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a b s t r a c t 

Water soluble Pyrazole-Perimidine ( PYR-PER ) hybrids bearing various anchoring groups has been syn- 

thesized and their corrosion inhibitive efficiencies for the 304 stainless steel in 1.0 M hydrochloric acid 

has been investigated by the electrochemical impedance spectroscopy (EIS), potentiodynamic polariza- 

tion (PDP), open circuit potential (OCP) measurements, and Density Functional Theory (DFT) B3LYP func- 

tional combined with 6-311 ++ G(d,p) basis set. The analyses show that all PYR-PER hybrids effectively 

reduced the corrosion current density, increased corrosion resistance and inhibited the corrosion of the 

304 stainless steel in 1.0 M hydrochloric acid at 298 K. The results indicated that the hybrids functioned 

as a mixed type inhibitors with anodic suppression outweighing the cathodic one. Multi-functional het- 

eroatoms and methyl, fluoride, chloride, and bromide substituents of pyrazole derivatives considerably 

enhanced the inhibition efficiencies of the hybrids. The highest corrosion inhibitive efficiency (as 97.45%) 

was achieved with PYR-PER3 bearing methyl and bromide anchoring groups on the benzene group of the 

main PYR-PER structure. Some quantum chemical parameters, E HOMO , E LUMO , �E , electronegativity, chem- 

ical hardness, chemical softness, electrophilicity index, proton affinity and �N electron transfer were also 

discussed. Additionally non-linear optical properties (NLO) were investigated. The results in the B3LYP 

technique supported by experimental results. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

It is well known that metal equipment used in industry are 

ften exposed to harsh conditions or strong cleaners such as an 

cidic environment. These situations cause metal equipment to 

orrode and weaken or eliminate their functions. For these rea- 

ons, these materials should be protected accordingly, economi- 

ally, and efficiently. One of the preferred methods to protect these 

aterials from corrosion is the use of corrosion inhibitors dur- 

ng the operation or cleaning of these equipment [1–4] . There 

re many published corrosion inhibitors in the literature for the 

rotection of various metal specimens from acidic, salty, or sim- 

lar harsh conditions [5–7] . Among the published inhibitors, nu- 

erous effective organic inhibitors which generally contain unsat- 

rated, planar and/or aromatic structures carrying different het- 
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roatoms, such as S, O, and N, and polar functional groups such as 

OH, - OCH 3 , -NH 2 , -CH 3 , and/or -NH, have been extensively stud- 

ed as possible corrosion inhibitors [ 1 , 8–14 ]. Many synthetic or- 

anic compounds, such as, cinnamate [15] , thiazine [16–18] , imida- 

ole [ 19 , 20 ], pyrazine [21] , pyrrole [22] , pyrazole [23] , pyridine and

yrimidine [ 24 , 25 ], aliphatic and aromatic amines [ 26 , 27 ], amide

28] , indole [29] , quinoline [30] , thiophene [31] , and derivatives 

f the similar macrocyclic molecules were published as efficient 

orrosion inhibitors. Moreover, the effects of the substituents of 

hese molecules on the corrosion rates of different metal and/or 

lloy samples have been investigated in ongoing papers. For in- 

tance, Liu et.al. used 5-methyl-1 H -benzotriazole as a corrosion in- 

ibitor for chemical mechanical polishing of bearing steel and re- 

orted that the triazole and hydrophobic methyl functional groups 

layed important role for the protection efficiency of the inhibitor 

olecules [32] . In another study, Mondal investigated the corro- 

ion inhibition efficiencies of various organic compounds, such as, 

midazole, 2-methylimidazole, benzimidazole, piperazine, histidine, 

nd an imidazoline-surfactant, any they illustrated that efficiencies 

https://doi.org/10.1016/j.molstruc.2022.133025
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133025&domain=pdf
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ere depend on the anchoring groups and the best efficiency was 

btained with the an imidazoline-surfactant inhibitor [33] . Simi- 

ar studies in the literature indicated that the structures of the 

olecules, substituent environments, types, and positions of the 

ubstituents influenced the electronic structure, hence they had 

ronounced effects on the corrosion efficiency of the molecules 

 1 , 34–37 ]. 

Among the organic molecules, pyrazole with electron donating 

ubstituents were reported as one of the most preferred efficient 

orrosion inhibitors, and there are too many studies on the cor- 

osion applications with its different derivatives [38–45] . For in- 

tance, Sayed et al. evaluated six pyrazole and pyrazolone deriva- 

ives as corrosion inhibitors for copper alloy dissolution. They as- 

igned the efficiency of the molecules to the features of the het- 

roatoms and the unsaturated centers, which, in turn, increased 

heir adsorption [45] . In another study, Abdallah concluded that 

he inhibition action of these compounds via adsorption through 

heir active centers depended on the inductive and mesomeric ef- 

ects of the substituents [46] . 

Dohare and coworkers reported 88–98% inhibition efficiency for 

hree pyranpyrazole derivatives at 300 mg/L [47] . Many studies in- 

icated that the functionality of the active pyrazolone molecules 

nd nature of their substituent environments strongly affected 

he corrosion inhibitor efficiency for different metal specimens 

48–53] . Similarly, pyrimidine derivatives have been investigated 

s another highly efficient corrosion inhibitors due to their large 

-bond system with N -containing heterocyclic structure, which 

akes these molecules as strong adsorbents on metal surfaces 

 47 , 53–58 ]. On the other hand, there is only one reported study

elated to the corrosion inhibitor activity of perimidine derivatives 

59] , even though perimidine derivatives have larger π-bond sys- 

em than the same N -containing heterocyclic structure of pyrimi- 

ine, which has the possibility to indicate better adsorption abil- 

ty during inhibition process. He et al. reported > 90% inhibition 

fficiencies with a concentration of < 0.15 mM 1 H -perimidine 

PER) and 1 H -perimidin-2-amine (NPER) molecules for mild steel 

n acidic media [59] . These results and the functional structure of 

erimidine molecule show its possible usability as an efficient cor- 

osion inhibitor. 

