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Abstract Quantum chemical calculations based on den-

sity functional theory method were performed on two

pyrimidine derivatives which may be used as corrosion

inhibitors for austenitic stainless steel. The quantum

chemical properties of the two pyrimidine derivatives that

are most relevant to their potential action as corrosion

inhibitors have been calculated. To explain the inhibition

performance of the pyrimidine derivatives, their local

reactivities were analyzed through Fukui functions. The

binding energies of the inhibitors with the surface of aus-

tenitic stainless steels were studied. A model has been

suggested to calculate the approximate inhibition efficien-

cies of the pyrimidine derivatives. All calculations were

carried out in both gas and liquid phases.

Keywords Quantum chemical descriptors � Corrosion
inhibitors � Density functional theory (DFT) � Austenitic
stainless steel � Quantitative structure and activity

relationship (QSAR) � Molecular dynamics simulation

Introduction

Austenitic stainless steels are iron–chromium–nickel (Fe–

Cr–Ni) alloys. They may contain small amounts of other

alloying elements, e.g., Mn, Nb, Mo, Si, Al and Ti, which

may alter their specific properties. The formation of a

passive layer of corrosion inhibitors on surfaces of these

materials causes high corrosion resistance [1, 2]. Because

of their strength, corrosion resistance, mechanical worka-

bility, and excellent electrical and thermal conductivities,

austenitic stainless steels are one of the most important

materials that are used widely in different industries [3–6].

The corrosion of stainless steel, especially when it occurs

in acidic solution, is the concern of the steel users [7].

Acidic solutions are the cause of the detriment to many

materials and considerable economic losses [8–10].

The corrosion inhibition efficiency depends on the

structure, chemical composition, the nature of the metal

and other conditions [11]. Theoretical studies of the effi-

ciency of corrosion inhibitors have aimed at gaining insight

on the molecular chemical activity, structural and elec-

tronic properties [12–17]. Newly, experimental and quan-

tum chemical studies on inhibition of the corrosion of steel

by two pyrazole compounds [18], benzothiazole deriva-

tives [19], 1H-pyrrole-2,5-dione derivatives [20], some

sulfonamides [21] and Schiff base molecules [22] have

been calculated. The density functional theory calculations

were performed on benzoin, benzil, benzoin-(4-phenylth-

iosemicarbazone) and benzil-(4-phenylthiosemicarbazone)

used as corrosion inhibitors for mild steel in acidic medium

by Kayadibi et al. [23]. The effect of temperature on cor-

rosion and inhibition processes is discussed by Odozi et al.

[24]. They showed that corrosion rate increases as tem-

perature increases both in the absence and presence of the

inhibitor and decreases further in the presence of the

inhibitor. Radilla et al. [25] have studied the adsorption of

the corrosion inhibitor 2-mercaptoimidazole onto Fe (1 0 0)

surface.

The presence of heteroatoms with a number of lone pairs

of electrons may result in the protonation of the inhibitor at
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the heteroatom centers. Therefore, several works have been

done in this area. In the quinoline derivatives [26] (the N

atom is the only heteroatom), protonated species is more

electron deficient than the non-protonated species. Theo-

retical studies on phenazine and related compounds as

corrosion inhibitors for mild steel in sulfuric acid medium

[27] show that molecules with N atoms are preferentially

protonated in acidic medium while molecules with S and O

atoms do not prefer to undergo protonation, which confirms

the results obtained from the calculation of the proton

affinity. All the quinoxaline molecules have N atoms; they

are all likely to be protonated in aqueous acid medium [28].

A comparison of the quantum chemical reactivity param-

eters for protonated species and the neutral species indi-

cates the relative tendency of these species to interact with

the metal surface.

The objective of this paper is to carry out a theoretical

study on the corrosion inhibition effect of two pyrimidine

derivatives, which have a class of sulfur and nitrogen-

containing compounds. Caliskan et al. studied the cor-

rosion inhibition effect of same pyrimidine derivatives in

1 M HCl solution at 298 K using polarization and

impedance techniques [29]. The pyrimidine derivatives

that were studied by us and also investigated by Caliskan

et al. in their work are 5-Benzoyl-4-(4-carboxphenyl)-6-

phenyl-1,2,3,4-tetrahydro-2-iminopyrimidine (BCPTI) and

5-Benzoyl-4-tolyl-6-phenyl-1,2,3,4-tetrahydro-2-thioxopy-

rimidine (BTPTT) [29]. The composition of the studied

austenitic chromium–nickel steel is as follows: (compo-

sition is expressed in weight %) C: 0.0425; Si: 0.421;

Mn: 2.13; P: 0.0133; S: 0.113; Cr: 18.51; Mo: 0.563; Ni:

8.34; Al: 0.0334; Co: 0.0901; Cu: 0.358; Fe: balance

[29].

Computational methods

The calculations on BCPTI and BTPTT were performed by

Gaussian09 [30] software using the B3LYP function and

the 6-311??G (d, p) basis set. This software has been used

specifically for systems containing transition metal atoms.

