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Abstract 

The effect of three pyrimidine derivatives namely, 6-amino-3,4-dihydropryimidin-2(1H)-thione (Pyr-3) , ethyl (R)-2-

mercapto-4-methyl-6-phenyl-1,6-dihydropyrimidine-5-carboxylate (Pyr-7) and ethyl (R)-6-(4-chlorophenyl)-2-mercapto-4-

methyl-1,6- dihydropyrimidine-5-carboxylate (Pyr-9) on the corrosion of iron in 1.0 M HCl in absence and presence of 

various concentrations ranging from 10-3 to 10-7 M has been studied. Both electrochemical (potentiodynamic, electrochemical 

impedance spectroscopy and electrochemical frequency modulation) and computational studies (quantum chemical 

calculations and molecular dynamic simulations) have been used in this study. Electrochemical investigations show the 

effectiveness of the studied pyrimidine derivatives as corrosion inhibitors. The best inhibition efficiency reached 96% for Pyr-

9 at 10-3 M. The studied pyrimidine derivatives were of mixed type inhibitor. Equivalent circuit for the studied system was 

determined. The studied pyrimidine derivatives follow Langumir adsorption isotherm. Computational study confirms the 

experimental investigation. 

Keywords: Acid Corrosion Inhibition; EFM; EIS; Equivalent Circuit; Monte Carlo simulation.  

1. Introduction 

Using inhibitors is one of the most effective 

methods of combat corrosion [1]. Acid solutions have 

wide application in industry such as acid cleaning, 

acid descaling and acid pickling [2]. Acid corrosion 

inhibitors are generally contains heteroatoms as 

sulphur, oxygen and nitrogen to achieve high 

inhibition efficiency [3, 4]. There are several studies 

on the corrosion inhibition of iron and its alloys in 

acid media using organic inhibitors [5-7]. Pyrimidine 

is a heterocyclic aromatic organic compound similar 

to benzene and pyridine, containing two nitrogen 

atoms at positions 1 and 3 of the six-member ring [8]. 

Studies on pyrimidine are limited in spite of their 

ease of availability and corrosion inhibition 

properties. Analgesics, antipyretics, antihypertensive, 

anti-inflammatory medicines, poisons, herbicides, 

plant growth regulators, and herbal calcium channel 

modulators are only a few of the many uses for them 

in the pharmaceutical industry [9, 10]. 

Several investigations have been made on using 

pyrimidine derivatives as promising corrosion 

inhibitor candidates [6, 11, 12].  The inhibition 

achieved by pyrimidine derivatives have been 

explained on the basis of molecular adsorption by 

controlling anodic as well as cathodic sites of the iron 

surface[13]. Several electrochemical techniques have 

been used to investigate the adsorption of pyrimidine 

derivatives on metal surface include potentiodynamic 

polarization as well as electrochemical impedance 

spectroscopy, EIS [14].  

 Computational investigations conducted on 

corrosion inhibition of iron in acid media using 

pyrimidine derivatives used quantum chemical 

calculations [6] .Theoretical investigations shows the 

role of frontier molecular orbitals in understanding 

the inhibition mechanism [15] .The aim of this study 

is to expand the knowledge about three new 

pyrimidine derivatives candidates, namely, 6-amino-

3,4-dihydropryimidin-2(1H)-thione (Pyr-3) , ethyl 

(R)-2-mercapto-4-methyl-6-phenyl-1,6-

dihydropyrimidine-5-carboxylate (Pyr-7) and ethyl 

(R)-6-(4-chlorophenyl)-2-mercapto-4-methyl-1,6- 

dihydropyrimidine-5-carboxylate (Pyr-9) using , in 

addition to potentiodynamic polarization and 

electrochemical impedance spectroscopy , the new 

electrochemical frequency modulation technique, 

EFM. Also, the objective of this study is to 
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investigate the adsorption of pyrimidine derivatives 

candidates on the iron surface using molecular 

dynamic simulations. 

  

 

 

Fig.1. Chemical structures of the studied compound 

 

2. Experimental 

The pyrimidine derivatives investigated as 

possible corrosion inhibitors in hydrochloric acid are 

presented in figure 1. All pyrimidine derivatives 
namely, 6-amino-3,4-dihydropryimidin-2(1H)-thione 

(Pyr-3) , ethyl (R)-2-mercapto-4-methyl-6-phenyl-

1,6-dihydropyrimidine-5-carboxylate (Pyr-7) and 

ethyl (R)-6-(4-chlorophenyl)-2-mercapto-4-methyl-

1,6- dihydropyrimidine-5-carboxylate (Pyr-9) were 

prepared as described elsewhere [16-18] .The 

corrosive solution (1.0 M HCl) was prepared by 

dilution of analytical grade 37 % HCl solution with 

double-distilled water. Prior to each experiment 

cylindrical rods of iron (Puratronic 99.999%) were 

mounted in Teflon and filled with epoxy. The 

electrode with surface area (0.28 cm2) was polished 

with emery papers with different grit size up to 4/0, 

washed thoroughly with double-distilled water, 

degreased with acetone and drying at room 

temperature, 25 ±1°C. A typical three electrode cell 

consisted of the iron sample as working electrode, 

platinum mesh as counter electrode, and a saturated 

calomel electrode as the reference electrode. The 

working electrode potential was stabilized by 

immersing the electrode for an hour prior to each 

measurement. Measurements were performed using 

Gamry 3000 controlled by Gamry framework and 

Echem Analyst version 6.33. Potentiodynamic 

polarization curves were recorded by changing the 

electrode potential (-500 to +500 mVSCE) at open 

circuit potential with scan rate of 0.005 V s-1. The 

frequency range of the impedance measurements 

were from 100 kHz to 20. mHz with an amplitude of 

±10 mV peak-to-peak using ac signals at open circuit 

potential. Electrochemical frequency modulation, 

EFM, was conducted using 2 Hz and 5 Hz 

frequencies. One Hz was the base frequency, so the 

waveform repeats after 1s. 

