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a b s t r a c t

The effect of electron withdrawing nitro (–NO2) and electron releasing hydroxyl (–OH) groups on corro-
sion inhibition potentials of 5-arylaminomethylenepyrimidine-2,4,6-trione (AMP) had been studied. Four
AMPs tagged AMP-1, AMP-2, AMP-3 and AMP-4 were studied for their ability to inhibit mild steel corro-
sion in 1 M HCl using experimental and theoretical methods. Gravimetric results showed that inhibition
efficiency of the studied inhibitors increases with increasing concentration. The results further revealed
that that electron withdrawing nitro (–NO2) group decreases the inhibition efficiency of AMP, while elec-
tron donating hydroxyl (–OH) group increases the inhibition efficiency of AMP. SEM and AFM studies
showed that the studied compounds inhibit mild steel corrosion by adsorbing at the metal/electrolyte
interface and their adsorption obeyed the Temkin adsorption isotherm. Potentiodynamic polarization
study revealed that studied inhibitors act as mixed type inhibitors with predominant effect on cathodic
reaction. The inhibitive strength of the compounds might have direct relationship electron donating abil-
ity of the molecules as revealed by quantum chemical parameters. The order of interaction energies
derived from Monte Carlo simulations is AMP-4 > AMP-3 > AMP-2 > AMP-1, which is in agreement with
the order of inhibition efficiencies obtained from experimental measurements.
� 2018 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
Introduction

Acid solutions are commonly used in many industries for vari-
ous purposes such as acid cleaning, acid descaling, oil well clean-
ing, acid pickling etc [1,2]. However, these industrial processes
are accompanied by corrosive dissolution of metals in the acid
solutions [2–5]. Several methods have been described in literature
for the protection of metals against corrosion in acid solution. The
use of organic molecules containing heteroatoms particularly, N, O
and S as corrosion inhibitors is one of the most economic, popular
and practical methods of strangling corrosion rate [6–9]. Inhibition
of metal corrosion by organic molecules has been widely described
as a function of the degree of adsorption of the inhibitor molecules
on metallic surface. Therefore investigation of inhibitor adsorption
at metal/electrolyte interface is an important topic in corrosion
studies [7,8,10].

Previous studies have revealed that the adsorption of organic
inhibitor molecules on metallic surface mainly depends on physic-
ochemical properties such as the nature of functional groups,
chemical and electronic structure, solution temperature, electron
density at donor atoms, molecular size as well pi-orbital character
of the inhibitor molecule in addition to the nature of electrolyte
and the metal/alloy being investigated [8–10]. Barbituric acid
and its derivatives have been extensively used for synthesis of
compounds having several biological activities such as antibacte-
rial, antihypertensive and so on [11–17]. Since, molecules derived
from barbituric acids possess several heteroatoms, polar functional
groups and pi-bonds and aromatic rings, corrosion inhibition
potentials of barbituric acid derivatives have been extensively
studied [18–20].
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Considering the continuous strictness of environmental regula-
tions and increasing ecological awareness, recent researches in all
fields of science including corrosion are being directed towards
‘‘green” science [21–24]. Multicomponent reactions (MCRs), which
combine three or more staring materials (MCRs) in a one-step pro-
cess have emerged as a potential ‘‘green” and sustainable method
for the synthesis of variety of organic compounds, particularly bio-
chemically active heterocyclics [25,26]. MCRs are characterized by
minimum waste product due to very limited workups, facile
automation, simple purification, high chemical selectivity, mild
reaction condition, shorter reaction time, high yield, atom econ-
omy and ease of operation. These characteristics increase the syn-
thetic efficiency and other green aspects of the multicomponent
reactions [27,28]. The use of organic solvents as reaction media
in conventional synthesis is often associated with several prob-
lems, most of which are due to the toxic nature, hazardous effect,
flammability and high cost of the solvent [29–31]. In this regards,
the use of water as a reaction medium for organic synthesis has
attracted substantial attention because it is free and readily avail-
able, it is cheap, non-toxic, non-flammable, non-hazardous and
inexpensive. Water also possesses unique redox stability, and it
is environmental friendly [32–34].

In view of this, the present study investigated the corrosion
inhibition efficiency of four 5-arylaminomethylenepyrimidine-2,4
,6-trione (AMPs) namely, 5-(((4-nitrophenyl)amino)methylene)pyr
imidine-2,4,6-(1H,3H,5H)-trione (AMP-1), 5-((phenylamino)methy
lene)pyrimidine-2,4,6-(1H,3H,5H)-trione (AMP-2), 5-(((4-hydroxy
phenyl)amino)methylene)pyrimidine-2,4,6-(1H,3H,5H)-trione
(AMP-3) and 5-(((2, 4-dihydroxyphenyl) amino)methylene)pyrimi
dine-2,4,6-(1H,3H,5H)-trione (AMP-4), which were synthesized
via three component one step reaction technique in water. The cor-
rosion inhibition tests were carried out on mild steel in 1 M HCl
using gravimetric, electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization, scanning electron microscopy
(SEM), atomic force microscopy (AFM). Theoretical quantum
chemical calculation and Monte Carlo simulations studies were
carried out to corroborate experimental studies. Electron donating
(–OH) substituent was found to enhance the inhibition efficiency
of AMP, while electron withdrawing (–NO2) substituent reduced
the inhibition efficiency.
Experimental

Materials

Electrodes and reagents
Mild steel specimen of chemical compositions (%wt): C (0.076),