The relationship between the molecular and electronic struc- 

ures of perimidine and pyrazole inhibitors, and their corrosion 

nhibition potentials helps us design new corrosion inhibitors, 

Pyrazole-Perimidine Hybrids ( PYR-PER )”, which contain the func- 

ionalities of both pyrazole (PYR) and perimidine (PER) heterocy- 

les. These heterocycles are decorated with functional N = N, NH, 

romatic heterocyclic groups, and electron donating by inductive 

ffect of CH 3 substituent and by resonance effect of the polar Cl, 

, and Br substituents. These functionalities have the possibility to 
Fig. 1. Synthesis scheme and stru

2 
ncrease electron density at the adsorption site of the inhibitor, 

hereby leading to achieve a better corrosion inhibitor efficiency. 

To the best of our knowledge, PYR-PER hybrids have not been 

tudied as corrosion inhibitors yet. Consequently, based on the ex- 

ected properties of these structures, it is predicted that they may 

how better inhibitory activity than their counterparts in the liter- 

ture. For this purpose, in this study, we have aimed to examine 

he corrosion inhibition performances of PYR-PER hybrids for 304 

tainless steel in 1.0 M HCl, and to investigate the effects of Cl, F, 

r and CH 3 substituents on their inhibition performance by experi- 

ental measurements and theoretical calculations. Therefore, elec- 

rochemical impedance spectroscopy (EIS), potentiodynamic polar- 

zation (PDP), open circuit potential (OCP) measurements, and the- 

retical calculations were performed. The effects of PYR-PER s as 

orrosion inhibitors on 304 stainless steel in an acidic environment 

ere investigated using Density Functional Theory (DFT) B3LYP 

unctional combined with 6-311 ++ G(d,p) basis set. 

. Experimental 

The PYR-PER hybrids were prepared by following the earlier 

escribed method as depicted in Fig. 1 [60] . The target compounds 

re obtained at the end of a four-step reaction, starting from ace- 

ophenone. Firstly, α, β-unsaturated carbonyl compounds ( 2 ) con- 

aining dimethylamino group were synthesized from the reactions 

f acetophenone derivatives with N,N -dimethylformamide dimethyl 

cetal (DMF-DMA) reagent. From the following reaction of the 

ompound 2 with aromatic diazonium salts, the aryl hydrazonal 

ompound ( 3 ) was obtained. Pyrazolyl β-ketoester derivative ( 4 ) 

as synthesized from the reaction of compound 3 with ethyl 4- 

hloro-3-oxobutanoate in reflux condition. In this reaction, acetone 

nd potassium carbonate were used as the solvent and the base, 

espectively. In the last step, target compound ( PYR-PER ) includ- 

ng pyrazole and perimidine rings was obtained from the reactions 

f compound 4 with naphthalene-1,8-diamine. 

Hydrochloric acid was purchased from Sigma-Aldrich and its so- 

ution was prepared with ultra-pure water (resistivity of 18.2 M �

m (at 25 °C) Milli-Q, Millipore). The metal sample was a circular 

04 stainless steel (304 SS) (18.18% Cr, 8.48% Ni, 1.75% Mn, 0.5% Si, 

.36% Mo, 0.051% C, 0.05% N, 0.005% S, 0.028% P and the remain- 

er is Fe) having 1.00 cm 

2 active area. The active area of the 304 SS

as successively cleaned by using the previously reported method 

4. The electrolytic cell was a Gamry corrosion cell, in which a 

hree-electrode system was built. In this configuration, 304 SS, Pt 

ire and Ag/AgCl were used as working, counter and reference 

lectrodes, respectively. The electrolyte was a degassed 1.0 M HCl 

queous electrolyte. 
ctures of PYR-PER hybrids. 
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Table 1 

EIS parameters. a 

Inhibitors Conc.ppm (mM) R s ( � cm 

2 ) R p ( � cm 

2 ) ( χ2)x10 4 CPEY 0 ( �−1 s n cm 

−2 ) n C dl (μF cm 

−2 ) 

PYR-PER1 0 7.6 84.2 8.89 1024.00 0.87 585.00 

50 (0.15) 7.5 234.5 7.37 392.30 0.85 189.50 

150 (0.45) 6.9 376.7 2.89 267.90 0.84 115.70 

300 (0.90) 6.3 443.6 6.01 276.60 0.81 102.60 

600 (1.80) 6.2 478.2 8.46 232.00 0.85 94.31 

PYR-PER2 0 7.6 84.2 8.89 1024.00 0.87 585.00 

50 (0.13) 6.6 294.3 8.43 510.90 0.84 140.50 

150 (0.40) 6.4 426.2 4.40 340.30 0.81 130.50 

300 (0.80) 6.3 496.1 8.01 329.20 0.80 115.70 

600 (1.62) 6.3 578.4 2.12 216.50 0.82 178.60 

PYR-PER3 0 7.6 84.2 8.89 1024.00 0.87 585.00 

50 (0.12) 7.5 234.5 4.19 731.00 0.79 303.50 

150 (0.36) 6.9 376.7 1.26 510.90 0.84 140.50 

300 (0.72) 6.3 443.6 1.96 384.10 0.83 131.10 

600 (1.44) 6.2 478.2 8.01 329.00 0.80 126.40 

a These parameters are derived from fitting of Nyquist plots. 

p

w

e

e

g

t

a

t

s

d

p  

m

o

E

η

w

w

3

3

w

i

t

d

e

i  

t

d  

h

h

o

A

m

p

s

f

l

u

F

Fig. 2. E oc vs. time changes of 304 SS in 1.0 M HCl solution with respect to in- 

creasing concentrations of the PYR-PER hybrids. (a ) PYR-PER1 , (b) PYR-PER2 , (c) 

PYR-PER3. Concentrations: 1: blank, 2:50 ppm, 3:150 ppm, 4:300 ppm, and 5:600 

ppm. 
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Electrochemical impedance spectroscopy (EIS), potentiodynamic 

olarization (PDP), and open circuit potential (OCP) measurements 

ere performed in a three-electrode system by using a Gamry Ref- 

rence 300 galvanostat/potentiostat. For the corrosion test with 

ach inhibitor, each method was performed without and then with 

radual addition of the inhibitor. First of all, open circuit poten- 

ial (OCP) measurements were performed after 30 min. of each 

ddition of the inhibitor. Then, electrochemical impedance spec- 

roscopy (EIS) analysis was carried out with an amplitude of AC 

ignal at the frequency range of 0.01 Hz–100 kHz. Finally, potentio- 

ynamic polarization (PDP) measurements were made within the 

otential range of ±0.25 V of OCP at 0.166 mV s −1 scan rate. Each

easurement was performed three times to examine repeatability 

f the measurements. 