3. Computational details 

The molecular dynamics module in Materials 

Studio 7.0 software from BIOVIA [19] has been used 

to study the adsorption of pyrimidine derivatives 

candidates on the iron surface. The Metropolis Monte 

Carlo method [20] included in Adsorption Locator 

module [21, 22] is used to calculate the low energy 

configuration of the three inhibitor candidates Pyr-3, 

Pyr-7, and Pyr-9 on the iron surface. The molecular 

dynamics simulations procedures have been 

described elsewhere [23, 24]. 
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Fig.2. Nyquist plots, Bode plots and equivalent circuit for the studied Iron/Pyrimidine system in 1.0 M HCl at 25 ±1°C 

 

4. Results and discussions 

4.1 Electrochemical Impedance Spectroscopy (EIS) 

The Nyquist plots for the iron in 1.0 M HCl 

was characterized by one semi-circular but 

pyrimidine derivatives inhibited solutions were 

characterized by two semi-circulars capacitive loops. 

Figure 2 shows Nyquist plots, which are depressed 

semi-circular curves with their centers under the real 

axis. Impurities on the electrode surface, electrode 

surface roughness and inhomogeneity, and inhibitor 

adsorption on the electrode surface all contribute to 

the imperfection in the semi-circular capacitive arc 

[25]. The diameter of the Nyquist plots for the 

inhibited solutions was clearly greater than the blank 

solution, and this diameter increased with increasing 

inhibitor concentration, peaking at 10-3M.  It ensures 

that the corrosion is mediated by the pyrimidine 

derivatives (Pyrs) molecules adsorbing on the iron 

surface, forming a protective layer against the 

electrolyte corrosive species and thereby increasing 

the iron resistance to electrochemical corrosion [25, 

26]. Pyrimidine derivatives molecules adsorbed on 

the iron surface through the formation of a coordinate 

covalent bond between the iron surface and the 

heteroatoms of pyrimidine derivatives molecules, 

forming a metal/pyrimidine derivatives complex film 

on the iron surface that effectively blocks acid attack. 

The impedance plots for the inhibited solutions are 

identical, indicating that the inhibitor reduces metal 

corrosion without altering the mechanism of 

corrosion [27].The parameters from electrochemical 

impedance such as polarization resistance (Rp), 

heterogeneity (n), constant phase element (CPE) and 

solution resistance (Rs) were calculated by fitting the 

impedance spectra to the corresponding equivalent 

circuit model shown in figure 2 and are presented in 

Table 1. The inhibition efficiency, Ei% of Pyr-3, Pyr-

7 and Pyr-9 for the iron electrode can be calculated 

from the polarization resistance, Rp as follow: [28] 

p

i

p

% (1 ) 100

oR
E

R
     (1) 

Where 
p

oR and 
pR are the polarization resistances in 

absence and presence of pyrimidine derivatives, 

respectively. 

 

 The two semi-circular capacitive corresponding to 

two time constants at high and low frequency regions 

in the Bode plots; where the time constant at the high 

frequency region represent a defective/porous 

protective pyrimidine derivatives film on the iron 

surface (Rp // CPE1) while the time constant (R′
p// 

CPE2) at the low frequency region represents the 

formation of a double layer at the metal/electrolyte 

interface [25]. Addition of Pyr-3, Pyr-7 and Pyr-9 

increases the values of Rp and R′
p and this effect is 

seen to be increased as the concentrations of Pyr-3, 

Pyr-7 and Pyr-9 increase [29]. This is due to the 

formation of pyrimidine derivatives protective film 

on the iron surface, which blocks the iron surface 

from attack by the electrolyte corrosive species, 

thereby protecting the surface from further charge 

and mass transfer. The constant phase elements 

(CPEs) with their n values 1 0n    represent 

double layer capacitors with some pores [30]. 

Furthermore, the inhibited solutions had a higher 

value of solution resistance (Rs) than the blank 

solution, indicating that the inhibited solutions had 

less current flow and therefore had a lower corrosion 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TX4-4SY6Y82-1&_mathId=mml8&_user=5413195&_cdi=5580&_pii=S0254058408002885&_rdoc=13&_ArticleListID=1254550217&_issn=02540584&_acct=C000067180&_version=1&_userid=5413195&md5=c71193184b560dda1713b9af272eb3d2
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TX4-4SY6Y82-1&_mathId=mml8&_user=5413195&_cdi=5580&_pii=S0254058408002885&_rdoc=13&_ArticleListID=1254550217&_issn=02540584&_acct=C000067180&_version=1&_userid=5413195&md5=c71193184b560dda1713b9af272eb3d2
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rate. The inhibition efficiency reaches a maximum 

value of 96% at 10−3 M for Pyr-9. The Pyr-9 

compound is more adsorbent than all other 

compounds. The Bode diagrams of iron electrode in 

1.0 M HCl in the absence and in the presence of the 

Pyr-3, Pyr-7 and Pyr-9 at various concentrations are 

shown in figure 2. As can be seen, it is clear that the 

phase angles are increased with increasing of the Pyr-

3, Pyr-7 and Pyr-9 concentrations. This increase in 

phase angles confirms higher protection by increasing 

the concentration of Pyr-3, Pyr-7 and Pyr-9 [31]. 