Mn (0.192), P (0.012), Si (0.026), Cr (0.050), Al (0.023), and bal-
anced with Fe was used as test material for all weight loss and elec-
trochemical experiments. Before starting the experiments, exposed
surface area of the specimens were abraded with SiC emery papers
of 600, 800, 1000 and 1200 grit sizes, cleaned with double distilled
Fig. 1. General scheme for the synthesis of 5-arylam
water, degreased with acetone, and finally ultrasonically cleaned
with absolute ethanol. Test solution of 1 M HCl was prepared from
30% hydrochloric acid purchased from MERCK India LTD and dou-
ble deionized water.
Synthesis of 5-arylaminomethylene pyrimidine 2, 4, 6-trione (AMPs)
The AMPs used as corrosion inhibitors in the present study were

synthesized by method reported in literature and schematized as
shown in Fig. 1 [35]. In a typical procedure, a mixture of aniline
and its derivatives (1 mmol), formic acid (4 mmol), barbituric acid
(1 mmol) and distilled water (5 mL) were refluxed in round bottom
flask (10 mL) at 60 �C for 2–3 h. The progress and completion of the
reaction was determined by TLC method. The IUPAC name, chem-
ical structures, molecular formulas, and analytical data of the syn-
thesized 5-arylaminomethylene pyrimidine 2, 4, 6-trione (AMPs)
are given in Table 1.
Corrosion tests

Gravimetric measurements
Mild steel with the previously stated chemical compositions

was cut into 2.5 cm � 2.5 � 0.025 cm dimension and used for all
gravimetric measurements. The specimens were dipped into 1 M
HCl for 3 h in the absence and presence of different concentrations
of the synthesized corrosion inhibitors. Triplicate measurements
were performed both in the absence and presence of the inhibitors,
and the mean value was reported in each case. The evaluated
weight loss (in mg) was used to calculate the corrosion inhibition
efficiency (%) using the equation [36,37]:

g% ¼ wo �wi

wo
� 100 ð1Þ

where w0 andwi are the weight loss values in the absence and pres-
ence of different concentrations of AMPs, respectively.
Electrochemical measurements
Gamry Potentiostat/Galvanostat (Model G-300) pre-installed

with Gamry Echem Analyst 5.0 software was used for all electro-
chemical analyses. The experimental setup comprises a three-
electrode system with mild steel as working electrode, platinum
foil as auxiliary or counter electrode and saturated calomel elec-
trode (SCE) as reference electrode. The working electrode was fab-
ricated to have an exposed surface area of 1 cm2 (rest part of the
specimens was covered with epoxy resin). The working electrode
was immersed in 1 M HCl in the absence and presence of different
concentrations of AMPs and left unperturbed for 30 min to attain a
stable open circuit potential (OCP). Potentiodynamic polarization
curves (anodic and cathodic) were plotted by automatically chang-
ing the electrode potential from �0.25 V to +0.25 V with respect to
the stable OCP. Extrapolation of linear segments of anodic and
cathodic Tafel slopes led to the evaluation of corrosion current
inomethylene pyrimidine 2, 4, 6-triones (AMPs).



Table 1
IUPAC name, molecular structure, molecular formula, melting point and analytical data for the synthesized AMPs.

S.
No.

IUPAC name and abbreviation of
Inhibitor

Chemical Structure Molecular formula and M.P. and analytical data

1 5-(((4-nitrophenyl)amino)methylene)
pyrimidine-2,4,6(1H,3H,5H)-trione
(AMP-1)

Mol. formula: C11N8N4O5; Mol. Wt. 276.21; FT-IR (KBr, cm�2): 3563, 3442, 2978,
2857, 2398, 1725, 1660, 1268, 1223, 1148, 989, 826, 735, 652, 627; 1H NMR (500
MHz, DMSO-d/TMS) d ppm: 11.18, 8.83, 7.63–7.92, 6.97, 5.21.

2 5-((phenylamino)methylene)
pyrimidine-2,4,6(1H,3H,5H)-trione
(AMP-2)

Mol. formula: C11N9N3O3; Mol. Wt. 231.21; FT-IR (KBr, cm�2): 3545, 3324, 2958,
2863, 2432, 1730, 1658, 1248, 1188, 972, 786, 738, 645, 614; 1H NMR (500 MHz,
DMSO-d/TMS) d ppm: 10.92, 8.56, 7.45–7.72, 6.76, 4.63.

3 5-(((4-hydroxyphenyl)amino)
methylene)pyrimidine-2,4,6
(1H,3H,5H)-trione
(AMP-3)

Mol. formula: C11N9N3O4; Mol. Wt. 247.21; FT-IR (KBr, cm�2): 3360, 3622, 3574,
3388, 2954, 2865, 1709, 1640, 1239, 1212, 1128, 966, 823, 707, 632; 1H NMR (500
MHz, DMSO-d/TMS) d ppm: 10.63, 8.78, 7.38–7.47, 6.83, 4.79, 4.32.

4 5-(((2, 4-dihydroxyphenyl) amino)
methylene)pyrimidine-2,4,6
(1H,3H,5H)-trione
(AMP-4)

Mol. formula: C11N9N3O5; Mol. Wt. 263.05; FT-IR (KBr, cm�2): 3656, 3640, 3418,
3364, 2934, 2884, 1713, 1648, 1232, 1193, 1124, 1072, 983, 756, 648 621; 1H NMR
(500 MHz, DMSO-d/TMS) d ppm: 9.68, 8.58, 7.24–7.39, 7.12, 6.74, 4.82, 4.17.
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densities, which were used to estimate the percentage of inhibition
efficiency of the inhibitors according to the equation [36,37]:

g% ¼ i0corr � iicorr
i0corr

� 100 ð2Þ

where, i�corr and iicorr are corrosion current densities in the absence
and presence of AMPs, respectively.

Electrochemical impedance spectroscopic (EIS) measurements
were performed for mild steel in 1 M HCl in the absence and pres-
ence of different concentrations of the studied inhibitors. The EIS
measurements were recorded in the frequency range of 100 kHz
to 0.01 Hz using AC signal with 10 mV amplitude (peak to peak).
The values of charge transfer resistances (Rct) were derived from
the recorded Nyquist plots, and the corrosion inhibition efficiency
was calculated using from the equation [36,37]:

g% ¼ Ri
ct � R0

ct

Ri
ct

� 100 ð3Þ

where, Rct0 and Rct
i are charge transfer resistances in the absence and

presence of AMPs, respectively.