These calculations were performed to investigate the

structural parameters that affect the inhibition efficiency of

the two pyrimidine derivatives and also to study the

adsorption mechanisms on the austenitic stainless steel

surface. From the optimized geometries of BCPTI and

BTPTT, their global molecular descriptors [31–44] such as

the energy of the highest occupied molecular orbital

(EHOMO), the energy of the lowest unoccupied molecular

orbital (ELUMO), the energy gap (DE), the ionization

potential (IP), the electron affinity (EA), the global hard-

ness (g), the electronegativity (v), the global softness (r),
the electrophilicity (x), the electrodonating (x-), the

electroaccepting (x?), the net electrophilicity (Dx±), the

fraction of electron transferred (DN), the total negative

charge (TNC) and the dipole moment (l) were calculated.

It is expected that the properties of molecules and ions to

be different in gas and liquid phases. In this work, all

calculations for solvent effect on the inhibitors were carried

out using the IEFPCM method [45]. The theoretical results

can be used to identify compounds with desired properties

using quantitative structure activity relationship (QSAR)

method [46]. The correlation between the inhibition effi-

ciencies of the compounds indicated that QSAR method

could be used to study the inhibitors. A quadratic model

has been suggested to calculate the approximate inhibition

efficiencies. According to this model, the regression anal-

yses fitted the Caliskan et al. experimental data [29] well

and the calculated inhibition efficiencies of the two

pyrimidine derivatives were found to be close to their

experimental values.

Results and discussion

Reactivity parameters

The structures and the optimized configurations of the

BCPTI and PTPTT corrosion inhibitors are shown in

Fig. 1. The inhibitor conformers are considered to be

minima based on the absence of imaginary frequencies.

The HOMO and the LUMO of the BCPTI and PTPTT

inhibitors in gas and liquid phases are shown in Fig. 2.

The HOMO of the BCPTI molecule is delocalized

throughout the system except on ring d and has maxima on

C2, C6, C4, C8 and C10 atoms in particular on heteroatoms

N and N2. The LUMO is delocalized throughout the

BCPTI system except on ring a, and has maxima on ring d

(see Fig. 2), C12 and O atoms in both gas and liquid

phases. The HOMO of the BTPTT molecule is delocalized

on ring b and has maxima on S and C12 atoms in gas

phase. The maxima of the HOMO is delocalized on ring a,

a slight delocalization on rings b and c and has maxima on

S and C12 atoms. The LUMO is delocalized throughout the

BTPTT system except on ring a in both phases (see Fig. 2).

The LUMO of the BTPTT has maxima on C12 and C10

atoms in particular on heteroatoms O and S in both phases.

The regions of a molecule on which their HOMO are

distributed indicate the sites which have the highest ten-

dency to interact with a metal surface. The LUMO indi-

cates regions which have the highest tendency to accept

electrons.

Table 1 shows the bond lengths and angles of the

BCPTI and BTPTT inhibitors that are considered to be

significant. A comparison of bond lengths and angles for

both gas and liquid phases shows the effect of solvent on
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Inhibitor Structure Optimized geometries

BCPTI

BTPTT

Fig. 1 The structures and the

optimized geometries of the

BCPTI and PTPTT inhibitors
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r 
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Fig. 2 The HOMO and the LUMO of the BCPTI and BTPTT inhibitors in gas and liquid
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the geometry. The changes in the bond lengths are less than

0.014 and 0.02 Å for BCPTI and BTPTT, respectively.

This suggests that protonation has minimal influence on the

bond lengths of the inhibitors. The bond angles vary (in

both directions) by\3� in both structures with the excep-

tion of the C8–C11–C12–O, C5–C8–N1–C9 and N2–C10–

C19–C24 in BCPTI structure. The lengthening of C1=O1

(1.225 Å) and C9–S (1.695 Å) bond distances in their

Table 1 Comparison of the

bond lengths and bond angles of

BCPTI and BTPTT in gas and

liquid phases

BCPTI BTPTT

Gas Solvent Gas Solvent

Bond lengths (Å)