From the bode diagrams we have noticed that there 

are three frequency domains: low, high and middle of 

the road frequencies. At low frequencies there is a 

rise in absolute values of impedance that approve the 

greatest inhibition as the concentration of pyrimidine 

derivatives increases [32]. However at high 

frequency, the values absolute impedance and the 

phase shift are diminished (close to zero) which 

represent the solution resistance of the studied iron 

electrode. At the middle frequency region a linear 

relationship between log |Z| and frequency with a 

negative slope close to unity and the phase angle is 

close to 66° has been observed [32]. This shows that 

the capacitive behavior at intermediate frequencies. 

Table.1. Electrochemical parameters obtained from EIS for Iron in 1M HCl without and with various concentrations 

of Pyr-3, Pyr-7 and Pyr-9 at 25±1 oC. 

 

In
h

ib
it

o
r
s 

Conc. M 
s

2

R /

Ωcm
 

p

2

R /

Ωcm

 
1

1

1 -2

CPE

cm s
n

106 

1n  
p

2

R '/

Ωcm

 
2

2

1 -2

CPE

cm s
n

106 
2n  Ei% 

P
y

r
-3

 

Blank 1.1 189.8 165.5 0.80 - - - - 

10-7 5.50 260 50001 0.08 144 1505 0.82 53.0 

10-6 5.77 287 55018 0.43 155 15015 0.77 57.0 

10-5 7.29 314 5.05 0.44 214 150. 0.09 64.0 

10-4 12.23 420 .101 0.28 235 29.0 0.79 71.0 

10-3 12.17 440 5.08  0.12 264 5105  0.80 73.0 

P
y

r
-7

 

10-7 5.92 466 .50. 0.24 128 5501 0.83 68.0 

10-6 7.38 506 .501  0.39 198 5005 0.78 73.0 

10-5 12.83 947 1101  0.12 241 5105 0.79 84.0 

10-4 16.25 1153 5805  0.05 309 55051 0.80 87.0 

10-3 20.77 1500 5501  0.10 400 80.. 0.79 90.0 

P
y

r
-9

 

10-7 12.02 610 1.01  0.61 182 51055 0.80 76.0 

10-6 13.25 728 1005  0.53 222 55085 0.80 80.0 

10-5 21.39 1050 .505   0.51 677 8050 0.78 89.0 

10-4 32.54 2000 5805  0.43 714 .01 0.82 93.0 

10-3 54.24 3975 505  0.54 775 505. 0.87 96.0 

 

 

4.2 Electrochemical frequency modulation (EFM) 

Electrochemical frequency modulation, EFM is a 

very powerful tool to determine the corrosion current 

without the need of knowledge of tafel slopes values. 

EFM is similar to impedance that both use small ac 

signal, but differ from EIS that, two sine waves (at 

different frequencies) are applied to the cell 

instantaneously. As the applied current is a non-linear 

function of potential, the corrosion system replies in a 

non-linear way to the applied wave. The response to 

the excitation wave (the current response) has in 

addition to the input frequencies, it also, has 

frequency components that are addition, difference 

and multiplies of the two input frequencies [33]. An 

internal check for the validity of the EFM data is the 

causality factors [33, 34]. The intermodulation EFM 

spectra of the iron electrode immersed in 1.0 M HCl 

in the absence and in the presence of the different 

concentrations of Pyr-3, Pyr-7 and Pyr-9 depicted in 

figure 3.  
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Fig.3.Intermodulation spectrum for Iron in 1.0 M HCl without and with 10-3 M of Pyrs at 25 ±1C (representative 

examples) 

The electrochemical kinetic data calculated from the 

EFM spectra are given as follows: [35, 36] 

 

2

3 248 2
corr

i
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i i i
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i i i i
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c
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 (4) 

Causality factor (2) = 
2.0

1
2ω

i

1
ω

2
ωi


 (5) 

Causality factor (3) =
3.0

1
3ω

i

1
ω

2
2ω

i


 (6) 

where i is the instantaneous current density at the 

working electrode measured at frequency ω and U0 is 

the amplitude of the sine wave distortion. The 

inhibition efficiency, E𝐸𝐹𝑀%, of Pyr-3, Pyr-7 and Pyr-

9 were calculated at different concentrations using 

equation presented below:[20] 

% (1 ) 100corr
EFM o

corr

i
E

i
     (7) 

Where o

corri  and 
corri  are corrosion current density in 

the absence and presence of Pyr-3, Pyr-7 and Pyr-9, 

respectively. The determined electrochemical 

parameters ( corri , ba, bc, CF-2, CF-3 andE𝐸𝐹𝑀%) are 

shown in table 2. As can be seen from table 2, the 

corrosion current densities decrease with increase in 

Pyr-3, Pyr-7 and Pyr-9 concentrations.  