SEM and AFM measurements
Scanning electron microscopy (SEM) and atomic force micro-

scopy (AFM) studies were performed in order to support the asser-
tions derived from weight loss and electrochemical studies, that
the AMPmolecules inhibit mild steel dissolution by adsorbing onto
the steel surface. For surface studies using SEM and AFM, the
cleaned mild steel specimens were immersed in the test solution
(1 M HCl) for 3 h in the absence and presence of optimum concen-
tration of the inhibitor molecules. After the immersion time
elapsed, the specimens were taken out, washed with water and
dried using hot air blower. The steel surface was examined using
SEM and AFM equipment at reasonably high resolution. For SEM
analysis, Ziess Evo 50 XVP SEM modal was used to study the sur-
face morphology at 500x magnification. NT-MDT multimode, Rus-
sia 111 controlled by solver scanning probe microscope controller
was used for AFM surface analysis. The single beam cantilever hav-
ing resonance frequency in the range of 240–255 kHz in semi con-
tact mode with corresponding spring constant of 11.5 N/m with
NOVA programme was used for image interpretation. The scanning
area during AFM analysis was 10 mm � 10 mm.

Theoretical studies

Quantum chemical calculations
Molecular structures of AMPs were modeled with GaussView

5.0 software. Full geometry optimizations were carried out in the
gas phase with the aid of Gaussian 09 software suite [38]. Density
functional theory (DFT) method was adopted for the geometry
optimizations by utilizing the B3LYP functional [39–41] together
with 6–31 + G(d,p) basis set. Absence of imaginary frequency in
the force constant calculations of the optimized structures con-
firmed that they are try energy minima. Graphical images of the
optimized structures and electron density isosurfaces of the fron-
tier molecular orbitals (FMOs) were visualized with the aid of
GaussView 5.0 software. Selected quantum chemical parameters
including the energy of the highest occupied molecular orbital
(EHOMO), energy of the lowest unoccupied molecular orbital
(ELUMO), the energy gap, DE (DE = ELUMO � EHOMO), and other
derived parameters were obtained. Global electronegativity (v)
and the fraction of electrons (DN), transferable from the inhibitor
to the metal atom are among the quantum chemical descriptors
that are often used to correlate corrosion inhibition strength of
organic compounds. Both v and DN respectively were computed
according to the equations [42–44]:

v ¼ �1
2

ELUMO þ EHOMOð Þ ð4Þ

DN ¼ vFe � vinh

2ðgFe þ ginhÞ
ð5Þ

where vi and gi (i = Fe or inh) are the electronegativity and hardness
respectively of atomic iron (Fe) and inhibitor molecule. Hardness of
bulk Fe was approximated as 0 eV/mol, while work function (/) of
atomic Fe was taken as 4.52 eV/mol [6]. Recently, use of work func-
tion (/) for calculation of DN values is more common and frequent
as compared to the electronegativity of the iron (Fe). The reported
values of work functions of iron for Fe(1 0 0), Fe(1 1 0) and Fe(1 1
1) are 4.64 eV, 4.52 eV and 4.74 eV, respectively. Owing to the asso-



Table 2
Weight loss parameters obtained for mild steel in 1 M HCl containing different concentrations of AMPs.

Inhibitors Conc
(mM)

Weight loss
(mg)

CR
(mg cm�2h�1)

Inhibition
efficiency (g%)

Surface coverage
(h)

Blank – 230 7.66 —

AMP-1 0.090 108 3.60 53.04 0.5304
0.181 70 2.33 69.56 0.6956
0.272 46 1.53 80.00 0.8000
0.362 24 0.80 89.56 0.8956

AMP-2 0.090 101 3.36 56.08 0.5608
0.181 63 2.10 72.60 0.7260
0.272 39 1.30 83.04 0.8304
0.362 19 0.63 91.73 0.9173

AMP-3 0.090 96 3.20 58.26 0.5826
0.181 58 1.93 74.78 0.7478
0.272 32 1.06 86.08 0.8608
0.362 14 0.46 93.91 0.9391

AMP-4 0.090 89 2.96 61.30 0.6130
0.181 49 1.63 78.69 0.7869
0.272 26 0.86 88.69 0.8869
0.362 7 0.23 96.95 0.9695

Table 3
Variation of CR and g% with temperature for mild steel corrosion in 1 M HCl in the absence and presence of optimum concentration of AMPs.

Temperature
(K)

Corrosion rate (CR) (mg cm�2h�1) and Inhibition efficiency (g%)

Blank AMP-1 AMP-2 AMP-3 AMP-4

CR g% CR g% CR g% CR g% CR g%

308 7.66 – 0.80 89.56 0.63 91.73 0.46 93.91 0.23 96.95
318 11.0 – 1.86 83.03 1.56 85.75 1.26 88.48 0.76 93.03
328 14.3 – 3.93 72.55 3.63 74.65 3.13 78.13 2.16 84.88
338 18.6 – 7.73 58.57 7.13 61.78 6.6 64.64 5.50 70.53

Fig. 2. Arrhenius plots for the corrosion of mild steel in 1 M HCl in the presence of
different concentrations of AMPs.
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ciation with minimum energy and maximum stability, the work
function value of iron 4.52 eV was selected for the calculation of
the fraction of electron transfer of four studied AMP molecules.

