented in Figure 2 below. 
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Table 2 Effect of temperature results for mild steel in 1M H3PO4 at different concentrations of TZCDI. 
 

Temperature Cinh 
(mol/L) 

CR 
(mg.cm-2.h-1) 

IE 
(%) 

 
303  

 

Blank 
10-3 
10-4 
10-5 
10-6 

0.113 
0.007 
0.025 
0.037 
0.054 

 

--- 
94.1 
77.7 
67.1 

52.1 
 

313 Blank 
10-3 
10-4 
10-5 
10-6 

0.138 
0.011 
0.034 
0.055 
0.074 

 

--- 
92.0 
75.6 
60.4 
46.3 

 

323 Blank 
10-3 
10-4 
10-5 
10-6 

0.386 
0.039 
0.150 
0.251 
0.313 

 

--- 
89.9 
61.0 
34.8 
18.8 

 

 

 
Figure 2 Change in LnCR with LnCinh for mild steel in 1M H3PO4 containing TZCDI at different 
temperatures. 
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The rise in temperature could increase the interaction between the mild steel sheet and the corrosive 
medium in the absence and presence of TZCDI.  

As shown in Table 2, the corrosion rate increased by increasing the temperature, while the 
inhibition efficiency decreased by increasing the temperature. This is because the adsorption of inhibitor 
decreased with the rise of matrix temperature, which also indicates that the inhibitor was chemically 
adsorbed on the mild steel surface due to desorption initiation at elevated temperature, resulting in the 
lessening of IE % values of TZCDI at elevated temperatures [30]. 

 
Corrosion inhibition mechanism complemented by quantum chemical study 

Geometries and global reactivity 
As mentioned in the computation section, the investigated inhibitor was done by performing the 

DFT method using B3LYP/6-31G+(d,p) conducive to study the adsorption of inhibitor molecules on a 
metallic surface by donor-acceptor interactions between the organic compound (inhibitor) and the metal 
[31]. The optimized molecular structures of TZCDI are shown in Figure 3. 
 

 
     (a) ball and bond type format             (b) tube format                   (c) wireframe format 

 
Figure 3 Optimized molecular structure of TZCDI in different formats. 
 

 
In general, the inhibition efficiency of an inhibitor is associated with its electronic structure [32], 

especially some calculated quantum chemical descriptors such as the EHOMO, the ELUMO, the ∆E gap, η, χ, 
and Fukui function. Table 3 shows the obtained values of these parameters for the studied inhibitor. 

 

Table 3 Energetic parameters and quantum chemical descriptors of TZCDI. 

Parameters Compound (TZCDI) 
-EHOMO (eV) –6.3693 
-ELUMO (eV) –3.2019 
∆E gap(eV) 3.1673 
µ(debye) 5.6982 

IP= -EHOMO 6.3693 
EA= -ELUMO 3.2019 
χ =

𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐸𝐸
2  4.7856 

𝜂𝜂 =
𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐸𝐸

2  0.7918 
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According to frontier molecular orbital theory, a high EHOMO value provides information about the 
region of the inhibitor molecule from where electrons can readily be donated to the appropriate vacant 
orbitals of the metal that facilitates the adsorption process and, thus, is associate with better inhibition. On 
the other hand, ELUMO is connected with the affinity of the species to accept electrons [33], and a lower 
value of ELUMO implies better efficiency. The optimized molecular structures, HOMO, and LUMO of the 
investigated molecules are showed in Figures 4 and 5. 

 

 

    (a) Mesh format                     (b) Solid format                (c) Transparent format 
 

Figure 4 Charge distribution of HOMO molecular orbitals in optimized TZCDI in different formats. 
 
 

 
(a) Mesh format                (b) Solid format            (c) Transparent format 

 
Figure 5 Charge distribution of LUMO molecular orbitals in optimized TZCDI in different formats. 
 
 

It is noted that the HOMO orbital (Figure 4) of TZCDI is distributed by the amide tertiary group and 
over the entire alkyl chain, including the N and C heteroatoms, and the hydrogen atom as well. This 
suggests that TZCDI can interact with metal atoms by donating charges from the electron-rich alkyl chain 
and amide group to the suitable vacant orbitals of the mild steel. Meanwhile, Figure 5 shows that the 
electron density allocation of the LUMO orbital is centralized mostly on the oxygen atoms of ketone and 
amide groups, and also an aromatic ring that wears the chloride atom (Ar-Cl), which indicates that TZCDI 
is capable of accepting charges using the electron-deficient centers around the ketone and amide groups 
and the aromatic ring. 
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The ∆Egap of a molecule represents the difference between ELUMO and EHOMO as a quantum index, It 
is generally acknowledged that low values of ∆Egap will provide good inhibition performances, because 
the energy for removing an electron from the last occupied orbital will be low [34]. For the studied 
inhibitor, the obtained low value of ∆Egap reveals the elevated inhibition efficiency of TZCDI by improving 
the reactivity of the molecule, which eases the adsorption of the investigated inhibitor on the mild steel 
surface. 