 

The goodness of the EFM data is appeared from the 

acceptable values of the CF-2 and CF-3 which are 

close to 2.0 and 3.0, respectively. The values of the 

causality factors in the current study confirm the 

casual relation between the disturbance signal and the 

response signal [37]. In table 2, addition of increasing 

concentration of Pyr-3, Pyr-7 and Pyr-9  to 1.0 M 

HCl solutions decreases the corrosion current density 

( corri ), indicating that Pyr-3, Pyr-7 and Pyr-9 inhibits 

the iron corrosion in 1.0 M HCl solutions through 

adsorption. The calculated inhibition efficiency 

E𝐸𝐹𝑀% increases with increasing of Pyr-3, Pyr-7 and 

Pyr-9 concentrations. The presence of Pyr-3, Pyr-7 

and Pyr-9 decreases the corrosion current density at 

any given concentration indicating inhibition of the 

corrosion process. The inhibition function of these 

compounds is attributed to their adsorption on the 

surface of the iron electrode. The Tafel constants ba 

and bc do not change significantly with increasing the 

concentration of the Pyr-3, Pyr-7 and Pyr-9 

confirming the assumption that these inhibitors do 

not change the mechanism of the corrosion reactions. 

4.3 Potentiodynamic polarization measurements 

 

Figure 4 shows the effect of Pyr-3, Pyr-7 and 

Pyr-9 on the polarization curves for iron rod 

immersed hydrochloric acid at 25C ±1. Addition of 

Pyr-3, Pyr-7 and Pyr-9 move the cathodic Tafel lines 

to lower values of corrosion current densities that 

decreases corrosion rate, however, they move the 
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anodic tafel line to lower values that easily retard the corrosion process. 

Table.2. Electrochemical kinetic parameters obtained by EFM technique for Iron in 1M HCl with various 

concentrations of Pyr-3, Pyr-7 and Pyr-9 at 25±1 oC. 

 

In
h

ib
it

o
r
s Conc. icorr ba bc C.R 

EEFM % CF-2 CF-3 
M μA.cm-2 mV.dec-1 mV.dec-1 mpy 

blank 177.8  89.0 278.4  81.25  
 

1.97 1.02 
P

y
r
-3

 

10-7 71.09 96.0 127.2 32.49 60.01 1.98 2.92 

10-6 65.79 157.0 253.8 30.06 62.99 1.93 3.24 

10-5 55.12 123.0 239.9 25.19 68.99 1.94 3.12 

10-4 44.44 135.50 282.1 20.31 75.00 1.98 3.11 

10-3 37.34 105.10 254.2 17.06 78.99 1.95 3.04 

P
y

r
-7

 

10-7 47.96 97.09 106.4 21.91 73.00 1.45 1.36 

10-6 42.66 128.6 236.1 19.49 76.00 1.99 3.01 

10-5 21.34 114.3 230.5 9.75 87.99 1.98 1.66 

10-4 15.98 96.96 240.9 7.30 91.00 1.96 2.65 

10-3 12.47 95.80 220.7 5.69 92.90 1.93 2.19 

P
y

r
-9

 

10-7 37.34 109.4 152.2 17.06 78.99 1.99 3.11 

10-6 30.22 154.5 283.6 13.81 83.00 1.98 1.90 

10-5 12.50 117.9 265.8 5.71 92.90 2.03 2.07 

10-4 7.16 135.9 321.3 3.27 95.90 1.97 2.87 

10-3 5.29 124.2 262.8 2.42 97.00 1.96 1.25 

 

Figure 4 indicates that the hydrogen evolution 

reaction (cathodic reaction) is under activation 

control. Furthermore, the mechanism of the cathodic 

reaction does not affect much by the presence of Pyr-

3, Pyr-7 and Pyr-9, this attributed to the nearly 

parallel cathodic tafel lines [38]. 

 

Fig.4.Anodic and cathodic potentiodynamic polarization curves for iron in 1.0 M HCl without and with different 

concentrations of pyrimidine derivatives at 25 ±1C 

 

Table 3 shows the electrochemical parameters 

extracted from potentiodynamic polarization curves 

in figure 4. Protection efficiency (μ %), Corrosion 

current densities (𝑖𝑐𝑜𝑟𝑟), cathodic Tafel slope (βc), 

anodic Tafel slope ( βa) and corrosion potential 

(Ecorr), are presented in table 3 as functions of Pyr-3, 

Pyr-7 and Pyr-9 concentrations. The protection 

efficiency (  μ %) at various concentrations was 

calculated from the equation: [7] 