Inhibitor efficiency ( η%) was determined by employing 

q. (1) [ 61 , 62 ]: 

% = 

I o corr − I inh 
corr 

I o corr 

(1) 

here, I inh 
corr and I o corr are the corrosion current densities with and 

ithout of inhibitors, respectively. 

. Results and discussion 

.1. Electrochemical corrosion tests 

The effect of the PYR-PER hybrids on the corrosion of 304 SS 

ere determined by the open circuit potential ( E ocp ), electrochem- 

cal impedance spectroscopy (EIS) and potentiodynamic polariza- 

ion (PDP) measurements in 1.0 M HCl aqueous electrolyte. The 

etermination of Eocp responses of a system versus time is gen- 

rally made before any other electrochemical test since no changes 

n the properties of the sample occur. It is clearly seen in Fig. 2

hat straight E ocp vs. time curves are observed for all inhibitors 

ue to the stabilization of E ocp after a while. E ocp values of all in-

ibitors shift towards more positive potentials with increasing in- 

ibitor concentrations due to the adsorption of PYR-PER hybrids 

n the 304 SS surface, which obstruct the corrosion of 304 SS. 

mong the PYR-PER hybrids, PYR-PER3 has the highest effect with 

ore positive potential shifts on the E ocp responses due to most 

robably strong adsorption of PYR-PE R3 with the help of CH 3 sub- 

tituent. Due to the electron withdrawing nature by inductive ef- 

ect of the Cl and F substituents on PYR-PER2, this molecule has 

ess influence on the E ocp responses of 304 SS. 

Inhibitor abilities of PYR-PER hybrids were further investigated 

sing EIS measurements. The Nyquist plots are represented in 

ig. 3 . All EIS parameters derived from Nyquist plots, are tabulated 
3

n Table 1 . All of the recorded Nyquist plots show single capacitive 

rcs indicating presence of a single charge transfer process during 

he dissolution of 304 SS sample [42] . Nyquist plots are fitted to 

btain the equivalent circuits ( Fig. 3 ) and to evaluate basic EIS pa-

ameters, such as, the polarization resistance (R p ), constant phase 

lement (CPE), the phase shift (n), and the goodness of the fit ( χ2 ).

mall χ2 values (less than 10 −3 ) show acceptability of the fitted 

ata [63] . The obtained equivalent circuit consists of the solution 
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Fig. 3. EIS measurements of 304 SS in 1.0 M HCl solution containing PYR-PER hybrids. Nyquist graphs of (a) PYR-PER1 , (b) PYR-PER2 , (c) PYR-PER3 , (d) Equivalent circuit 

of PYR-PER1 . Concentrations: 1: blank, 2:50 ppm, 3:150 ppm, 4:300 ppm, and 5:600 ppm. 
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esistance (R s ), the polarization resistance (R p ), constant phase el- 

ment (CPE), and the electric double layer capacitor ( C dl ). The sys- 

em behavior indicates that it is not an ideal capacitor, thus CPE is 

sed instead of the capacitor. When combined in a parallel form, 

 p and CPE elements are in series with the Rs element in the cir- 

uit. Inequality of Z re to Z im 

responses of the Nyquist plots ad- 

resses to the roughness of the 304 SS surface. Due to the rough- 

ess of the surface, CPE is generally used instead of the nonideal 

apacitors. It is clearly observed that 304 SS sample gives a curve 

ith a small semicircle with 84.2 � cm 

2 of R p and 585 μF cm 

−2 

f C dl without inhibitors. After the addition of inhibitors, these val- 

es significantly and differently alter since the surface of the 304 

S sample changes. The diameters of the semicircles for all PYR- 

ER hybrids increase with increasing inhibitor concentrations due 

o the formation of adsorbed film on 304 SS surface. Thus, an in- 

rease in the polarization resistance ( R p ) and a decrease in the CPE 

esponses of the 304 SS are noted [ 64 , 65 ]. The Nyquist plots show

hat there is adsorption during corrosion process, which can be ex- 

ressed by inductance (L). In the Fig. 3 , inductive loops are gen- 

rally observed at the positive imaginary impedance values and L 

alues for all samples are almost comparable to each other [66] . 

hen the curves in the Bode diagram are investigated, Bode an- 

les shift towards higher frequencies as the impedance gets higher 
4 
ith respect to the addition of the inhibitor ( Fig. 4 ). In addition,

he phase angle plots get wider towards the higher frequencies as 

he angles increase due to the inhibitor adsorption [67–69] . 

As shown in Table 1 , rising concentrations of all PYR-PER hy- 

rids causes an increase in R p and a decrease in CPE responses. 

he magnitude of these responses depends on the inhibitor activ- 

ties of PYR-PER hybrids. Increase of R p and decrease of CPE in- 

icate the changes in the double layer on the 304 SS surface by 

eplacement of the water molecules with the molecules of the in- 

ibitors. Moreover, the decreased capacitance of the electrode also 

upports the adsorption of the inhibitors on the surface, limiting 

he 304 SS corrosion. 