C1–O1 1.214 1.225 – –

C1–O2 1.367 1.364 – –

C1–C2 1.469 1.457 1.509 1.509

C2–C3 1.400 1.408 1.400 1.403

C3–C4 1.385 1.380 1.392 1.391

C5–C6 1.422 1.431 1.397 1.395

C2–C7 1.407 1.412 1.394 1.396

C5–C8 1.430 1.416 1.529 1.527

C9–N1 1.490 1.487 1.347 1.337

C9–S – – 1.675 1.695

C9–N 1.274 1.271 – –

C9–N2 1.349 1.354 1.377 1.368

C10–C11 1.379 1.376 1.353 1.353

C12–O 1.217 1.225 1.225 1.229

C10–N2 1.428 1.418 1.400 1.402

Bond angles (�)
O1–C1–O2 121.016 120.390 – –

C1–C2–C3 120.827 122.922 120.976 120.788

C4–C5–C6 116.099 115.512 118.476 118.499

C1–C2–C7 119.047 119.611 121.164 121.294

C8–N1–C9 111.948 110.761 126.219 126.219

N–C9–N2–C10 134.433 133.305 – –

S–C9–N2 – – 121.120 120.866

C11–C12–O 119.149 119.773 118.774 118.729

N2–C10–C11 116.497 117.226 119.632 119.416

C11–C12–C13 119.551 119.708 121.348 121.434

C13–C14–C15 120.353 120.435 120.359 120.372

C15–C16–C17 120.031 120.004 119.965 119.986

C13–C18–C17 120.301 120.315 120.271 120.249

C19–C20–C21 120.959 120.826 120.368 120.257

C22–C23–C24 120.345 120.342 120.130 120.157

C8–C11–C12–O 60.341 49.667 39.617 39.617

C1–C2–C3–C4 -179.952 -179.875 -178.524 -178.898

C7–C6–C5–C8 179.475 -179.644 178.384 179.853

C5–C8–N1–C9 133.249 125.255 101.833 103.701

N–C9–N2–C10 169.358 166.365 – –

S–C9–N2–C10 – – -171.249 -170.308

C10–C19–C20–C21 -179.575 -179.987 177.907 177.973

N2–C10–C19–C24 39.085 44.561 52.437 54.477

C12–C13–C14–C15 -178.151 -177.517 -176.595 -176.379

C12–C13–C18–C17 177.624 176.693 175.380 175.127
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respective structures was noted in liquid phase which is

probably the result of the high polarity of these bonds.

The quantum chemical descriptors are listed in Table 2

for the BCPTI and BTPTT molecules in gas and liquid

phases. Table 2 descriptors were calculated by both ener-

getic parameter and orbital parameter methods. The

quantum chemical descriptors of the BCPTI and BTPTT

molecules are not similar in gas and liquid phases in par-

ticular the dipole moment of BCPTI compound.

The binding ability of the BCPTI and BTPTT inhibitors

to a metal surface increases with increasing HOMO and

decreasing LUMO energies. The higher the value of

EHOMO becomes, the lower will be the capability of an

inhibitor to accept electrons because the EHOMO describes

the electron-donating ability of the inhibitor. The energy of

the LUMO indicates the ability of a molecule to accept

electrons and thus the lower the value of ELUMO becomes,

the more probable that the molecule would accept elec-

trons. Table 2 shows BCPTI and BTPTT have similar

EHOMO in gas and liquid phases but the ELUMO of BTPTT

is lower than the ELUMO of BCPTI in both phases.

The gap between the HOMO and LUMO energy levels

of the BCPTI and BTPTT molecules is a function of

reactivity of the inhibitors with a metallic surface. The

BCPTI and BTPTT have similar energy gaps in gas phase

but BTPTT has a lower energy gap in liquid phase. The

Table 2 The quantum chemical descriptors of the BCPTI and BTPTT

Molecular descriptors Parameter BCPTI=BC BTPTT=BT Comments

Gas Liquid Gas Liquid Gas Liquid

HOMO(eV) - -4.631 -6.683 -5.979 -6.384 BC[BT BT[BC

LUMO(eV) - -2.192 -2.332 -2.283 -2.415 BC[BT BC[BT

DE(eV) - 2.439 4.351 3.696 3.969 BT[BC BC[BT

Ionization Potential(IP)

IP=[E(?1)-E(0)]a Energetic 5.865 6.772 7.533 5.615 BT[BC BC[BT

IP=-EHOMO
b Orbital 4.631 6.683 5.979 6.384 BT[BC BC[BT

Electron Affinity(EA)(eV)

EA=[E(0)-E(-1)]c Energetic 0.909 2.489 0.972 0.453 BT[BC BT[BC BT[BC

EA=-ELUMO
a Orbital 2.192 2.332 2.283 2.415 BT[BC

Global hardness(g)(eV) Energetic 2.479 2.141 3.28 2.581 BT[BC BT[BC BC[BT

g=(I-A)/2d Orbital 1.219 2.175 1.848 1.984 BT[BC

Chemical potential( v)(eV) Energetic 3.386 4.63 4.252 3.034 BT[BC BC[BT BC[BT

v (I?A)/2d Orbital 3.411 4.507 4.131 4.399 BT[BC

Global softness(r)(eV) Energetic 0.403 0.467 0.305 0.387 BC[BT BC[BT BT[BC
r=1/ge Orbital 0.82 0.459 0.541 0.504 BC[BT

Electrophilicity(x)(eV) Energetic 2.312 5.006 2.756 1.783 BT[BC BC[BT BT[BC

x=v2/2gf Orbital 4.772 4.669 4.617 4.877 BC[BT

Electrodonating(x-)(eV) Energetic 4.315 7.589 5.292 3.623 BT[BC BC[BT

x-=(3I?A)2/16(I-A)g Orbital 6.629 7.195 6.914 7.324 BT[BC BT[BC

Electroaccepting(x?)(eV) Energetic 0.929 2.958 1.04 0.589 BT[BC BC[BT

x?=(I?3A)2/16(I-A)g Orbital 3.218 2.688 2.783 2.925 BC[BT BT[BC

net electrophilicity(Dx±)(eV) Energetic 5.244 10.547 6.333 4.212 BT[BC BC[BT

Dx±=( x?? x-)h Orbital 9.847 9.883 9.697 10.249 BC[BT BT[BC

back-donation(DET)(eV) Energetic -0.619 -0.535 -0.82 -0.645 BC[BT BC[BT

DET= -g/4i Orbital -0.305 -0.544 -0.462 -0.496 BC[BT BT[BC

Transferred electrons(DN) Energetic 0.729 0.553 0.419 0.768 BC[BT BT[BC

DN=(vFe- vinh)/2(gFe?ginh)
m Orbital 1.471 0.573 0.776 0.655 BC[BT BT[BC

Total Negative Charge(TNC) - 7.658 8.139 8.344 8.077 BT[BC BC[BT

Dipole moment(l )(D) - 7.827 14.565 5.807 7.954 BC[BT BC[BT

ET (a.u) - -1316.222 -1316.265 -1509.846 -1509.865 BC[BT BC[BT

a Ref. [48], b Ref. [49], c Ref. [50], d Ref. [51], e Ref. [52], f Ref. [53], g Ref. [40], h Ref. [41], i Ref. [42], m Ref. [27]
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binding ability of the inhibitors to a metal surface increases

with decreasing energy gap. This means that the BTPTT

molecule could perform better as a corrosion inhibitor in

liquid phase.