Promising local sites of reactivity on INH molecules were inves-
tigated by computing the Fukui indices, f+ and f� as pointers to the
prospective sites of electrophilic and nucleophilic attacks respec-
tively [42,43,45–48]. The Fukui functions were calculated using
the finite difference (FD) approximation approach as [48]:

fþk ¼ qkðNþ1ÞðrÞ � qkðNÞðrÞ ð6Þ
f�k ¼ qkðNÞðrÞ � qkðN�1ÞðrÞ ð7Þ

where qkðNþ1Þ, qkðNÞ and qkðN�1Þ are the electron densities for atom k
in (N + 1)-, (N)- and (N-1)-electron systems respectively. The elec-
tron densities were approximated as Mulliken gross charges on
each atom. Numerical values of fþk and f�k were visualized as graph-
ical electron density isosurfaces with the aid of the Multiwfn soft-
ware [49,50].

Monte Carlo simulations
Fully optimized structures of AMPs were used in simulating the

adsorption of AMP molecules on Fe(1 1 0) crystal surface. The
cleaved Fe(1 1 0) plane was firstly optimized with COMPASS force
field and then expanded into a 10 � 10 supercell. The surface
atoms of the 10 � 10 supercell of the clean Fe(1 1 0) crystal was
selected as the target for direct interactions with AMP molecule
in each case. Adsorption locator module was used to place the
adsorbent on Fe(1 1 0) surface. The simulated annealing process
went through 10 cycles at 100,000 steps per cycle under ultra-
fine convergence criteria.
Results and discussion

Gravimetric measurements

Effect of inhibitors concentration
Table 2 contains the weight loss parameters and corrosion inhi-

bition efficiency and in the absence and presence of different con-
centrations of AMPs. The results (Table 2) showed that inhibition
efficiency for all the inhibitors increases with increasing concentra-
tion and maximum efficiencies of 89.56% for AMP-1, 91.73% for
AMP-2, 93.91% for AMP-3 and 96.95% for AMP-4 were obtained
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at 0.362 mM and 303 K. The observed trend of inhibition efficien-
cies can be explained in relation to the electron withdrawing and
electron donating substituents presence at the 3- (meta) and 4-
(para) positions of arylamino ring. Just like our previous reports
[37,51–56], the nitro (–NO2) substituted 5-arylaminomethylene
pyrimidine 2, 4, 6-trione (AMP-1) exhibited lower inhibition effi-
ciency than the unsubstituted 5-arylaminomethylene pyrimidine
2, 4, 6-trione (AMP-2), which could be as a result of electron with-
drawing effect of nitro (–NO2) group which decreases the electron
density available at the adsorption site of AMP-1, thereby
decreases its inhibition efficiency. Likewise, the higher inhibition
efficiency of AMP-3 compared to AMP-2 can be attributed to the
presence of electron donating hydroxyl (–OH) group (at the 4-
Fig. 3. (a) Langmuir, and (b) Temkin adsorption isotherm plots for the adsorption of
AMPs on mild steel surface in 1 M HCl.

Table 4
Kads and DG�ads for mild steel in 1 M HCl in the absence and presence of optimum conc
isotherms).

Inhibitor Kads (104 M�1)

308 318 328 338

AMP-1 1.03 0.58 0.31 0.16
AMP-2 1.33 0.72 0.35 0.19
AMP-3 1.85 0.92 0.42 0.21
AMP-4 3.81 1.60 0.67 0.28
(para) position) on the arylamino ring. AMP-4 has two units of
electron donating (–OH) substituent in its molecule, i.e. at both
3- (meta) and 4- (para) positions on the arylamino ring, which syn-
ergistically increased the electron density at adsorption sites on
the molecule, thereby enhanced its adsorption tendency and hence
increased its corrosion inhibition efficiency.

Effect of temperature
Variation of inhibition efficiencies and corrosion rates with

temperature are presented in Table 3. From the results shown in
Table 3, it can be seen that inhibition efficiency decreases and cor-
rosion rate increases with increasing solution temperature from
308 to 338 K. The increased corrosion rates and decreased inhibi-
tion efficiencies upon increase in temperature is attributed to
increased kinetic energy of the inhibitor molecules, which
decreases attraction force between inhibitor molecules and metal-
lic surface [57–59]. Moreover, rapid etching, molecular decomposi-
tion and molecular rearrangements may also decrease the
inhibition efficiency of inhibitor molecules at elevated tempera-
ture. Arrhenius equation can be used to explain the effect of tem-
perature on the corrosion rate (CR), according to which the log of
corrosion rate (CR) is a linear function of 1/T [60,61]:

logðCRÞ ¼ �Ea

2:303RT
þ logA ð8Þ

where CR is the corrosion rate in mg cm�2h�1, A is the Arrhenius
pre-exponential factor, R is the gas constant and T is the absolute
temperature. Straight lines were obtained for Arrhenius plots in
the absence and presence of the inhibitors and the profiles are
shown in Fig. 2. The values of Ea were 65.45, 70.28, 76.67, and
91.18 kJmol�1 for AMP-1, AMP-2, AMP-3 and AMP-4, respectively
(Table S1). The values of Ea derived from Arrhenius plots for inhib-
ited metal corrosion were much higher as compare to the value of
Ea for uninhibited metallic corrosion (28.48 kJmol�1). The higher
values of Ea for inhibited metal corrosion as compared to the unin-
hibited one can be attributed to the formation of energy barrier for
metallic dissolution process in the presence of inhibitor molecules
[52,62,63]. Furthermore, it has been earlier reported that electro-
static interactions between charged inhibitor molecules and metal-
lic surface might increase the value of Ea in presence of inhibitor
molecules [52,62,64].