μ% = (1 −
𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
° ) × 100 (8) 

where 𝑖𝑐𝑜𝑟𝑟  and 𝑖𝑐𝑜𝑟𝑟
°  are corrosion current densities 

for iron in presence and absence of Pyr-3, Pyr-7 and 

Pyr-9.Corrosion current density in the presence of 

Pyr-3, Pyr-7 and Pyr-9, (𝑖𝑐𝑜𝑟𝑟) decreases as the 

concentration of the inhibitors increase. Protection 

efficiency,  (μ %) increases with the increase in the 

Pyr-3, Pyr-7 and Pyr-9 concentration. The increase in 

the protection efficiency (μ %) is attributed to the 

adsorption of Pyr-3, Pyr-7 and Pyr-9 molecules on 

iron /HCl interface. The maximum decrease in (𝑖𝑐𝑜𝑟𝑟) 

value was (4.01 µA cm-2) with inhibition efficiency 

(μ %) (95.03) at concentration 10-3M of the 

synthesized Pyr-9.Corrosion potential (Ecorr) Values 

in the presence of Pyr-3, Pyr-7 and Pyr-9 has definite 

trend, at high inhibitor concentrations it shifts to 

positive direction. These observations propose that 

the studied Pyr-3, Pyr-7 and Pyr-9 can be described 

as of mixed-type with mainly anodic process [39]. 
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Table .3. Electrochemical kinetic parameters obtained by Potentiodynamic polarization technique for Iron  

in 1.0M HCl without and with various concentrations of Pyr-3, Pyr-7 and Pyr-9 at 25 ±1C. 

 

μ % 
C.R 

mpy 

bc 

V.dec-1 

ba 

V.dec-1 
-Ecorr mv icorr μA.cm-2 Conc.M 

In
h

ib
it

o
r
s 

- 37.18 174.1 92.60 500 81.40 Blank 

51.10 18.19 339.9 272.2 518 39.80 10-7 

P
Y

R
-3

 

55.03 16.71 312.4 275.4 516 36.60 10-6 

62.03 14.11 207.5 188.7 516 30.90 10-5 

68.05 11.86 210.6 193.2 515 26.00 10-4 

71.00 10.77 209.2 181.6 512 23.60 10-3 

66.95 12.30 207.0 123.5 526 26.90 10-7 

P
Y

R
-7

 

71.49 10.61 167.9 147.3 525 23.20 10-6 

81.08 7.02 166.2 140.7 520 15.40 10-5 

85.01 5.58 189.0 138.2 518 12.20 10-4 

88.07 4.43 208.1 136.4 519 9.71 10-3 

75.06 9.27 160.5 182.9 540 20.30 10-7 

P
Y

R
-9

 

78.99 7.83 210.4 151.9 535 17.10 10-6 

88.08 4.43 171.9 141.4 530 9.70 10-5 

89.96 3.73 198.6 130.1 527 8.10 10-4 

95.03 1.84 196.7 151.4 518 4.01 10-3 

 

4.4 Quantum chemical studies 

Quantum chemical descriptors were calculated 

in table 4 to explain the electronic properties of Pyr-

3, Pyr-7, and Pyr-9. The calculated HOMO and 

LUMO plots for Pyr-3, Pyr-7, and Pyr-9 are shown in 

figure 5. 

 
Fig. 5. HOMO and LUMO distributions for inhibitors 

Pyr-3, Pyr-7and Pyr-9. 

While only the calculated higher occupied molecular 

orbital , HOMO and lower unoccupied molecular 

orbital, LUMO and the difference between them, ΔE 

gap (ΔE =ELUMO-EHOMO) are shown in Table 4 for 

shortness, several quantum chemical parameters are 

included in table 4, for more additional molecular 

information. In the molecular orbital theory, 

HOMO/LUMO orbital, is a measure of the tendency 

of the molecule to donate /receive electrons. High 

HOMO values displays a higher tendency of the 

molecule to donate electrons that mean stronger 

adsorption on the metal surface and high inhibition 

efficiency [40, 41]. On the other side, a lower LUMO 

values displays that the molecule can receive 

electrons easily from the metal surface that mean 

better adsorption. Moreover, ΔE gap measures the 

reactivity of the molecule to be adsorbed on the iron 

surface [42]. Usually, as ΔE gap decreases the 

reactivity of the molecule increases that enhance 

inhibition efficiency of the inhibitor [40]. The values 

of our calculated HOMO, LUMO and LUMO- 

HOMO gaps, as introduced in Table 4, give that the 

order of inhibition efficiency is Pyr-9 > Pyr-7  > Pyr-

3 in identical with the practical results . The HOMO 

values for all the three molecules are close to one 

another, the LUMO for Pyr-3 is higher compared to 

Pyr-7and Pyr-9. 

Moreover, EHOMO and ELUMO are correlated to 

the ionization potential (I) and the electron affinity 

(Y), respectively, are calculated from the following 

equations:[7]  

𝐼 = −𝐸𝐻𝑂𝑀𝑂                     (9) 

𝑌 = −𝐸𝐿𝑈𝑀𝑂                     (10) 

 Then absolute electronegativity (), global hardness 

(ψ) and global softness (S) of the inhibitor molecule 

are calculated from the following equations: [7] 

 =
𝐼+𝑌

2
   (11) 

𝜓 =
𝐼−𝑌

2
   (12) 

𝑆 =
1

𝜓
   (13) 
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The number of electrons transported from inhibitor to 

metal surface (ΔN) is calculated depending on the 

quantum chemical method. 

∆𝑁 =
Fe−inh

2(𝜓Fe+𝜓inh)
  (14) 

For pure iron, the theoretical values of Fe and ψFe are 

7 eV and 0 eV, respectively [43, 44]. 

The values of, ψ, s and ΔN are also listed in table 4.  