Ionization potential (IP) is a basic descriptor of the

chemical reactivity of atoms and molecules. IP is the

minimum energy required to remove an electron from an

atom. Chemical potential indicates the molecular capability

of accepting electrons. A low IP indicates less energy

needed to remove electrons from a system and also low

stability. Similarly, a low chemical potential indicates low

stability. Table 2 shows BCPTI and BTPTT have low

ionization energies in gas and liquid phases.

The absolute hardness and softness are important prop-

erties for measuring a molecular stability and reactivity.

Table 2 shows that BCPTI has a lower hardness and a

higher softness in gas and liquid phases (except for values

obtained by orbital parameter method) which reflect the

high reactivity of BCPTI as compared with BTPTT.

A hard molecule has a large energy gap and a soft

molecule has a small energy gap. Soft molecules are more

reactive than hard ones because they could easily offer

electrons to an electron acceptor. BCPTI is a soft molecule

in both gas and liquid phases. It has a small energy gap in

gas phase but a large energy gap in liquid phase. BCPTI

molecule is more reactive than BTPTT in gas phase but is

less reactive than BTPTT in liquid phase as indicated by

calculations based on orbital parameter. The ability of an

inhibitor molecule to accept electrons is described by its

electrophilicity index. Electrophilicity is a measure of the

energy stabilization after a system accepts additional

amount of electron charge from its environment.

Based on energetic parameter calculations, BCPTI has a

lower value of electrophilicity in gas phase and therefore

Table 4 A pair of quantum chemical parameters utilized to derive the multiple regression Eq. (1) that correlates the theoretically estimated and

the experimentally determined inhibition efficiencies, for BTPTT

Equation Multiple regression equations

Iecal% ¼ Aþ B1X1

C1
Gas

9:061� 101 � 3:388� 10�4v=C1

9:061� 101 þ 2:398� 10�4HOMO =C1

9:061� 101 þ 6:281� 10�4LUMO=C1

9:061� 101 � 3:879� 10�4DE=C1

Liquid

9:061� 101 � 4:726� 10�4v=C1

9:061� 101 þ 2:246� 10�4HOMO=C1

9:061� 101 þ 5:937� 10�4LUMO=C1

9:061� 101 � 3:613� 10�4DE=C1

Iecal% ¼ Aþ B1X1

C1
þ B2X2

C2
2

Gas

9:326� 101 � 9:383� 10�4v=C1 þ 4:547� 10�8l=C2
2

9:326� 101 � 1:079� 10�3DE=C1 þ 6:209� 10�8v=C2
2

9:326� 101 þ 6:672� 10�4HOMO=C1 � 1:156� 10�7LUMO=C2
2

9:326� 101 � 9:383� 10�4v=C1 þ 6:209� 10�8v=C2
2

Liquid

9:326� 101 � 1:315� 10�3v=C1 þ 3:319� 10�8l=C2
2

9:326� 101 � 1:005� 10�3DE=C1 þ 8:730� 10�8v=C2
2

9:326� 101 þ 6:249� 10�4HOMO=C1 � 1:093� 10�7LUMO=C2
2

9:326� 101 � 1:315� 10�3v=C1 þ 8:703� 10�8v=C2
2

Iecal% ¼ Aþ B1X1

C1
þ B2X2

C2
2

þ B3X3

C3
3

Gas

9:507� 101 � 1:711� 10�3v=C1 þ 2:315� 10�7l=C2
2 � 2:096� 10�11DE=C3

3

9:507� 101 � 1:711� 10�3v=C1 � 5:888� 10�7LUMO=C2
2 þ 1:296� 10�11HOMO=C3

3

9:507� 101 þ 3:186� 10�3LUMOCi � 2:248� 10�7HOMO=C2
2 � 2:096� 10�11DE=C3

3

Liquid

9:507� 101 � 2:398� 10�3v=C1 þ 1:690� 10�7l=C2
2 � 1:952� 10�11DE=C3

3

9:507� 101 � 2:398� 10�3v=C1 � 5:566� 10�7LUMO=C2
2 þ 1:214� 10�11HOMO=C3

3

9:507� 101 þ 3:012� 10�3LUMO Ci � 2:105� 10�7HOMO=C2
2 � 1:952� 10�11DE=C3

3
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this molecule is a stronger nucleophile than BTPTT but

based on orbital parameter calculations, the BCPTI is a

weaker nucleophile than BTPTT in liquid phase. A larger

electroaccepting value corresponds to a better capability of

accepting charge, whereas a smaller value of elec-

trodonating value of a system makes it a better electron

donor [47].