For further investigation of the inhibition effects of the PYR- 

ER hybrids on 304 SS, potentiodynamic polarization measure- 

ents were carried out between ±0.25 V of E ocp at 0.166 mV s −1 

can rate in 1.0 M HCl solution at room temperature, and the re- 

ults are represented in Fig. 5 . The corrosion potential ( E corr ), cor-

osion current ( I corr ), and anodic and cathodic Tafel constants ( βa 

nd βc ) are derived from these graphs and tabulated in Table 2 . 

ccordingly, while the E corr of the system shifts towards more pos- 

tive potentials, I corr response of the sample significantly decreases 

ecause of the increasing of the inhibitor concentrations. Moreover, 

he βa values decrease gradually as the concentrations increase. 
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Table 2 

Potentiodynamic polarization parameters. a 

a Inhibitors Conc.ppm (mM) E corr (mV) I corr (μA/cm 

2 ) βa (mV/dec) - βc (mV/dec) η% Rate (mmpy) 

PYR-PER1 0 -373 498 81 117 - 154.02 

50 (0.15) -341 72 74 103 85.54 22.27 

150 (0.45) -337 56 48 98 88.76 17.32 

300 (0.90) -329 51 31 90 89.76 15.77 

600 (1.80) -325 32 27 87 93.57 9.90 

PYR-PER2 0 -373 498 81 117 - 154.02 

50 (0.13) -350 193 69 112 61.24 59.69 

150 (0.40) -343 119 51 100 76.10 36.80 

300 (0.80) -332 63 40 92 87.35 19.48 

600 (1.62) -327 46 38 84 90.76 14.23 

PYR-PER3 0 -373 498 81 117 - 154.02 

50 (0.12) -345 84.5 76 110 83.03 26.13 

150 (0.36) -318 43.3 69 115 91.31 13.39 

300 (0.72) -315 32.6 55 98 93.45 10.08 

600 (1.44) -310 12.7 50 96 97.45 3.93 

a All of the parameters are derived from Tafel fitting function of ‘Gamry Echem Analyst’ software. 

Fig. 4. Bode graphs recorded with EIS measurements of 304 SS in 1.0 M HCl solu- 

tion containing PYR-PER hybrids. (a) PYR-PER1 , (b) PYR-PER2 , (c) PYR-PER3 . Con- 

centrations: 1: blank, 2:50 ppm, 3:150 ppm, 4:300 ppm, and 5:600 ppm. 
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Fig. 5. Polarization resistance measurements of 304 SS in 1.0 M HCl solution with 

respect to increasing concentrations of the PYR-PER hybrids. (a) PYR-PER1 , (b) 

PYR-PER2 , (c) PYR-PER3 . Concentrations: 1: blank, 2:50 ppm, 3:150 ppm, 4:300 

ppm, and 5:600 ppm. 
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hat indicates the passivation of the 304 SS with the adsorption of 

he inhibitor and hence, the hindrance of both anodic and cathodic 

eactions during the corrosion of the sample. All PYR-PER hybrids 

ehave as mixed-type inhibitors with the dominant control of the 

nodic reaction. 

Cathodic branches of the Tafel plot have nearly parallel re- 

ponses to each other with nearly constant slope within the ap- 

lied potentials. As shown in Table 2 , βc values slightly decrease as 

he concentrations of the inhibitors increase. This response shows 

hat inhibition of the reduction process is resulted from the block- 
5 
ng of the sample surface without changing the reduction reac- 

ion mechanism. However, for the anodic branch, the nearly lin- 

ar response is only observed at small overpotentials due to the 

nhibition of the oxidation of the metal sample with the inhibitor 

ayer on the surface. When the potential is swept towards more 

ositive potentials, diminishing the linearity of the curve indicates 

he removal of the inhibitor layer and dissolution of the met- 
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Fig. 6. Langmuir adsorption isotherms of PYR-PER hybrids. 
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ls. However, the current decreases ca. between -0.25 and 0.20 V, 

hich indicates passivation of the samples due to the formation 

f F e ( Ligand ) 2+ 
x species on the sample surface. Sharp current in- 

reases are observed at high overpotentials for the dissolution of 

hese species and oxidation of the sample. Based on the evalu- 

ted results of the potentiodynamic polarization measurements, it 

an be clearly concluded that although all PYR-PER hybrids cause 

imilar inhibiting features, the highest efficiency is obtained with 

YR-PER3 , which is in harmony with the EIS results. Due to the 

lectron withdrawing nature of fluoride and chloride on PYR-PER2 , 

his molecule has less efficiency than that of the unsubstituted 

YR-PER1 . With respect to data on Table 2 , the order of the in-

ibition activities of the molecules is as PYR-PER3 > PYR-PER1 > 

YR-PER2 . 

Corrosion inhibition process is generally resulted from the ad- 

orption of the inhibitors on the 304 SS surface, which can be eval- 

ated with various isotherm models. Among the possible models, 

he best fitting for the inhibiting behaviors of PYR-PER hybrids is 

btained with Langmuir adsorption using the Eq. (2 ). 

C 

θ
= 

1 

K ads 

+ C (2) 

here K ads is the equilibrium constant of the adsorption, C is the 

oncentration of the inhibitors, and θ is the surface coverage ratio. 

values are derived from η% values calculated from the potentio- 

ynamic polarization data. 

As shown in Fig. 6 , the unity of R 

2 for all isotherms indicates

he agreement of the adsorption processes of PYR-PER hybrids on 

angmuir adsorption model. K ads values are found as 0.258, 0.111, 

nd 0.149 M 

−1 for PYR-PER1, PYR-PER2, and PYR-PER3 , respec- 

ively. The sign and magnitude of �G 

0 values (derived from Eq. 

3 )) of the adsorption process of the inhibitors indicate sponta- 

eous physisorption of the inhibitor molecules on the 304 SS sur- 

ace. The �G 

0 values are at the physisorption limit, so electro- 

tatic interactions contribute to the adsorption processes for all in- 

ibitors. �G 

0 
ads 

values are found as -13.76, -11.68, and -14.98 kJ 

ol −1 for PYR-PER1, PYR-PER2, and PYR-PER3 , respectively. K ads 

nd �G 

0 values confirm the highest inhibition efficiency of PYR- 

ER3 among the molecules. 