Table. 4. Different quantum chemistry descriptors of Pyr-3, Pyr-7and Pyr-9. 

𝑵 
s 

eV-1 

ψ 

eV 

 

 

eV 

ΔE 

eV 

ELUMO 

eV 

EHOMO 

eV 
Inhibitors 

0.905 0.48 2.0 3.38 4.14 -1.31 -5.45 Pyr-3 

1.075 0.68 1.46 3.86 2. 93 -2.40 -5.33 Pyr-7 

1.203 0.76 1.30 3.87 2.61 -2.57 -5.18 Pyr-9 

 

According to literature [45], the parameter of  is 

linked to the chemical potential, and higher 

estimation of  implies better inhibitive performance. 

On the other hand, lower ψ implies more 

polarizability and bigger inhibition efficiency. The 

parameter of S is inverse ψ, thus great value of S lead 

to more efficiency. ΔN value less than 3.6 this 

indicates that the inhibitor molecules have strong 

tendency to give electron to the vacant d-orbital of 

iron  [46].  As can be seen the inhibitive action of 

Pyr-9 is higher than both Pyr-7 and Pyr-3 due to 

higher values of and s and lower values of ψ and 

E. 

Table. 5. Calculated Fukui functions for the studied neutral inhibitor molecules. 

Atoms 

Pyr-3 

Atoms 

Pyr-7 

Atoms 

Pyr-9 

𝒇𝒌
+ 𝒇𝒌

− ∆𝒇𝒌 𝒇𝒌
+ 𝒇𝒌

− ∆𝒇𝒌 𝒇𝒌
+ 𝒇𝒌

− ∆𝒇𝒌 

C1 0.064 0.094 -0.03 C1 0.012 0.005 0.007   C1 0.013 0.011 0.002 

C2 0.065 -0.016 0.081 C2 -0.011 -0.009 -0.002 C2 -0.005 -0.008 0.003 

N3 0.011 0.013 -0.002 C3 -0.012 -0.004 -0.008 C3 -0.009 -0.005 -0.004 

C4 0.083 0.023 0.060 C4 0.017 -0.006 0.023 C4 0.012 0.001 0.011 

N5 0.046 0.007 0.039 C5 0.004 0.006 -0.002 C5 0.011 0.008 0.003 

C6 -0.037 -0.026 -0.011 C6 0.018 0.011 0.007 C6 0.012 0.003 0.009 

S7 0.326 0.476 -0.15 C7 -0.014 -0.029 0.015 C7 -0.009 -0.029 0.02 

N9 0.018 0.039 -0.021 C8 0.038 0.104 -0.066 C8 0.038 0.100 -0.062 

 

C9 0.070 0.022 0.048 C9 0.070 0.023 0.047 

N10 0.034 0.099 -0.065 N10 0.043 0.086 -0.043 

C11 0.060 0.003 0.057 C11 0.048 0.006 0.042 

N12 0.032 0.052 -0.02 N12 0.025 0.056 -0.031 

S13 0.140 0.139 0.001 S13 0.131 0.144 -0.013 

C14 -0.022 -0.013 -0.009 C14 -0.021 -0.013 -0.008 

C15 0.054 0.029 0.025 C15 0.048 0.030 0.018 

O16 0.072 0.077 -0.005 O16 0.069 0.075 -0.006 

O17 0.021 0.016 0.005 O17 0.014 0.019 -0.005 

C18 -0.023 -0.021 -0.002 C18 0.075 0.068 0.007 

C19 -0.007 -0.011 0.004 C19 -0.022 -0.021 -0.001 

 C20 -0.012 -0.008 -0.004 
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Fukui indices offer wealth of data about the 

nucleophilic and electrophilic practices just as the 

reactive areas of molecules. When the Fukui function 

is bigger the molecule areas are chemically softer. 

The Fukui function 𝑓(𝑟) is the first derived of the 

electronic density 𝑝(𝑟) as for the number of electrons 

N, in a constant external potential 𝑣(𝑟)and composed 

as follows: [41] 

𝑓(𝑟) = (
𝜕𝑝(𝑟)

𝜕𝑁
)

𝑣(𝑟)
   (15) 

The nucleophilic attack Fukui function (𝑓𝑘
+) and 

electrophilic attack Fukui function (𝑓𝑘
−) can be 

calculated as [47, 48]. 

fk
+ = qi(N + 1) − qi(N)                 (16)    

fk
− = qi(N) − qi(N − 1) (17) 

Milliken atomic charge has been taken into account 

for this calculation [47, 48], where qi(N + 1), qi(N), 

qi(N − 1) are charge values of atom i for cation, 

neutral and anion, respectively. The N represents the 

number of electrons in the studied molecule, adding 

an electron to the LUMO of the neutral molecule 

gives N+1 (anion) and removing an electron from the 

neutral molecule gives N–1(cation). The favored 

place for nucleophilic attack is the atom (or region) in 

the molecule where 𝑓𝑘
+ has the highest value while 

the place for electrophilic attack is the atom (or 

region) in the molecule where the value of 𝑓𝑘
−is the 

highest [49] Morell et al. [50, 51] have recently 

suggested  a dual  descriptor ∆𝑓𝑘,which is determined 

as the difference between the nucleophilic and 

electrophilic Fukui functions and is given by 

∆𝑓𝑘 = 𝑓𝑘
+ - 𝑓𝑘

−   (18) 