The calculated electrodonating, electroaccepting and net

electrophilicity values of the BCPTI and BTPTT inhibitors

are listed in Table 2. The energy parameter indicates

BCPTI is a better electron donor than BTPTT in gas phase

and the orbital parameter indicates BCPTI is also a better

electron donor than BTPTT in liquid phase. In contrast to

this, the energy parameter indicates BTPTT molecule has a

better capability of accepting charge in gas phase and the

orbital parameter indicates BTPTT molecule has also a

better capability of accepting charge in liquid phase. The

total electrophilicity indicates BCPTI is the strongest

nucleophile in gas phase if energy parameter is applied and

also is the strongest nucleophile in liquid phase if orbital

parameter is applied. In contrast to this, BTPTT molecule

is the strongest nucleophile in gas phase if orbital param-

eter is applied and also is the strongest nucleophile in liquid

phase if energy parameter is applied. These are similar to

the results obtained by the electrophilicity index. The cal-

culated back-donation (DET) values of the inhibitors are

listed in Table 2. This Table shows the back-donation

(DET) values are similar to global softness values (r).
The trend of electrons’ donation within a set of inhibi-

tors is described by the fraction of electrons transferred

(DN). If DN is below 3.6 eV, then the inhibition efficiency

increases with increasing x- ability at the mild steel

interface [48]. Table 2 shows that all values of the DN are

below 3.6 eV and the BCPTI and BTPTT have the highest

values of DN in gas and liquid phases. Because iron is the

major constituent of austenitic stainless steel, the theoret-

ical values of the iron electronegativity (vFe = 7 eV) and

the iron global hardness (gFe = 0) were used to compute

DN for the various Hamiltonians [49].

The calculations show that BTPTT and BCPTI have the

highest TNC values in gas and liquid phases. The adsorp-

tion of the inhibitor onto the mild steel surface is enhanced

at higher TNC values. The TNC values of the BTPTT and

BCPTI molecules are higher in liquid phase than in gas

phase.

Information about the polarity of a molecule describes

its l. In general, there is no significant relationship between
the l values and inhibition efficiencies. In some systems,

the l appears to increase with increasing inhibition effi-

ciencies [50] while in some other systems the l appears to

decrease as the inhibition efficiency increases [51]. Table 2

shows that BCPTI has the highest l value in gas and liquid

phases and the highest molecular mass. There is aT
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correlation between the molecular mass and the inhibition

efficiency. As a molecular mass increases, its adsorption on

a metal surface will increase. Inhibition efficiency increa-

ses as adsorption increases. It is clear from Table 2 that l is

higher in water than in gas and this is an indication of the

polarization effect of the solvent on the inhibitor mole-

cules. The difference between the l values of BTPTT in

gas and water is 2.02 but for BCPTI this difference is 6.61.

This demonstrates that the polarization effect of the solvent

on BCPTI molecule is more than its effect on the BTPTT

molecule. This is because BCPTI has two oxygen atoms

and a nitrogen atom but BTPTT has a sulfur atom.

From the computed results obtained for gas and liquid

phases (Table 2), we can easily notice the stabilization

effect of the solvent on the significant decrease of the ET

values of the two inhibitors. The ET values show that

BCPTI is more stable than BTPTT.

QSAR consideration

The QSAR method was used to correlate the inhibition

efficiencies of the BCPTI and BTPTT with their molecular

structures in gas and liquid phases. Attempts were made to

establish a relationship between the experimental corrosion

inhibition efficiencies and the calculated quantum chemical

parameters. To obtain equations that are useful in pre-

dicting inhibition efficiency (Iecal) from the concentrations

of the inhibitors and their quantum chemical parameters,

Eq. (1) has been proposed to calculate the Iecal.

Iecalc% ¼ Aþ B1X1

C1

þ B2X2

C2
2

þ B3X3

C3
3

þ � � � 2 þBnXn

Cn
n

; ð1Þ

where A and Bn are constants obtained by regression anal-

ysis, Xn parameters are the independent variables consisting

of quantum chemical values and Cn parameters are the

R² = 0.8646 
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Fig. 3 The plots of experimental inhibition efficiencies of BCPTI and computational inhibition efficiencies at different concentrations using

Eqs. (2–5). The R2 values are also reported
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Fig. 4 The plots of experimental inhibition efficiencies of BTPTT and computational inhibition efficiencies at different concentrations using

Eqs. (2, 3). The R2 values are also reported
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inhibitor concentrations. The Eq. (1) shows that inhibition

efficiency strongly depends on density parameter. To sim-

plify the Eq. (1), only the first four terms were used.

Iecalc% ¼ Aþ B1X1

C1

ð2Þ

Iecalc% ¼ Aþ B1X1

C1

þ B2X2

C2
2

ð3Þ

Iecalc% ¼ Aþ B1X1

C1

þ B2X2

C2
2

þ B3X3

C3
3

ð4Þ

Iecalc% ¼ Aþ B1X1

C1

þ B2X2

C2
2

þ B3X3

C3
3

þ B4X4

C4
4

: ð5Þ

Equations (2–5) were utilized to correlate the composite

index of the quantum chemical parameters with the

experimental inhibition efficiency (Iexp %) of the studied

inhibitors. Tables 3 and 4 show the fitted equations

obtained using multiple regression analyses. Table 5;

Figs. 3 and 4 show that the Iecal % values of BCPTI and

BTPTT, calculated by using Eqs. (5) and (3), agree well

with the experimental results.