G 

0 
ads = −RT ln (10 0 0 K ads (3) 

here T is the absolute temperature, R is the gas constant in 

.mol −1 .K 

−1 , and 10 0 0 is the concentration (g L −1 ) of water. 
6

.2. Quantum chemical computations and evaluations 

Metal corrosion is a major issue in a variety of industrial pro- 

esses, including those that employ water, alcohol, or acid. Acid 

olutions produce excessive corrosion in metals such as iron, cop- 

er, and aluminum. To prevent corrosion induced by acid solutions, 

orrosion inhibitors including nitrogen, oxygen, sulfur, and an aro- 

atic ring are utilized. Quantum chemical computations give us a 

ough idea of what molecules are up to. The development of den- 

ity functional theory (DFT) has tremendously aided the applica- 

ion of computational chemistry in the design and development 

f organic corrosion inhibitors. So, based on electronic/molecular 

haracteristics and reactivity indices, DFT has allowed corrosion 

cientists to precisely anticipate the inhibitory efficacies of or- 

anic corrosion inhibitors [70–73] . In this part, the computations 

ere performed with the help of Gaussian 09W package program 

74] and Gauss View 5.0 [75] , DFT method and B3LYP functional 

ombined with 6-311 ++ G(d, p) basis set. DFT investigations were 

arried out to better understand the nature of the interaction be- 

ween the adsorption centers of Pyrazole-Perimidine Hybrids ( PYR- 

ER1, PYR-PER2 and PYR-PER3 ) molecules and the 304 stain- 

ess steel surface. Firstly, the optimized structures of the studied 

olecules in the gas and 1.0 M HCl solution phase (Polarizable 

ontinuum Model/PCM with Integral equation formalism/IEFPCM 

ver chk ∗ and static (Eps) and dynamic dielectric constants for 

ater and HCl) [76–81] were determined for theoretical corrosion 

valuations and the rest of the calculations such as frontier orbitals 

HOMO, LUMO and other related properties) and proton affinities 

ere performed over these. 

The highest occupied molecular orbital-HOMO and the lowest 

noccupied molecular orbital-LUMO are the frontier molecular or- 

itals, which are directly linked to the inhibitor or activator’s reac- 

ivity ability. E HOMO and E LUMO are employed in the DFT theorem to 

stimate the ionization potential (I) and electron affinity (A) given 

ith Koopmans theorem-by Sastri and co-authors and Bondarev 

nd et al. [ 82 , 83 ] and E = |E HOMO - E LUMO | is utilized to determine

he energy bandgap. 

 = −E HOMO (4) 

 = −E LUMO (5) 

From (4) and (5) formulas, I values were calculated as 7.579, 

.586 and 7.540 eV, and E values were computed as 1.795, 1.594 

nd 1.760 eV within the 1M HCl for PYR-PER1, PYR-PER2 and 

YR-PER3, respectively. In addition to these calculated I and E, 

ased on the theory put forward by Koopmans [84] , the follow- 

ng values were obtained when I (X + energy → X + + e −) and A (X

 e − → X- + energy) values were calculated considering the cation 

nd anion states of these three molecules: I (E PYR-PER + – E PYR-PER ) 

alues were calculated as 8.876, 8.887 and 8.881 eV and A (E PYR-PER 

E PYR-PER-) values were computed as 1.709, 1.357 and 1.705 eV for 

YR-PER1, PYR-PER2 and PYR-PER3, respectively. As seen from 

he obtained scores, these values decreased compared to Tables 

–5 results. Using the highest occupied molecular orbital (E HOMO ) 

nd lowest unoccupied molecular orbital (E LUMO ) energies [85] , the 

hemical potential (μ) and hardness ( η) values can be computed 

sing the Koopmans theorem [82] . 

hemical Potential = μ = −
(

I + A 

2 

)
= 

(
E HOMO + E LUMO 

2 

)
(6) 

hemical Hardness = η = 

(
I − A 

2 

)
= 

(
E HOMO − E LUMO 

2 

)
(7) 

The electrophilicity index ( ω) is a measurement of the energy 

oss produced by the maximal electron flow between acceptor and 
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Table 3 

Parameters of PYR-PER1 in gas/1M HCl and possible protonated points in 1M HCl. 

Parameters (eV) PYR-PER1 in gas phase PYR-PER1 C1(N11) C2(N9) C3(N3) C4(N4) C5(O6) C6(O23) 

E LUMO -2.091 -1.795 -1.164 -1.136 -0.494 -0.219 -0.816 -0.407 

E HOMO -7.639 -7.579 -8.311 -8.393 -7.714 -7.763 -8.040 -7.633 

Energy bandgap 5.548 5.784 7.147 7.257 7.220 7.544 7.223 7.227 

Ionization potential 7.639 7.579 8.311 8.393 7.714 7.763 8.040 7.633 

Electron affinity 2.091 1.795 1.164 1.136 0.494 0.219 0.816 0.407 

Chemical hardness 2.774 2.892 3.573 3.628 3.610 3.772 3.612 3.613 

Chemical softness 0.180 0.173 0.140 0.138 0.138 0.133 0.138 0.138 

Electronegativity 4.865 4.687 4.738 4.764 4.104 3.991 4.428 4.020 

Chemical potential -4.865 -4.687 -4.738 -4.764 -4.104 -3.991 -4.428 -4.020 

Electrophilicity index 4.266 3.798 3.141 3.128 2.332 2.111 2.714 2.236 

Planarity (best structural geometry) C1 C1 C1 C1 C1 C1 C1 C1 

Table 4 

Parameters of PYR-PER2 in gas/1M HCl and possible protonated points in 1M HCl. 

Parameters (eV) PYR-PER2 in gas phase PYR-PER2 C1(N11) C2(N9) C3(N3) C4(N4) C5(O6) C6(O23) C7(Cl37) C8(F36) 

E LUMO -1.677 -1.594 -1.122 -1.138 -0.350 -0.116 -0.764 -0.567 -1.045 -1.341 

E HOMO -7.784 -7.586 -8.317 -8.352 -7.725 -7.775 -8.049 -7.640 -7.607 -7.622 

Energy bandgap 6.107 5.992 7.196 7.214 7.374 7.660 7.286 7.073 6.562 6.281 

Ionization potential 7.784 7.586 8.317 8.352 7.725 7.775 8.049 7.640 7.607 7.622 

Electron affinity 1.677 1.594 1.122 1.138 0.350 0.116 0.764 0.567 1.045 1.341 

Chemical hardness 3.054 2.996 3.598 3.607 3.687 3.830 3.643 3.537 3.281 3.140 

Chemical softness 0.164 0.167 0.139 0.139 0.136 0.131 0.137 0.141 0.152 0.159 

Electronegativity 4.730 4.590 4.720 4.745 4.038 3.946 4.406 4.103 4.326 4.481 

Chemical potential -4.730 -4.590 -4.720 -4.745 -4.038 -3.946 -4.406 -4.103 -4.326 -4.481 

Electrophilicity index 3.664 3.516 3.096 3.121 2.211 2.032 2.665 2.381 2.852 3.198 

Planarity (best structural geometry) C1 C1 C1 C1 C1 C1 C1 C1 C1 C1 

Table 5 

Parameters of PYR-PER3 in gas/1M HCl and possible protonated points in 1M HCl. 