When ∆𝑓𝑘 0, then the site is favored for a 

nucleophilic attack, whereas if ∆𝑓𝑘 0, then the site 

may be favored for an electrophilic attack [49]. The 

calculated Fukui function for the atoms compounds 

studied without hydrogen atoms ,are presented in 

table 5. The favored site for electrophilic attack 

(shown by the highest value of 𝑓𝑘
−and the more 

negative value of ∆𝑓𝑘would first occur at C1, S7 and 

N9 in Pyr-3, at C8, N10 a, N12 and O16 in Pyr-7, at 

C8, N10, N12, S13, and O16 in Pyr-9. The favored 

site for nucleophilic attack (shown by the highest  

value of 𝑓𝑘
+and ∆𝑓𝑘would first occur at C2, and C4 in 

Pyr-3, at C9, C11 and C15 in Pyr-7, at C9, C11 and 

C15in Pyr-9.  

 
 

Fig. 6. Most suitable configuration for adsorption of 

Pyr-3, Pyr-7 and Pyr-9 on Fe (111) substrate obtained 

by adsorption locator module. 

 

 

 
Fig. 7. The adsorption density of Pyr-3, Pyr-7 and Pyr-9 on the Iron surface substrate. 
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4.5 Molecular dynamic simulations 

The Monte Carlo simulation (MD) method in 

adsorption studies makes an ensemble by suggesting 

a chain of configurations for the system under 

investigation [20]. It used to find centers of 

adsorption which have lowest energy on iron surfaces 

[52]. In this study, molecular dynamics techniques 

are applied on a system comprising pyrimidine 

derivative and iron surface. Pyrimidine derivatives 

are relaxed on Fe surface, optimized and then (MD) 

performed, figure 6 and figure 8 show that the 

pyrimidine derivatives are adsorbed on iron surface 

and form a stable adsorption layer inhibit iron 

corrosion. Figure 7 shows the adsorption density of 

pyrimidine derivatives on the Fe surface.  

Table .6. Output and descriptors calculated Monte Carlo simulation of Pyr-9, Pyr-7, and Pyr-3 

confirmations on iron (111) surface. 

 

dEads/dNi 
Deformation 

energy 

Rigid 

adsorption 

energy 

Adsorption 

energy 

Total 

energy 

Inhibitors 

 

-127.25 11.95 -139.20 -127.25 -231.37 Pyr-9 

-121.68 5.85 -127.53 -121.68 -225.74 Pyr-7 

-64.51 1.47 -65.99 -64.51 -224.76 PYr-3 

Parameters presented in table 6 show the calculated 

descriptors by the Monte Carlo simulation. These 

contain first total energy of the pyrimidine 

derivatives /iron surface and defined as the sum of 

the energies of the adsorbate pyrimidine derivatives, 

second, the rigid adsorption energy and third, the 

deformation energy. Adsorption energy expresses 

energy released (or required) when the relaxed 

pyrimidine derivatives are adsorbed on the iron 

surface [32]. The adsorption energy for the adsorbed 

inhibitor molecules is described as the sum of both 

the rigid adsorption energy and the deformation 

energy for theses inhibitor molecules. Rigid 

adsorption energy reveals the energy released (or 

required) when the unrelaxed pyrimidine derivatives 

are adsorbed. Deformation energy reports the energy 

released when the pyrimidine derivatives are relaxed 

on surface [32]. (dEads/dNi), presented in table 6 

reports the energy of iron/ pyrimidine derivatives 

configurations where one of the pyrimidine 

derivatives has been removed. Adsorption energy of 

the pyrimidine derivatives on iron surface are 

investigated and presented in Table 6 and Figure 8. 

The large negative value for adsorption energies in 

table 6 suggests that the inhibitor molecule strongly 

adsorbs onto the Fe (111) surface [53, 54]. The 

adsorption energy of pyrimidine derivatives on iron 

surfaces, Table 6, confirmed the adsorption of Pyr-9 

stronger than the other pyrimidine derivatives. Table 

6 shows that Pyr-9 possesses the highest adsorption 

energy on Fe (111) surface, suggesting that Pyr-9 is 

the best inhibitor among the examined candidates. 

High values of adsorption energy support the 

experimental result.  

Fig.8. Adsorption energy distribution of the adsorbate 

Pyr-3, Pyr-7 and Pyr-9 on Iron surface. 

Moreover, the radial distribution function (RDF) 

(or pair correlation function) g (r) can be calculated 

after this analysis, figure 9. 

Fig.9. Radial distribution function of the Pyr-3, Pyr-7 and Pyr-9 on the Fe (111) surface in solution. 
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The RDF is utilized as an appropriate method 

to estimate the length of the link. The peak arises 

from 1 Å up to 3.5 Å; it is a sign of the length of 

small bonds, which is associated with chemisorption 

figure 9. While physisorption are associated with 

peaks greater than 3.5 Å. Moreover, the RDF of Pyr-

3, Pyr-7and Pyr-9 atoms displays that the bond length 

of iron is less than 3.5 Å the inhibitors is 

chemisorbed on Fe surface (figure 9) [55, 56]. 