Adsorption isotherm and thermodynamic parameters
Adsorption isotherm is the most important topics in the field of

corrosion because it provides some fundamental information
about interactions between adsorbate (inhibitor) and adsorbent
(metallic surface). Depending on the electronic structure of inhibi-
tor molecule, nature of metal and electrolyte, solution tempera-
ture, etc. adsorption may be chemisorption, physisorption or
both. In this study, several commonly used isotherms namely;
Langmuir, Temkin, Frumkin and Freundluich were tested among
which Temkin adsorption isotherm gave the best line of fit, with
the values of regression coefficient (R2) very close to unity for all
the inhibitors. The values of the slopes, intercepts, and regression
coefficients for Langmuir and Temkin adsorption isotherms are
entration of AMPs at different temperatures (data derived from Temkin adsorption

�DG�ads (k Jmol�1)

308 318 328 338

33.95 33.57 32.94 32.19
34.61 34.12 33.24 32.57
35.45 34.76 33.77 32.91
37.31 36.22 35.00 33.67
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presented in Table S2 of the Supporting Information. The Langmuir
and Temkin adsorption isotherms are given in Fig. 3. The Temkin
isotherm can be described by the equation [65]:

expð�2ahÞ ¼ Kads CðinhÞ ð9Þ

where, h is the surface coverage, C(inh) is the inhibitor concentration,
Kads is the equilibrium constant for adsorption–desorption pro-
cesses and ‘a’ is the molecular interaction parameters. The value
of Gibb’s free energy (DG0

ads) of adsorption for the inhibitor mole-
cules on metallic surface was calculated from the equation:

DG0
ads ¼ �RT ln 55:5Kadsð Þ ð10Þ

where, R is the universal gas constant, T is the absolute temperature
(K), while the numerical value of 55.5 represents the concentration
of water in aqueous acid solution. The calculated values of free
energy of adsorption (DG0

ads) and equilibrium constant (Kads) are
presented in Table 4.

High values of Kads and negative values of DG0
ads were obtained

for the studied inhibitors over the studied temperature range, indi-
cating that the inhibitor molecules adsorb spontaneously on the
mild steel surface by strong intermolecular force of attraction [66].
Furthermore, literature survey reveals that value of DG0

ads are fre-
quently used to describe the nature of adsorption. In general, adsorp-
tion of an inhibitor with large negative value of DG0

ads (�40 kJmol�1

or more negative) is associated with charge transfer between inhibi-
tor and metal (chemisorption), while one with lower negative value
of DG0

ads (�20 kJmol�1 or less negative) might involve electrostatic
interaction (physisorption) between charged inhibitor molecules
and metallic surface [67,68]. In the present study, the values ofDG0

ads
Fig. 4. Potentiodynamic polarization curves for mild steel in the absence and
presence of optimum concentrations of the studied inhibitors (AMPs).

Table 5
Tafel polarization parameters for mild steel in 1 M HCl in the absence and presence of op

Inhibitor Concentration
mM

Ecorr

Blank – �445
AMP-1 0.362 �517
AMP-2 0.362 �524
AMP-3 0.362 �520
AMP-4 0.362 �521
vary from 32.19 to 37.31 kJmol�1, suggesting that the interactions
between inhibitor molecules and metallic surface are might involve
combination of both physisorption and chemisorption mechanisms
[69,70].

Electrochemical measurements

Potentiodynamic polarization measurements
Potentiodynamic polarization curves for mild steel working

electrode in 1 M HCl solution without and with optimum concen-
trations of the inhibitor molecules are shown in Fig. 4.The polariza-
tion parameters derived from the measurements and
corresponding inhibition efficiencies are presented in Table 5. It
can be seen that corrosion current density (icorr) decreases signifi-
cantly in the presence of the inhibitors, suggesting that the studied
compounds (AMPs) inhibit mild steel corrosion in 1 M HCl solu-
tion. It has been reported that the shift in the value of corrosion
potential (Ecorr) is an important parameter for adjudging whether
the inhibitive effect is cathodic or anodic biased. In general, when
the shift in the value of Ecorr in presence of the inhibitor with
respect to the Ecorr for the blank is less than 85 mV, the inhibitor
is considered to affect both the anodic metallic dissolution and
cathodic hydrogen evolution [71,72]. That is, the compound acts
as a mixed-type inhibitor. In the present study, the maximum shift
in the Ecorr value in presence of inhibitor molecules with respect to
the Ecorr of the blank, were 72, 79, 76 and 75 mV for AMP-1, AMP-2,
AMP-3 and AMP-4, respectively suggesting that all studied inhibi-
tor molecules behave as mixed type inhibitors [71,72]. However,
careful examination of the results shown in Table 5 revealed that
in the presence of the inhibitors the values of cathodic slopes are
comparatively more affected, especially for AMP-1 and AMP-2,
suggesting that although the studied inhibitors inhibit both catho-
dic and anodic reactions, their effects on the cathodic reactions are
comparatively greater [52,53,71,72].

Electrochemical impedance spectroscopic (EIS) measurements
EIS studies have been extensively used as an excellent tech-

nique in understanding the mechanism of electrochemical reac-
tions such as corrosion, passivation, and charge transfer reactions
occurring on metal/electrolyte interface. Fig. 5a represents the
Nyquist plots for inhibited and uninhibited mild steel corrosion
in 1 M HCl. It can be seen that the shape of Nyquist plots for inhib-
ited and uninhibited specimens are similar, suggesting that the
studied compounds inhibit mild steel corrosion without changing
the mechanism of corrosion. The Nyquist plots show a single semi-
circle loop for all studied compounds over the studied frequency
range, which is confirmed by single maxima in the Bode plots both
in the absence and presence of inhibitors as shown in Fig. 5c.