Parameters (eV) PYR-PER3 in gas phase PYR-PER3 C1(N11) C2(N9) C3(N3) C4(N4) C5(O6) C6(O23) C7(Br36) 

E LUMO -2.020 -1.760 -1.094 -1.134 -0.469 -0.198 -0.823 -0.407 -1.358 

E HOMO -7.700 -7.540 -8.321 -8.351 -7.718 -7.769 -8.053 -7.635 -7.616 

Energy bandgap 5.680 5.781 7.226 7.216 7.249 7.571 7.230 7.228 6.258 

Ionization potential 7.700 7.540 8.321 8.351 7.718 7.769 8.053 7.635 7.616 

Electron affinity 2.020 1.760 1.094 1.134 0.469 0.198 0.823 0.407 1.358 

Chemical hardness 2.840 2.890 3.613 3.608 3.625 3.785 3.615 3.614 3.129 

Chemical softness 0.176 0.173 0.138 0.139 0.138 0.132 0.138 0.138 0.160 

Electronegativity 4.860 4.650 4.708 4.743 4.094 3.983 4.438 4.021 4.487 

Chemical potential -4.860 -4.650 -4.708 -4.743 -4.094 -3.983 -4.438 -4.021 -4.487 

Electrophilicity index 4.158 3.741 3.067 3.117 2.312 2.096 2.724 2.237 3.218 

Planarity (best structural geometry) C1 C1 C1 C1 C1 C1 C1 C1 C1 
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onor. It is computed as follows: 

lectrophilicity index = ω = 

μ2 

2 η
(8) 

As seen in Eq. (9) , the negative of the chemical potential is ex- 

ressed as electronegativity ( χ ): 

lectronegativity = χ = 

(
I + A 

2 

)
= −

(
E HOMO + E LUMO 

2 

)
(9) 

Chemical softness is the inverse of hardness and is calculated 

s: 

hemical sof tness = ξ = 

1 

2 η
= 

1 

( E HOMO − E LUMO ) 
(10) 

Firstly, the order of PYR-PER Hybrids was obtained from 

heir calculations in the gas phase according to HOMO-LUMO 

ap, and electronegativity values, which were calculated with 

FT/B3LYP combined with 6-311 ++ G(d,p) taking into account 

he above equations: �E PYR-PER1 < �E PYR-PER3 < �E PYR-PER2 and 

PYR-PER1 <χPYR-PER3 <χPYR-PER2 . Additionally, all parameters related 

o frontier molecular orbital energies were computed and given in 

he first columns of Tables 3–5 and HOMO-LUMO electron distri- 

utions were given in Fig. 7 . Considering these results, the func- 

ional groups and their symmetries (calculations were performed 
7 
ithout any symmetry restrictions for the title compounds C1: 

dentity operation), it is decided to apply the same experimental 

ircumstances for the molecules ( PYR-PER1, PYR-PER2 and PYR- 

ER3) , and to calculate the frontier orbitals in 1M HCl in water 

olvation system over the checkpoint files. Here, the solvent’s in- 

uence has been taken into account in the computational com- 

utations. Additionally, the connections between the frontier or- 

ital energies and the relevant parameters and the candidates that 

ould be corrosion inhibitors there are some conditions to be met: 

 HOMO is often associated with the electron donating ability of the 

olecule. Therefore, inhibitors with high E HOMO values tend to do- 

ate their electrons to a suitable acceptor with a low vacant molec- 

lar orbital energy. In contrast, E LUMO indicates the electron ac- 

epting ability of the molecule, the lower its value, the higher its 

bility to accept electrons [86] . Later, the HOMO-LUMO gap energy 

ifference is another important factor in defining molecular activ- 

ty. Thus, when �E decreases, inhibitory activity increases [87–89] . 

n the other hand, other quantum chemical parameters given in 

ables 3–5 are very useful for elucidating the chemical reactivity of 

olecules and provide important clues for theoretically predicting 

he inhibition efficiency of molecules [90–92] . Namely, chemical 

oftness ( ξ ) is a measure of the polarizability of chemical species. 

oft molecules easily donate their electrons to the metal surface 
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Fig. 7. HOMO and LUMO distributions of neutral and protonated forms of PYR-PER molecules. 
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nd are described as good corrosion inhibitors [93] . According to 

he results, when a metal and an inhibitor approach each other, 

lectrons flow from an inhibitor with a low electronegativity value 

o a metal with a high electronegativity value until their chemical 

otentials or electronegativities are equal [93] . In general, a low 

lectronegativity inhibitor molecule is associated with high elec- 

ron donating affinity and therefore exhibits higher inhibition effi- 

iency compared to an inhibitor with higher electronegativity. To 

ummarize these criteria for an inhibitor candidate: 

• E HOMO should be high, 
• E LUMO should be low, 
• �E should be low, 
• Chemical softness ( ξ ) should be high and Chemical hardness 

( η) should be low, 
• Electronegativity should be low. 