4.6 Adsorption isotherm 

The adsorption isotherms are utilized to 

describe the interaction of inhibitor particles with 

metal surfaces [57]. According to this isotherm, θ is 

related to the inhibitor concentration by the following 

equation. 
𝐶

𝜃
=  

1

𝐾𝑎𝑑𝑠
+ 𝐶  (19) 

Where θ is the surface coverage, C is the 

concentration, Kadsis the equilibrium constant of 

adsorption process.  Kads is connected to the standard 

Gibbs free energy of adsorption ∆𝐺𝑎𝑑𝑠
°  by the 

equation (20 ). The information was acquired from 

figure 10. The intercept of the lines in these produced 

 Kads in M-1, and the corresponding standard Gibbs 

free energy of adsorption in (kJ mol−1) was then 

determined from equation (20). 

   

∆Gads
° = −RTln(55.5Kads)         (20)         

where R in (J mol−1 K−1) is the gas constant, T (K) is 

the temperature, and 55.5 denotes the concentration 

of water in molL−1 
 

Table .7. Inhibitor binding constant ( Kads), Free 

energy of adsorption (∆𝐺𝑎𝑑𝑠
° kJ/mol), for Pyr-3, Pyr-

7and Pyr-9 in in 1M HCl at 25±1oC, using 

potentiodynamic polarization measurements. 

Inhibitor 
∆𝑮𝒂𝒅𝒔

°  

(kJmol-1) 

 𝐊𝐚𝐝𝐬 

(M-1) 

Pyr-3 -42.1 462320.8 

Pyr-7 44.7 1263264.275 

Pyr-9 -46.1 2222716.159 

Using this equation 20, various adsorption parameters 

are calculated from the studied isotherm including the 

standard Gibbs free energy of adsorption of Pyr-3, 

Pyr-7 and Pyr-9 on the iron surface at 25±1oC and 

listed in table 7. Figure 10 shows the adsorption 

isotherm for the studied pyrimidine derivatives .It 

follows from figure 10 that the studied candidates 

follows Langumir adsorption isotherm A linear 

relationship with R2 = 1 are given and prove the 

Langumir adsorption isotherm model.  

This adsorption model expect that the solid surface 

contains affixed number of adsorption sites, and each 

site joined to one adsorbed species [58] as well as no 

interactions occur between the same species [59] and 

Kads values increases with increasing inhibitor 

concentration showing that the molecules of the 

inhibitors were adsorbed on the iron surface and the 

adsorption process is more positive than desorption 

[59, 60]. 

The calculated values of  ∆𝐺𝑎𝑑𝑠
° , using Eq (20) are -

42.1kJ/mol, -44.7 kJ/mol and -46.1kJ/mol for Pyr-3, 

Pyr-7 and Pyr-9 respectively. The large negative 

value of ∆𝐺𝑎𝑑𝑠
°

 shows strong interactions between the 

inhibitor molecules and the iron surface [61, 62]. 

When the absolute value of ∆𝐺𝑎𝑑𝑠
°  is -40kJ/mol or 

higher, the adsorption is viewed as chemisorption. 

When the absolute value of ∆𝐺𝑎𝑑𝑠
°  is- 20kJ/mol or 

lower, the adsorption is viewed as physisorption [63, 

64]. In our case the inhibitors is chemisorbed on iron 

surface. 

 

 
Fig.10. Langmuir adsorption isotherm of Iron in 1.0M 

HCl containing Pyr-3, Pyr-7 and Pyr-9 at 25±1 oC. 

 

4.7 Mechanism of adsorption 

It is necessary to elucidate the corrosion 

inhibition mechanism of researched Pyr-3, Pyr-7 and 

Pyr-9. In 1.0 M HCl solutions, the final surface 

charge of iron electrode is negative, due to the 

presence of Cl− anions that first adsorbed on the 

positively charged iron surface. Since chloride ions 

Cl−have a smaller degree of hydration, being 

specifically adsorbed, they create an excess negative 

charge toward the solution and favor more adsorption 

of the cations.Pyr-3, Pyr-7 and Pyr-9 are organic 

compounds that can be adsorbed on the iron surface 

by several possible mechanisms. One of the 

suggested modes is the formation of coordinated 

bond between the vacant d-orbital in iron metal and 

the free lone pairs from N atom on the Pyr-3, Pyr-7 

and Pyr-9. Other possible mechanisms involve the 

electrostatic attraction between the protonated Pyrs 

and Fe (II) and form a dense and protective 

[FeCl−InhH+] complex. Ultimately, the corrosive ions 

were blocked by the protective film and thus Fe was 

successfully protected. 
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5. Conclusion 

 

In this study, three new pyrimidine derivatives 

were studied as possible inhibitors for corrosion of 

iron in 1.0 M HCl. Effectiveness of the studied 

pyrimidine derivatives were confirmed by both 

electrochemical methods and computational tools. 

Pyr-9 has the highest efficiency. Potentiodynamic 

polarization indicates that these inhibitors are of 

mixed type inhibitor. Equivalent circuit that 

described the studied system has two-time constants. 

Computational studies simulate the adsorption of 

these molecules on the iron surface. The adsorption 

of pyrimidine derivatives on the metal surface obeys 

Langmuir adsorption isotherm. Quantum chemical 

calculations showed that the calculated parameters 

correlated with experimental results. 
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