The diameter of the Nyquist plots in the presence of the inhibi-
tors was much high compared to that without the inhibitor. This
could be as a result of adsorption and formation of protective film
by the studied molecules on mild steel surface, thereby acting as
barrier to corrosion process [73,74]. The equivalent circuit used
for the fitting of the EIS results is shown in Fig. 5b. For metallic dis-
solution, replacement of the capacitance in the circuit with con-
timum concentration of AMPs.

ba �bc icorr g%

70.5 114.6 1150 —
78.3 150.5 136.0 88.17
78.4 153.1 109.0 90.52
72.1 129.1 87.0 92.43
78.1 118.6 47.0 95.91



Fig. 5. (a) Nyquist plot for mild steel in 1 M HCl in the absence and presence of
optimum of concentrations of AMPs, (b) Equivalent circuit used for the analysis of
the EIS spectra, (c) Bode plots for mild steel in 1 M HCl in the absence and presence
of optimum of concentrations of AMPs.

Table 6
EIS parameters for mild steel in 1 M HCl in the absence and presence of optimum concen

Inhibitor Conc (mM) Rs R

Blank . . . 0.58 1
AMP-1 0.362 0.935 1
AMP-2 0.362 0.933 2
AMP-3 0.362 0.842 2
AMP-4 0.362 0.966 2
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stant phase element (CPE) gives comparatively better approxima-
tion. The impedance CPE can be expressed as:

ZCPE ¼ 1
Y0

� �
ðjxÞn
� ��1 ð11Þ

where,x is the angular frequency, j is the imaginarynumber, Y0 is the
CPE constant and n is the phase shift (or CPE exponent). The EIS
parameters obtained from the fitting of EIS spectra using the equiva-
lent circuit of Fig. 5b are shown in Table 6. The value of phase shift is
generally related to the nature of CPE and surface inhomogeneity. A
high value of phase shift (n) is associatedwith low surface roughness.

The results in Table 6 showed that the values of n are compar-
atively higher in the presence of inhibitor molecules compared to
the blank, which could be as a result of increased surface smooth-
ness due to the formation of protective film by inhibitors on the
steel surface [52,53,75]. In addition, the increased phase angle of
the Bode plots in the presence of inhibitors also supported the
assumption that the inhibitors form protective surface film on
the steel surface, which isolates the metal from corrosion environ-
ment and thereby increases surface smoothness [52,53,75]. For
ideal capacitor, the values of the slope of the linear segment of |
Z| vs frequency plots and the phase angle should be �1 and
�900, respectively. However, the estimated values for the pre-
sented study suggested that the steel in 1 M HCl in the absence
and presence of the studied inhibitors deviated from ideal capaci-
tive behavior. This deviation is generally attributed to roughness of
surface of the working electrode, which is caused by destructive
corrosion of the metallic surface. However, it can also be seen that
values of phase angle significantly increased in the presence of
inhibitors, which further suggests that surface smoothness has
been increased as a result of formation of protective film by inhibi-
tors [52,53,75].

The CPE can represent resistance, capacitance, inductance and
Warburg impedance depending on the value of n, such that is n = 0
(Y0 = R, resistance) n = 1 (Y0 = C, capacitance), n = 1 (Y0 = L,
inductance), and n = 0.5 (Y0 = W,Warburg impedance) respectively.
In the present study, the values of n were close to unity
(0.827–0.886), suggesting that the CPE behaves closely like a
capacitance. Double layer capacitance (Cdl) was evaluated for
mild steel/electrolyte interface in the absence and presence of
optimum concentration of the inhibitor molecules according to
the equation [3]:

Cdl ¼ Y0 ðxmaxÞn�1 ð12Þ
where, xmax is the frequency at which the imaginary part of impe-
dance has attained the maximum (rad s�1) value. Inhibition effi-
ciency was calculated using polarization resistance (Rp) rather
that charge transfer resistance (Rct), because Rp can be considered
as a sum of charge transfer resistance (Rct), accumulation resistance
(Ra), diffusion layer resistance (Rdl), film resistance (Rf) etc. [76–79].
The increased values of Rp indicated the adsorption of inhibitor
molecules on metallic surface, whereas decreased values of the Cdl
(Table 6) suggested increase in the thickness of the electric double
layer or decrease in value of dielectric constant or a combination of
both [54,55,77–79].
tration of AMPs.

p n Cdl g%

0.7 0.827 106.21 –
56.8 0.842 26.42 93.17
09.4 0.854 29.40 94.89
27.4 0.865 22.20 95.29
65.9 0.886 21.06 95.97



Fig. 6. SEM images of mild steel surfaces in 1 M HCl in the (a) absence of AMPs, and presence of optimum concentration of (b) AMP-1, (c) AMP-2, (d) AMP-3, and (e) AMP-4.
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Surface analyses

Scanning electron microscopy
In order to support the suggestions from weight loss and elec-

trochemical studies that AMPs inhibit mild steel corrosion in 1 M
HCl by adsorbing on metallic surface, scanning electron micro-
scopic (SEM) study was carried out to analyze the surface of the
steel immersed in 1 M HCl in the absence and presence of optimum
concentration of the inhibitors. Fig. 6 represents the SEM images
recorded for mild steel surface after immersion in the aggressive
acid solution which causes destructive attack on the metallic sur-
face in absence of the inhibitors (Fig. 6a). Mild steel surface was
seriously corroded in the acid solution without the inhibitor mole-
cules, leading to highly damaged surface characterized with moun-
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tain like appearances, pits and cracks as shown in Fig. 6a. This is
because the corrosion process was uninhibited and occurred at rel-
atively high rate.