Local molecular reactivity

Selectivity parameters indicate the regions of a molecule

that are likely to interact with a metal surface. These

parameters include the Mulliken atomic charges, distribu-

tion of frontier molecular orbital and the Fukui functions

[52]. An atom with the highest negative partial atomic

charge interacts most strongly with a metal surface through

a donor–acceptor type of interaction because it represents

the site with the highest electron density. Tables 6 and 7

Table 6 Calculated Mulliken atomic charges for BCPTI using DFT

at the B3LYP/??6-31G (d, p) basis set

Atom QN QN ? 1 QN - 1

Gas Liquid Gas Liquid Gas Liquid

C1 0.294 0.305 0.304 0.301 0.286 0.309

C2 0.701 0.673 0.666 0.635 0.795 0.799

C3 -0.692 -0.649 -0.722 -0.656 -0.716 -0.676

C4 -0.163 -0.224 -0.224 -0.266 -0.139 -0.159

C5 0.996 0.927 1.004 0.949 0.952 0.954

C6 -0.998 -1.081 -0.991 -1.076 -0.939 -1.052

C7 -0.548 -0.596 -0.554 -0.640 -0.510 -0.568

C8 -0.293 -0.466 -0.258 -0.428 -0.240 -0.367

C9 -0.050 0.005 -0.036 0.017 -0.112 -0.064

C10 -0.983 -0.217 -1.040 -0.253 -0.844 -0.223

C11 0.741 0.205 0.777 0.242 0.629 0.237

C12 -0.897 -0.672 -0.953 -0.676 -0.816 -0.693

C13 0.630 0.497 0.752 0.532 0.588 0.482

C14 0.428 0.220 0.332 0.133 0.382 0.208

C15 -0.425 -0.507 -0.425 -0.508 -0.423 -0.503

C16 -0.387 -0.386 -0.420 -0.435 -0.384 -0.379

C17 -0.099 -0.088 -0.133 -0.147 -0.077 -0.063

C18 -0.504 -0.298 -0.534 -0.378 -0.492 -0.308

C19 0.959 0.657 0.947 0.648 0.938 0.719

C20 -0.770 -0.529 -0.701 -0.471 -0.744 -0.567

C21 -0.361 -0.410 -0.374 -0.426 -0.334 -0.391

C22 -0.324 -0.357 -0.341 -0.376 -0.294 -0.335

C23 -0.267 -0.285 -0.276 -0.299 -0.253 -0.273

C24 -0.065 -0.088 -0.137 -0.163 -0.024 -0.056

N1 0.205 0.221 0.202 0.205 0.198 0.258

N -0.291 -0.373 -0.351 -0.420 -0.196 -0.274

N2 -0.063 -0.061 -0.066 -0.081 -0.045 -0.021

O1 -0.314 -0.410 -0.359 -0.433 -0.255 -0.350

O2 -0.200 -0.232 -0.215 -0.242 -0.183 -0.208

O -0.119 -0.210 -0.235 -0.398 -0.104 -0.181

Table 7 Calculated Mulliken atomic charges for BTPTT using DFT

at the B3LYP/??6-31G (d, p) basis set

Atom QN QN ? 1 QN - 1

Gas Liquid Gas Liquid Gas Liquid

C1 -0.514 -0.538 -0.547 -0.541 -0.479 -0.542

C2 0.422 0.349 0.467 0.323 0.385 0.336

C3 -0.475 -0.502 -0.494 -0.555 -0.446 -0.509

C4 -0.418 -0.221 -0.384 -0.263 -0.384 -0.207

C5 1.164 1.182 1.201 1.217 1.166 1.259

C6 -0.376 -0.363 -0.391 -0.407 -0.357 -0.399

C7 -0.692 -0.703 -0.726 -0.703 -0.671 -0.696

C8 0.140 0.160 0.161 0.264 0.116 -0.001

C9 0.278 0.232 0.322 0.235 0.248 0.296

C10 -0.286 -0.318 -0.321 -0.336 -0.280 -0.334

C11 -0.288 0.154 -0.217 0.103 -0.325 0.088

C12 -1.003 -1.201 -1.092 -1.120 -0.970 -1.135

C13 0.875 0.696 0.985 0.624 0.894 0.720

C14 -0.984 -0.517 -0.994 -0.552 -1.019 -0.545

C15 -0.271 -0.188 -0.317 -0.224 -0.252 -0.196

C16 -0.247 -0.301 -0.289 -0.366 -0.236 -0.314

C17 -0.388 -0.469 -0.387 -0.478 -0.386 -0.490

C18 1.038 0.619 0.927 0.481 1.047 0.588

C19 0.790 0.767 0.828 0.744 0.808 0.831

C20 -0.570 -0.575 -0.504 -0.608 -0.567 -0.659

C21 -0.430 -0.414 -0.464 -0.449 -0.412 -0.425

C22 -0.240 -0.333 -0.265 -0.366 -0.225 -0.341

C23 -0.376 -0.410 -0.383 -0.436 -0.372 -0.408

C24 0.050 -0.043 -0.054 -0.095 0.077 -0.069

N1 -0.187 -0.217 -0.214 -0.309 -0.164 -0.200

N2 0.030 0.037 0.025 -0.039 0.085 0.083

O -0.151 -0.230 -0.278 -0.457 -0.103 -0.211

S -0.835 -1.002 -1.026 -1.135 -0.530 -0.657
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report the Mulliken atomic charges of the atoms in the

anionic (QN?1), neutral (QN) and cationic (QN-1) states of

the studied compounds in both phases. QN?1 is an anion

with an electron added to the LUMO of its neutral mole-

cule. QN-1 is a cation with an electron removed from the

HOMO of its neutral molecule.