The dipole moment is one of the most important descriptors, which is related to the polarity of the 
inhibitive molecule [35]. Table 7 indicates that the calculated value of the dipole moment (μinh = 5.6982 
Debye) for the investigated molecule is greater than that of H2O (μH2O = 1.88 Debye); this high value of μ 
leads to electron transfer from the TZCDI molecule to the mild steel surface. Hence, this result increases 
the corrosion inhibition efficiency of a molecule and shows the correlation between the dipole moment 
and inhibition efficiency. 

A molecule with a high chemical reactivity and low kinetic stability, termed as a soft molecule, has 
also been reported [36], in which the global hardness and softness were determined to estimate the 
reactivity and stability of the inhibitive molecule. Researchers also pointed out the adsorption of inhibitor 
molecule onto a metallic surface occurred at the site of the molecule which had the greatest softness and 
lowest hardness. 

From Table 3, it was observed clearly that TZCDI has a low value of hardness and an elevated value 
of softness, which proves a better inhibitive performance on mild steel for the investigated 5-Chloroisatin 
derivative as a corrosion inhibitor. 

In general terms, molecular electrostatic potential (MEP) maps can be used to determine the active 
canters responsible for electrophilic and nucleophilic reactions which are associated with the electronic 
density of a molecule [37]. Figure 6 shows the calculated MEP maps of TZCDI. It displays red and yellow 
colors representing which the negative zones of the MEP are associated with electrophilic reactions, 
whereas the blue color represents the positive zones related to nucleophilic reactions. 

Then, the studied TZCDI has 4 potential centers (O14, O15, N13, and N22) effective for 
electrophilic reactions. Also, the aromatic ring present in the molecular structure of TZCDI is considered 
as being nucleophilic reactions. 

 

 
Figure 6 MEP surface of compound TZCDI. 
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Local reactivity 
The Fukui theory of reactivity and selection for every atom in the inhibitor has been calculated at 

the B3LYP/6-31G+(d,p) level, in order to have an understanding of the local reactivity of the 5-
Chloroisatin derivative (TZCDI). 

Although Mulliken atomic charges do not have absolute meaning, they provide a crude but useful 
description of the electron-density distribution in the molecule. All the nitrogen and oxygen atoms for a 
molecule possess an excess of negative charge. The oxygen and nitrogen atoms are assumed to play a key 
role in the inhibition action because these are the most negative centers of the compound (Table 4).  

 

Table 4 Fukui functions for TZCDI calculated using DFT. 

Atoms qN fk
+ fk

- 
1  C 0.1209 0.0485 0.1090 
2  C 0.0068 0.0217 0.0117 
3  C 0.3267 0.0228 0.0073 
4  C 0.0649 0.0291 0.0821 
5  C 0.0656 0.0448 0.1036 
6  C –0.2554 0.0337 –0.0360 

10  Cl 0.0856 0.1067 0.1484 
11  C 0.2280 0.0292 0.0635 
12  C 0.4974 0.0053 0.0545 
13  N –0.7101 0.0184 0.1801 
14  O –0.3485 0.0525 0.1784 
15  O –0.3938 0.0355 0.1372 
16  C 0.2610 0.0492 0.0461 
19  C 0.1788 0.0090 0.0138 
22  N –0.4508 0.0768 0.1476 
23  C 0.1587 0.0032 0.0376 
27  C 0.1639 0.0022 0.0288 

 
 
Generally, the preferred site for nucleophilic attack is the atom in the molecule where the value of 

fk
+ is maximum and is associated with LUMO energy, while the site for electrophilic attack is controlled 

by the values of fk
- and is associated with HOMO energy [38]. 

Through comparing these Fukui indices, the results reported in Table 4, reveal that the fk
+ at O14, 

O15 and N13, N22 atoms were the highest values for a molecule, which indicated that these atoms 
preferred to provide electrons to form coordinate bonds with the metal atoms, so these atoms were the 
electrophilic reactive sites during absorption. Furthermore, the highest fk

- values of inhibitor studied were 
C1, C2, C3, C4, C5, C6, and O15, which implied that these atoms favored acceptance of electrons from 
metal atoms to form back-donating. 

Interestingly, O15 atom had dual characteristics of both donating and back-donating electrons. We 
hold that this diminished its adsorption capacity, since the donating process was a more important factor 
in evaluating local reactivity for a corrosion inhibitor (TZCDI). 
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Conclusions 

The present study revealed that TZCDI is an excellent inhibitor for the corrosion of mild steel in 
solution of phosphoric acid. The highest valuable result for corrosion inhibition performance of 91 % was 
achieved with concentration of 10-3 M at 303 K. Molecular modeling was used to evaluate the structural, 
electronic, and reactivity parameters of TZCDI in relation to its effectiveness as a corrosion inhibitor by 
means of DFT, the B3LYP/6-31G method. The results showed that the quantum chemical descriptors 
perfectly described the inhibitory activity of TZCDI. Hence, its excellent inhibition properties are due to 
the presence of functional groups appearing in the molecular structures of the inhibitor. The results 
obtained from the computational study back up the experimentally obtained results. 
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