However, in the presence of optimum concentration of AMPs
(Fig. 6b–e), the surface morphology of the specimens are relatively
smoother owing to the formation of protective film on the steel
surface by inhibitor molecules, perhaps through adsorption. Care-
ful inspection and qualitative interpretation of the SEM images in
presence of inhibitor molecules suggest that the order of surface
smoothness for the AMPs is in the order: AMP-1 < AMP-2 < AMP-
3 < AMP-4, which is in agreement with the order of inhibition effi-
ciency obtained from weight loss and electrochemical studies.
Atomic force microscopy
Additional proof of adsorption of inhibitor molecules on mild

steel surface was provided using AFMmachine. Just like in the case
of SEM, the analysis was performed for mild steel surface in 1 M
HCl in the absence and presence of optimum concentration of
AMPs. Three dimensional AFM micrographs obtained for inhibited
and uninhibited mild steel specimens are shown in Fig. 7. It can be
seen form Fig. 7a that the AFM micrograph of the steel surface in
Fig. 7. AFM images of mild steel surfaces in 1 M HCl in the (a) absence of AMPs, and pres
the absence of inhibitors showed highly damaged and corroded
surface, which is due to unhindered acid corrosion of the metallic
surface. The calculated average surface roughness for uninhibited
corroding specimen was 396 nm. However, the AFM images in
the presence of the inhibitors (Fig. 7b–e) showed significantly
reduced surface roughnesses; the surface is smoother, suggesting
a subdued corrosive attack. The calculated average surface rough-
ness values were 265, 184, 167, 139 nm for mild steel specimens in
1 M HCl in the presence of optimum concentration of AMP-1, AMP-
2, AMP-3 and AMP-4, respectively. Increased surface smoothness
in the presence of the inhibitors is attributed to the formation of
adsorbed protective film of the inhibitor molecules, which sepa-
rates the metal from aggressive acid solution, thereby inhibiting
mild steel corrosion.
Computational studies

Quantum chemical calculations
The optimized, HOMO and LUMO molecular structures of neu-

tral gas phase (AMPs-Gas), neutral solvated (AMPs-Sol) and proto-
nated (AMPs-H+) of AMP molecules are shown in Figs. 8 and 9.
ence of optimum concentration of (b) AMP-1, (c) AMP-2, (d) AMP-3, and (e) AMP-4.
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Obviously, organic compounds exist in their solvated phase in
aqueous acidic medium like 1 M HCl therefore the DFT study have
also been carried out in the solvation phase. More so, the heteroa-
toms such as N, S and O can also undergo protonation in highly
acidic medium of 1 M HCl therefore the DFT study has also been
carried out for the protonated form of the AMP molecules. The
most stable conformation for each AMP molecule corresponds to
the geometry that affords H-bonding between the H-atom of the
phenylamino moiety and the 6-carbonyl oxygen of the pyrim-
idinetrione. The most stable structures of the molecules are nearly
planar. This might contribute to good corrosion inhibition perfor-
mances, because high planarity has been reported to favor opti-
mum adsorption of inhibitor molecules on metallic surface [80–
82]. Electron density distributions of HOMO and LUMO are shown
in Fig. 9. Both the HOMO and LUMO electron densities are essen-
tially delocalized over the molecules such that nearly all the atoms
are involved. This suggests that a large fractions of the molecular
orbitals of AMPs can actively interact with metallic orbitals either
via electron donation to the appropriate orbitals of the metal or
electron acceptance from suitable occupied metallic orbitals.

The local sites of reactivity in AMP molecules were observed
using the Fukui indices. The electron density isosurfaces for nucle-
ophilic ðfþk Þ and electrophilic ðf�k Þ Fukui functions for neutral gas
phase form of AMP molecules are shown in Fig. 10. Atomic sites
with high values of fþk are said to be highly susceptible to nucle-
ophilic attacks, while those with substantial values of f�k are more
prominent to electrophilic attacks. A corroding mild steel surface
in acidic medium is bound to be positively charged, or sometimes
Fig. 8. Optimized, HOMO and LUMO frontier molecular orbital pictu
have a layer of negatively charged acid anions on the positively
charged surface [43]. The steel surface may therefore be either
nucleophilic or electrophilic, having affinity to interact with appro-
priate sites in the inhibitor molecule. As shown in Fig. 10, the O-
atoms of the tricarbonyl functional groups in pyrimidinetrione
exhibit propensities for both nucleophilic and electrophilic attacks,
having considerable electron densities for both fþk and f�k . The
methylene group adjoining phenylamino and pyrimidinetrione
moieties is a potential site for nucleophilic attack in all the AMPs.
The –NO2 substituent group in AMP-1 is also susceptible to nucle-
ophilic attack. The N-atoms of the pyrimidine ring are less disposed
to attacks by electron-rich specie. In all the AMP molecules, the N-
atom of phenylamino sub-structure is a prominent site for elec-
trophilic attacks. The –OH groups in AMP-3 and AMP-4 are also
predisposed to attacks by electron-deficient specie.

Values of some quantum chemical descriptors of the studied
AMP molecules for their neutral gas, neutral solvated and proto-
nated forms are listed in Table 7. The FMO energy parameters
are popularly used to describe the tendency of an inhibitor mole-
cule to donate or accept electrons in appropriate situations. A
molecule with higher value of EHOMO is generally considered to
have higher tendency to donate its HOMO electrons to suitable
vacant metallic orbitals. On the other hand, a molecule with lower
value of ELUMO is basically expected to display better penchant for
electron acceptance into its LUMO orbital from appropriate occu-
pied orbitals of the metal [42,43,80,81]. The trend of EHOMO values
for the AMPs is AMP-4 > AMP-3 > AMP-2 > AMP-1, which corre-
sponds to the order of observed inhibition efficiencies. The results
res of AMP molecules in neutral gas phase and solvated phase.



Fig. 9. Optimized, HOMO and LUMO frontier molecular orbital pictures of protonated form of AMP molecules.

Fig. 10. Nucleophilic (f+) and electrophilic (f�) Fukui indices of AMPs visualized at
0.003 electron density isosurface.
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of ELUMO and energy gap (DE) do not provide such direct correlation
with the experimental inhibition strengths.