The highest negative charges are on C6 and C10 atoms

of the BCPTI in its gas phase and on C10 atom in its liquid

phase. High negative charges exist on oxygen and nitrogen

atoms of the BCPTI.

The highest negative charges are on C12 and the het-

eroatom S of the BTPTT in both phases. Because het-

eroatoms have lone pair of electrons, these lone pair of

electrons could be donated to the vacant s or partially filled

d orbital of a metal and thereby facilitate the adsorption of

the inhibitor on the metal surface. BCPTI has more het-

eroatoms than BTPTT. Therefore, BCPTI has a higher

charge density and would interact with a metal surface at

more sites than BTPTT. BTPTT has the highest sites for

adsorption onto a metal surface because it has the highest

number of heteroatoms.

The Fukui indices permit the distinction between the

reactive regions of a molecule, the nucleophilic and elec-

trophilic behaviors of a molecule and the chemical reac-

tivity. These functions can be given by Eqs. (6) and (7)

[53]:

fþ ¼ QNþ1 � QN ð6Þ

fþ ¼ QN � QN�1: ð7Þ

The calculated values of the Fukui functions for the non-

hydrogen atoms are reported in Tables 8 and 9.

Table 8 Calculated Fukui functions for BCPTI using DFT at the

B3LYP/??6-31G (d, p) basis set

Atom fþj j f�j j Dfj j

Gas Liquid Gas Liquid Gas Liquid

C1 0.010 0.004 0.008 0.004 0.003 0.000

C2 0.035 0.038 0.094 0.126 0.059 0.088

C3 0.030 0.007 0.024 0.026 0.054 0.033

C4 0.060 0.042 0.024 0.065 0.036 0.023

C5 0.008 0.022 0.044 0.026 0.036 0.048

C6 0.007 0.005 0.059 0.029 0.066 0.033

C7 0.006 0.043 0.039 0.029 0.033 0.015

C8 0.036 0.038 0.054 0.099 0.089 0.137

C9 0.015 0.012 0.061 0.069 0.047 0.056

C10 0.056 0.036 0.140 0.006 0.083 0.042

C11 0.036 0.037 0.112 0.032 0.076 0.069

C12 0.056 0.005 0.081 0.022 0.024 0.026

C13 0.122 0.035 0.042 0.015 0.080 0.020

C14 0.095 0.087 0.045 0.011 0.141 0.098

C15 0.001 0.001 0.002 0.004 0.003 0.004

C16 0.033 0.049 0.003 0.007 0.030 0.042

C17 0.034 0.059 0.021 0.025 0.012 0.034

C18 0.030 0.080 0.012 0.010 0.018 0.089

C19 0.011 0.010 0.020 0.062 0.032 0.052

C20 0.069 0.058 0.026 0.038 0.095 0.020

C21 0.013 0.015 0.027 0.020 0.014 0.004

C22 0.016 0.019 0.030 0.022 0.014 0.003

C23 0.009 0.014 0.015 0.012 0.006 0.002

C24 0.072 0.075 0.041 0.032 0.031 0.043

N1 0.003 0.016 0.007 0.037 0.010 0.021

N 0.060 0.047 0.095 0.098 0.036 0.051

N2 0.003 0.020 0.018 0.039 0.015 0.019

O1 0.045 0.023 0.059 0.059 0.014 0.036

O2 0.015 0.010 0.017 0.024 0.002 0.014

O 0.117 0.188 0.015 0.029 0.102 0.159

Table 9 Calculated Fukui functions for BTPTT using DFT at the

B3LYP/??6-31G (d, p) basis set

Atom fþj j f�j j Dfj j

Gas Liquid Gas Liquid Gas Liquid

C1 0.034 0.003 0.035 0.003 0.001 0.006

C2 0.045 0.026 0.037 0.012 0.009 0.038

C3 0.019 0.053 0.029 0.007 0.010 0.060

C4 0.034 0.042 0.034 0.014 0.068 0.028

C5 0.037 0.035 0.002 0.076 0.039 0.111

C6 0.015 0.045 0.018 0.036 0.003 0.081

C7 0.034 0.001 0.021 0.007 0.013 0.007

C8 0.020 0.105 0.024 0.161 0.003 0.056

C9 0.043 0.003 0.031 0.063 0.012 0.066

C10 0.035 0.018 0.006 0.016 0.029 0.034

C11 0.071 0.051 0.037 0.066 0.034 0.117

C12 0.089 0.081 0.033 0.066 0.056 0.147

C13 0.109 0.073 0.018 0.024 0.127 0.049

C14 0.010 0.035 0.035 0.028 0.045 0.062

C15 0.046 0.036 0.019 0.008 0.027 0.044

C16 0.042 0.066 0.011 0.013 0.031 0.079

C17 0.000 0.009 0.002 0.021 0.002 0.030

C18 0.111 0.138 0.009 0.031 0.102 0.169

C19 0.038 0.023 0.018 0.063 0.056 0.041

C20 0.066 0.033 0.002 0.084 0.068 0.117

C21 0.033 0.035 0.019 0.010 0.015 0.045

C22 0.026 0.034 0.015 0.009 0.011 0.043

C23 0.007 0.027 0.004 0.002 0.003 0.025

C24 0.104 0.052 0.027 0.025 0.078 0.077

N1 0.027 0.091 0.024 0.017 0.004 0.074

N2 0.006 0.075 0.055 0.047 0.049 0.029

O 0.126 0.227 0.049 0.019 0.077 0.208

S 0.191 0.133 0.305 0.346 0.114 0.213
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The maximum of f? corresponds to reactivity with

respect to nucleophilic attack and the maximum of f-

shows the preferred site for adsorption of electrophilic

agents. For BCPTI, the highest f? is associated with C13

and O atoms in gas phase and O atom in liquid phase and

the highest f- occurs at C10 and C11 atoms in gas phase

and at C2 and C8 atoms in liquid phase. The BTPTT sites

for nucleophilic attack are the S atoms in gas phase and O