When the obtained results are compared with alternative new 

nhibitors suggested in the literature [ 91 , 94 ] in terms of HOMO,

UMO and energy bandgap ( �E), namely for novel gossypol–

ndole modification (GIM) [94] , these parameters were reported 

s -1.32, -5.01 and 3.69 eV, respectively; again for benzyl azide 

BA) and butyn-1-ol (BOL) [91] were calculated as -7.06, -1.21, 

.85 and -7.54, -0.47 and 7.07 eV, respectively. The founded 

esults for our molecules look very promising as a new in- 

ibitor. In our system, considering the calculations in 1M HCl 

n water solvation system, the parameters were calculated with 

FT/B3LYP, 6-311 ++ G(d,p) and given in the second columns of 

ables 3–5 . Also, the HOMO-LUMO distributions in salvation sys- 

em were depicted in Fig. 7 . As demonstrated in Fig. 7 , the

OMO-LUMO distributions have almost the same distributions 

oth in the gas phase and in the mixture phase. In other 

ords, HOMO-LUMO distributions are not affected by the phase 

ifference. To sum up, this comparison can be made between 

hese parameters: E HOMO PYR-PER3 > E HOMO PYR-PER1 > E HOMO PYR-PER2 ; 

 LUMO PYR-PER2 > E LUMO PYR-PER3 > E LUMO PYR-PER1 ; �E PYR-PER2 > �E 

YR-PER1 > �E PYR-PER3 ; ξ PYR-PER1 = ξ PYR-PER3 > ξ PYR-PER1 ; η

YR-PER2 > η PYR-PER1 > η PYR-PER3 and χ PYR-PER1 > χ PYR-PER3 > χ

YR-PER2 . Although the parameters such as E HOMO , E LUMO , �E, chem- 

cal softness, chemical hardness, and electronegativity verify the 

sability of the considered molecules as corrosion inhibitors, pro- 

on affinity and �N values should also be checked. 

Proton affinity determines the ability of an atom or a molecule 

o accept protons in a gas phase. Proton affinity energy (PA), de- 

ned as the protonation of the molecule in the gas phase, is used 

s an important parameter when studying systems involving pro- 

on transfer reactions [90] . PA is also an important parameter used 

o predict the inhibition efficiency of chemical compounds [95] . 

he most important point to note here is that a chemical com- 

ound with high proton affinity acts as a good corrosion inhibitor. 
8 
he protonation points were previously determined for Pyrazole- 

erimidine Hybrids ( PYR-PER1, PYR-PER2 and PYR-PER3) , and the 

A values were computed with DFT method, B3LYP functional com- 

ined with 6-311 ++ G(d, p) basis set. The HOMO, LUMO energies, 

OMO-LUMO gap values and other related parameters for proto- 

ated forms were obtained and are given in Tables 3–5 . 

The obtained PA values are shown in Fig. 8 . The highest PA 

alues for PYR-PER1, PYR-PER2 and PYR-PER3 molecules are ob- 

erved on O6 atoms (according to their optimized numbering for- 

at) and their PA values were found as 272.862, 272.648 and 

73.860 KJ mol −1 , respectively ( PYR-PER3 > PYR-PER1 > PYR-PER2 ). 

t is observed that the obtained results by considering the PA val- 

es are quite consistent with the experimentally obtained results. 

Finally, �N values of inhibitor molecules in both neutral and 

rotonated forms are determined. The value of electrons transmit- 

ed from a corrosion inhibitor molecule is calculated using Sander- 

on’s electronegativity equalization [ 96 , 97 ]: 

N = 

χM 

− χinh 

2 ( ηM 

− ηinh ) 
(11) 

here χM 

and ηM 

are the electronegativity and chemical hardness 

f metal (for 304 stainless steel about χM 

= 7 eV and ηM 

= 0 eV ),

inh and ηinh are the electronegativity and chemical hardness of 

nhibitor Pyrazole-Perimidine Hybrids ( PYR-PER1, PYR-PER2 and 

YR-PER3) . The calculated �N values for the neutral PYR-PER1, 

YR-PER2 and PYR-PER3 were 0.400, 0.402 and 0.407, respectively 

nd for the protonated PYR-PER1, PYR-PER2 and PYR-PER3, �N 

alues were calculated as 0.383, 0.356 and 0.354, respectively. If 

N > 0, electron transport from the inhibitor molecule to the metal 

urface is said to occur. When the inhibitor molecule’s electron- 

onating ability at the metal surface is less than 0.36, the great- 

st inhibition efficiencies are achieved according to the literature 

 90 , 96–100 ]. According to the situation in this study, the �N val-

es show that PYR-PER3 has a strong ability to donate electrons 

o iron atoms, allowing them to connect with the metal surface 

ia coordination bonds, providing an effective protective layer that 

revents metal corrosion. The protonated forms of the molecules 

ave lower electronegativity and greater chemical hardness than 

eutral forms; these suggest that in an acidic media, the proto- 

ated parts of the PYR-PER1, PYR-PER2 and PYR-PER3 molecules 

ave a beneficial effect on corrosion inhibition [101–103] . Addi- 

ionally, the HOMO and LUMO distributions of PYR-PER1, PYR- 

ER2 and PYR-PER3 molecules for the neutral forms in gas phase, 

eutral and protonated forms in 1M HCl solution phase are de- 

icted in Fig. 7 . As stated above, the HOMO-LUMO distributions 

ave almost the same distributions both in the gas phase and in 

he mixture phase for neutral forms. Besides, the LUMO distribu- 

ions shift onto the pyrimidine moiety for the protonated forms in 

ll three molecules. All the quantum chemical computations give 
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Fig. 8. Proton affinity values of optimized PYR-PERs molecules. 
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Table 6 

The electric dipole moment, polarizability, and first order hyperpolarizabil- 

ity values of the title compound. 

PYR-PER1 

Parameters Value (esu) Parameters Value (esu) 

αxx 6.31891214E-23 βxxx 3.7847748489E-30 

αxy -7.57330324E-24 βxyy -1.1208672088E-30 

αxz -2.08587794E-24 βxzz -5.6088306959E-30 

αyy 5.42455056E-23 βyyy -2.6736231170E-31 

αyz 8.95023876E-24 βyxx 4.0222104561E-30 

αzz 5.15425770E-23 βyzz 8.2255768820E-32 

αtotal 56.3257347E-24 βzzz 1.2528945214E-30 

�α 23.1712276E-24 βzxx -9.9030826234E-30 

μx -3.3206032 βzyy -3.5496216480E-30 

μy 0.6135639 β0 131.23692170E-31 

μz 0.7235704 

μtotal 3.4534650 

PYR-PER2 

Parameters Value (esu) Parameters Value (esu) 