A molecule with small value of v is considered to have rela-
tively weak tendency of retaining its own electrons during
donor–acceptor interactions. Such molecule has better tendency
of donating its electrons to a nearby electrophilic species. The
order of electronegativity of the studied molecules is AMP-4 <
AMP-3 < AMP-2 < AMP-1, which agrees with the experimentally
derived order of decreasing inhibition efficiencies of the molecules
(from AMP-4 to AMP-1). The magnitudes of DN in Table 7 suggest
that the inhibition efficiencies of AMPs increase with increasing
electron-donating ability [82] of the molecules. The decreasing
order of DN is AMP-4 > AMP-3 > AMP-2 > AMP-1, which is in
agreement with the trend of experimental inhibition efficiencies.
In other words, AMP-4 with highest fraction of electrons trans-
ferred to the metal has the highest corrosion inhibition potential.
Large dipole moment has been reported to favour high corrosion
inhibition efficiency by enhancing dipole–dipole interactions
between the inhibitor molecules and the metal surface [42,83].
The dipole moments of AMPs are in the order AMP-4 > AMP-3 >
AMP-2 > AMP-1, which again corroborates the observed trend of
experimental inhibition efficiencies. The DFT parameters derived
for solvated and protonated forms of AMP molecules are almost
constant with those derived for neural gas phase of the AMP mole-
cules. It is important to note that most of the DFT indices are con-
stant with the trend of experimental protection ability of AMP
molecules, however, some of the DFT indices showed irregular
trends. For solvated and protonated forms of AMP molecules, the
values of EHOMO are increasing on going AMP-1 to AMP-4 which
is according to the trend of observed inhibition efficiencies of these



Table 7
Selected quantum chemical parameters for AMP-1, AMP-2, AMP-3 and AMP-4 in their neutral gas phase (AMPs-Gas), aqueous phase (AMPs-Sol) and protonated forms (AMPs-H+).

Parameters?
Compounds;

EHOMO

(eV)
ELUMO

(eV)
DE
(eV)

v
(eV)

DN Dipole moment

AMP-1-Gas �7.183 �3.400 3.783 5.292 0.203 1.743
AMP-2-Gas �6.600 �2.450 4.151 4.525 0.001 5.293
AMP-3-Gas �6.296 �2.325 3.970 4.311 0.052 6.225
AMP-4-Gas �6.133 �2.082 4.051 4.108 0.101 7.567
AMP-1-Sol �6.387 �2.419 3.963 4.401 0.030 3.670
AMP-2-Sol �5.817 �1.523 4.293 3.670 0.198 3.016
AMP-3-Sol �5.368 �1.699 3.668 3.534 0.269 3.336
AMP-4-Sol �5.430 �1.456 3.973 3.442 0.271 2.815
AMP-1-H+ �6.030 �2.952 3.078 4.491 0.009 8.268
AMP-2-H+ �6.316 �1.363 4.953 3.839 0.137 7.799
AMP-3-H+ �4.548 �0.310 4.237 2.429 0.493 6.472
AMP-4-H+ �3.655 �0.461 3.193 2.058 0.771 6.532

Fig. 11. Equilibrium configurations of AMPs adsorbed on Fe(1 1 0) surface and the corresponding adsorption energies.
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inhibitor molecules. Although, the ELUMO values show irregular
trends, however the DE values for AMPs except at some selected
cases well established the experimental trend of observed inhibi-
tion efficiency. The values of electronegativities for tested organic
inhibitors molecules are accordance to the expectation particularly
for protonated form of AMP molecules. Similarly, as expected the
DN values are increasing from going AMP-1 to AMP-4. In summary,
it can be concluded that DFT parameters derived for neutral gas
phase, neutral solvated phase and protonated forms of AMP mole-
cules are well consistent with their order of experimental inhibi-
tion efficiencies.
Monte Carlo simulations
The equilibrium configurations of AMPs/Fe(1 1 0) are shown in

Fig. 11. The results revealed that the inhibitor molecules can
approach the steel surface in a flat orientation. The adsorption
energy (Eads) is a measure of the strength of interactions between
the adsorbate and adsorbent. The more negative the energy, the
stronger the adsorption. The order of the magnitudes of Eads values
for AMPs/Fe(1 1 0) (listed in Fig. 11) is AMP-4/Fe(1 1 0)>AMP-3/Fe
(1 1 0)>AMP-2/Fe(1 1 0)>AMP-1/Fe(1 1 0), which is in agreement
with the observed trend of inhibition efficiencies of the molecules.
Conclusions

Based on the results obtained from experimental and computa-
tional studies on the potentials of the newly synthesized 5-
arylaminomethylenepyrimidine 2, 4, 6-trione (AMPs) to inhibit
mild steel corrosion in 1 M HCl, it can be concluded that the com-
pounds act as efficient inhibitors for mild steel corrosion in 1 M
HCl medium. The inhibition efficiency increases with increasing
concentration of the inhibitors and the inhibitive strength follows
the order: AMP-4 > AMP-3 > AMP-2 > AMP-1. Adsorption of these
compounds on mild steel surface obeyed the Temkin adsorption
isotherm. Electrochemical impedance spectroscopic (EIS) measure-
ments revealed that the studied AMPs inhibit steel corrosion by
adsorbing on the metal/electrolyte interface. Potentiodynamic
polarization study revealed that studied compounds act as catho-
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dic type inhibitors. SEM and AFM results supported the formation
of protective film by inhibitors on the mild steel surface. Quantum
chemical calculations suggested that the inhibitive properties of
the molecules can be related to their relative ability to donate elec-
trons to metallic orbitals. The presence of electron donating sub-
stituent (–OH) in AMP-3 and AMP-4 therefore support their
higher inhibition efficiencies compared to the unsubstituted
AMP-2 and –NO2 (electron withdrawing) substituted AMP-1. The
predicted adsorption energies for the interactions of AMPs with
Fe(1 1 0) crystal surface also agreed with the experimentally
observed trend of inhibition potentials.
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