atoms in liquid phases. However, the BTPTT sites for

electrophilic attack are only the S atoms in both gas and

liquid phases.

The adsorption of inhibitors on austenitic stainless

steel

Iron is the major element of the austenitic stainless steel.

Therefore, the iron interaction with the inhibitor molecules

should be investigated [26–28]. The binding capability of a

metal on the inhibitors depends strongly on the electronic

charge of the active site. The Mulliken atomic charges,

distribution of frontier molecular orbital and the Fukui

functions show that iron atom is located among C6, C8,

C10 and O atoms of BCPTI molecule whereas in BTPTT

molecule, the iron atom Therefore, BCPTI and BTPTT

were allowed to interact with the Fe metal at the C6, C8,

C10 and the S atom. The interaction energy between the

inhibitor and the metal was then estimated as the difference

between the energy of the complex (EFe-X) and the sum

of the energy of the isolated inhibitor and isolated Fe

atom (EX ? EFe) resulting in the equation: Einteraction =

EFe-X - (EX ? EFe). The binding energy of the inhibitor

molecule is the negative value of interaction energy [54].

The optimized inhibitor���Fe complexes are shown in

Fig. 5. The inhibitor���Fe separation distance, the calcu-

lated interaction and binding energy are reported in

Table 10. The strong adsorption between the inhibitor

molecules and the iron can be estimated as the larger

negative values of interaction energy [55]. Table 10 shows

that BCPTI has the highest interaction energy and therefore

has the highest inhibition efficiency. From the theoretical

point of view, the higher magnitude of BCPTI binding

energy suggests a more stable adsorption and a higher

inhibition efficiency system.

Conclusions

Quantum chemical calculations based on density functional

theory method were performed on two pyrimidine deriva-

tives which may be used as corrosion inhibitors for aus-

tenitic stainless steel. The quantum chemical properties of

the two pyrimidine derivatives that are most relevant to

Fig. 5 The structures of Fe–

inhibitor complexes (using

DFT/B3LYP/6-311??G (d, p))

Table 10 The interaction

energy and the energy binding

between the metal and the

inhibitor

Complex Bond type Inhibitor���Fe separation distance Einteraction (eV) Ebinding (eV)

Gas Liquid Gas Liquid Gas Liquid

BCPTI���Fe O���Fe 1.882 1.902 -3.319 -3.259 3.319 3.259

C10���Fe 3.784 3.813

C8���Fe 1.987 1.941

C6���Fe 2.106 2.126

BTPTT���Fe S���Fe 1.548 1.694 1.074 1.198 -1.074 -1.198
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their potential action as corrosion inhibitors were calcu-

lated in gas and liquid phases for comparison purposes. Our

results indicate computational data for liquid phase repre-

sent the experimental results better than the data for gas

phase. The quantum chemical parameters of the inhibitors

are different in gas and liquid phases and some of the same

type parameters obtained by orbital method are different

from those obtained by energy method. We have not been

able to establish relationships between some of quantum

chemical parameters, e.g., molecular softness and energy

gap.

In this study, the corrosion inhibition capabilities of the

BCPTI and BTPTT were investigated. We have made the

following conclusions:

1. BTPTT has a smaller energy gap than BCPTI in liquid

phase and therefore it is a better inhibitor.

2. Based on global softness, hardness and chemical poten-

tial obtained by energy method but excluding calcula-

tions obtained by orbital method, BCPTI is a better

inhibitor than BTPTT in both gas and liquid phases.

3. Based on dipole moment and molecular mass, BCPTI

is a better inhibitor than BTPTT in both gas and liquid

phases.

4. An equation has been proposed to calculate the

inhibition efficiency. The regression analyses fitted

the Caliskan et al. experimental data well and the

calculated inhibition efficiencies of the studied com-

pounds were found to be close to their experimental

corrosion inhibition efficiencies.

5. The adsorption of the studied compounds onto the steel

surface shows that BCPTI inhibitor has a higher

magnitude of binding energy than BTPTT.

6. Overall, BCPTI may be a better inhibitor than BTPTT.
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