αxx 6.04862365E-23 βxxx -7.7442882781E-31 

αxy -9.93160418E-24 βxyy 9.5178646977E-31 

αxz 6.93102427E-24 βxzz 1.8169379260E-30 

αyy 5.88979986E-23 βyyy 5.4692607327E-30 

αyz 3.27035164E-24 βyxx -2.0641556942E-30 

αzz 5.44815266E-23 βyzz -5.7190728844E-30 

αtotal 57.9552539E-24 βzzz -1.0295192704E-30 

�α 22.3864984E-24 βzxx 6.1673339014E-30 

μx -3.2902345 βzyy 8.5409575133E-30 

μy -0.2508788 β0 140.15722221E-31 

μz 3.5127163 

μtotal 1.2044054 

PYR-PER3 

Parameters Value (esu) Parameters Value (esu) 

αxx 7.31896640E-23 βxxx 1.2827389089E-30 

αxy 5.75726232E-24 βxyy -2.2511086654E-30 

αxz -5.74049938E-24 βxzz 4.5583328232E-30 

αyy 5.48192825E-23 βyyy -5.5143647435E-30 

αyz 6.23416697E-24 βyxx 1.5901810517E-30 

αzz 5.57701484E-23 βyzz 4.9036348381E-30 

αtotal 61.2596983E-24 βzzz 1.3149952396E-30 

�α 25.2150751E-24 βzxx -9.7709809774E-30 

μx 3.6830726 βzyy -4.9520261017E-30 

μy 1.9490667 β0 139.14810127E-31 

μz 0.7515011 

μtotal 4.2342223 

4

t

a

t

m

n

g

he corrosion inhibitor order as PYR-PER3 > PYR-PER1 > PYR-PER2 

n DFT/B3LYP method/functional combined with 6-311 ++ G(d,p) 

asis set. 

.3. Non-linear optical (NLO) properties 

Because of their various applications in medicine, molecular 

witches, luminescent materials, laser technology, spectroscopic 

nd electrochemical sensors, data storage, microfabrication and 

maging, modulation of optical signals, and telecommunication, 

onlinear optical (NLO) materials have played a significant role 

n recent decades. The fact that organic materials have strong 

LO characteristics distinguishes them [ 104 , 105 ]. Based on this 

entioned literature, NLO parameters such as mean polarizability 

 αtotal ), anisotropy of polarizability ( �α), first order hyper polariz- 

bility ( β0 ) and dipole moments of PYR-PER1, PYR-PER2 and PYR- 

ER3 compounds were computed with DFT-B3LYP/6-311 ++ G(d,p) 

n 1.0 M HCl solution phase in this part. To compute these param- 

ters, the benefited equations for our molecules are: 

total = 

1 

3 

( αxx + αyy + αzz ) (1a) 

α = 

1 √ 

2 

[
( αxx − αyy ) 

2 + ( αyy − αzz ) 
2 + ( αzz − αxx ) 

2 + 6 a 2 xz + 6 a 2 xy + 6 a 2 yz 

]1 /

(2a) 

0 = 

[
( βxxx + βxyy + βxzz ) 

2 + ( βyyy + βyzz + βyxx ) 
2 + ( βzzz + βzxx + βzyy ) 

2 
]1 / 2 

(3a) 

total = 

(
μ2 

x + μ2 
y + μ2 

z 

)1 / 2 
(4a) 

All computed NLO values were given in Table 6 , and from this 

able we can say that the order of the mean polarizability ( αtotal ) is

YR-PER3 αtotal > PYR-PER2 αtotal > PYR-PER1 αtotal , secondly, the 

rder of anisotropy of polarizability ( �α): PYR-PER3 �α> PYR- 

ER1 �α> PYR-PER2 �α, and thirdly the order of the first order 

yper polarizabilities ( β0 ) is PYR-PER2 β0 > PYR-PER3 β0 > PYR- 

ER1 β0 . From the Table 6 , the order of the dipole moment mag-

itudes is as follows: PYR-PER3 μtotal > PYR-PER1 μtotal > PYR- 

ER2 μtotal . As can be seen from the NLO results, the polarization 

endencies are dominant as PYR-PER3 > PYR-PER1 > PYR-PER2 , and 

his is also seen in the inhibition performance. 
9 
. Conclusions 

In summary, Pyrazole-Perimidine Hybrids successively inhibit 

he corrosion of the 304 stainless steel in 1.0 M hydrochloric 

cid. The electrochemical impedance spectroscopy (EIS), poten- 

iodynamic polarization (PDP), and open circuit potential (OCP) 

easurements clearly indicate the influences of unsaturated, pla- 

ar and/or aromatic structures carrying -N-N and -NH functional 

roups on Pyrazole-Perimidine derivatives on the inhibitor effi- 
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iency. Moreover, different electron releasing/withdrawing charac- 

eristics of the substituents on these molecules alter their corro- 

ion inhibition efficiencies. The expected inhibition performances 

re associated with the frontier orbital energies and other re- 

ated parameters. Although it is decided by looking at the pa- 

ameters such as E HOMO , E LUMO , �E, chemical softness, chemi- 

al hardness, electronegativity of the considered molecules as cor- 

osion inhibitors, proton affinity and �N values should also be 

hecked. According to both proton affinity (PA) and fraction of elec- 

ron transferred ( �N) values, the order of inhibition performances 

as obtained as PYR-PER3 > PYR-PER1 > PYR-PER2 , which is con- 

istent with the experimental results. Additionally, these scores 

ere supported by NLO analysis in terms of polarization tenden- 

ies. All computations were performed in both gas (neutral form) 

nd liquid phase (neutral and protonated forms). These compounds 

re highly significant in the rational design of novel Pyrazole- 

erimidine Hybrids as corrosion inhibitors, as shown in tables. 

verall, PYR-PER3 demonstrated a high inhibitory efficiency for 

04 stainless steel corrosion in 1M HCl. All in all, the current re- 

earch offers a theoretical insight to study the molecular corrosion 

nhibitors which improve corrosion inhibition performances. 
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Mehmet GÜMÜŞ : Application of the computational techniques 

o analyze data; Preparation of the published work. 

Yusuf SERT: Conducting the research and investigation process, 

pecifically performing the experiments and data/evidence collec- 

ion. Application of the computational techniques to analyze data. 
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