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Teopemuueckue napamempuot pypana (unzuéumop A), 3,5-ouc(4-nupuoun)-1,2,4-oxcu-
ouaszona (unzuoumop B) u 2,5-ouc(2-nupuoun)-1,3,4- oxcaouazona (unzuoumop C) uccieoo-
eanu c ucnoaviosanuem meopuu Pynxkyuonana naiomuocmu (DFT) u memoooe Monme-Kapno
npu 6azoeom naoope 6-311++G(d, p) Ona npomoHupoBaHHvIX U HERPOMOHUPOEGAHHBIX YACHIUY,
6 2a3060u u 600HOU Pazax. Keanmoso-xumuueckue pacuenmuvl 0b11u RPOGEOEHBL 014 mpex 2eme-
POUUKIUYUECKUX COCOUHEHUT, KOMOPbIE UCNOIb306AIUCH 6 KAUeCHmee UHZUOUMOPOE Koppo3uu
MAZKOU CMAAU 6 KUCABIX CPedax, umoodvl usyuums céA3b MEMHCOy MOAEKYAAPHOU CHPYKMYPOl
uHZUOUmMOpa u IPPHekmusHocmovio UHZUOUPOBAHUA. IHepeUusa U pacnpeoesieHue evicuieil 3aHs-
moii monekynapnoi opoumanu (B3MQO) u nuzwieil He3aHAmMOU MOJEKYAAPHOU OpOUmMAIU
(HCMO), pacnpedenenue 3apaoa ucciedyemvlx UHZUOUMODPOS, 2100anbHaa MAZKocmby (6) u
acecmkocms (1), oopammuoe 0onopcmeo nepzun (A Evack-oonopemeo)s I1EKMPOPUALHOCHL U HYK-
neogunvnocmos, 3HaUEHUA AOCONIOMHOU INEKMpoompuyamenvhocmu (), WUPUHA 3anpeujeH-
Hotl 3016l (AEy), nomenyuan uonuszayuu, XumMuuecKuii ROMEeHYUa1 u 00711 REPEHOCa I1eKmpo-
H06 (ANmay) Om UHZUOUMOPOB K MAZKOII CIAU MAKXHCE ObLIU PACCYUMAHbL, KOMOpble Koppeau-
posanu c yppexkmusnocmuio unzuduposanus. Pezynomamut noxazanu, umo 3gpghexmugnocms
UH2UOUPOBAHUA UHIUOUMOPOE yayUManacy ¢ yeeauuenuem nepauu B3MO u ymenvuienuem
IHEP2eMuUYecKoll weau ZPAHUYHOI MOAEKYAAPHOU opoumanu. Bknadviean snekmponvl é maz-
Ky1o cmanw, oonacmu ¢ amomamu N u O, ckopee 6cezo, 0y0ym cea3vl8amubcs ¢ HOBEPXHOCHIBIO.
Pacuemvr DFT u Moume-Kapio ucnons306anucy 011 paHicupoGanus mpex mMamepuanos no
AHMUKOPPO3UOHHBIM CBOUCHEAM, U IKCHEPUMEHMANbHbIE U MEOoPemudecKue pe3yabnantbl
OvLU OUeHb noxodcumu.

Kawuessle ciaoBa: TOII, metron Monte-Kapio, okcanna3onsl, koppo3us, 3pPeKTUBHOCTh UHTH-
OupoBaHUs

QUANTUM CHEMICAL AND MONTE CARLO SIMULATIONS ON CORROSION INHIBITION
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A theoretical parameters for furan (inhibitor A), 3,5-bis(4-pyridyl)- 1,2,4-oxidiazole (in-
hibitor B) and 2,5-bis(2-pyridyl)-1,3,4-oxadiazole (inhibitor C) were investigated using density
functional theory (DFT) and Monte Carlo techniques at 6-311++G(d, p) basis set for protonated
and non-protonated species in gas and aqueous phases. Quantum chemical calculations were
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done on three heterocyclic compounds which used as mild steel corrosion inhibitors in acid en-
vironments to examine the link between inhibitor molecular structure and inhibition perfor-
mance. Energy and distribution of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), charge distribution of the studied inhibitors, global soft-
ness (o) and hardness (»), energy back-donation (4 Epack-donation), €lectrophilicity and nucleophilic-
ity, absolute electronegativity (y) values, bandgap energy (4Ey), ionization potential, chemical
potential and the fraction of electrons (4Nmax) transfer from inhibitors to mild steel were also
calculated and correlated with inhibition efficiencies. The results indicated that the inhibition
efficacy of inhibitors improved with increasing HOMO energy and decreasing energy gap of
frontier molecular orbital. By contributing electrons to mild steel, regions with N and O atoms
are most likely to bond to the surface. DFT and Monte Carlo calculations were used to rank the
three materials for anti-corrosion, and the experimental and theoretical results were very similar.

Key words: DFT, Monte Carlo method, oxadiazoles, corrosion, inhibition efficiency
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INTRODUCTION

In recent years, corrosion inhibitors have risen
significantly due to a greater corrosion consciousness
globally. Inhibitors serve a significant function in
metal corrosion control. Organic compounds are fre-
quently utilized as corrosion inhibitors in a variety of
sectors to avoid damage in acidic conditions [1, 2]. Or-
ganic compounds' corrosion inhibition effectiveness
(IE) is linked to their adsorption capabilities [3-5]. The
adsorption of the inhibitor protects the metal from the
corrosive media. It has been discovered that the pres-
ence of -electrons and heteroatoms causes higher ad-
sorption of the adsorbates onto the interface of mild
steel [6-8]. As a result, the use of corrosion inhibitors
has risen significantly. The bulk of well-known inhib-
itors are derived from molecules containing heteroa-
toms like oxygen, nitrogen, or sulfur, along with nu-
merous bonds that promote adsorption on metal sur-
faces. In any instance, adsorption occurs across a metal
surface, an adsorption layer is formed which protects
the metal from corrosion [9-13]. These inhibitors' effi-
cacy can be due to their strong polarizability and re-
duced electronegativity, these inhibitors cover vast me-
tallic surfaces and quickly transfer electrons to atoms'
vacant orbitals [6, 7, 14]. Furthermore, organic inhibi-
tors containing nitrogen are effective anticorrosion
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compounds for metals in hydrochloric acid, but mole-
cules that consist of sulfur atoms are effective inhibi-
tors in sulfuric acid [15, 16]. Heterocyclic nitrogen and
sulfur act as excellent corrosion inhibitors in both me-
diums. The activity of any inhibitor in severe acidic
conditions on any particular metallic composition re-
lies on the nature of the distinctive inhibitor film de-
posited on the metal surface, as well as the quantity and
kind of adsorption centers donating to the adsorption
process [17, 18]. In general, the inhibition efficiency of
inhibitors with various heteroatoms reflects the oppo-
site order of their electronegativities, such that inhibi-
tion efficiency proceeded in the sequence of O < N <
S<PinS, N, OandP [5, 7, 19]. Moreover, theoretical
chemistry such as quantum chemical computations has
been utilized to elucidate the process of corrosion inhi-
bition. Quantum chemical calculations have shown to
be a very effective method for researching the process
[20, 21]. The goal of this paper is to offer a theoretical
investigation of the electronic and molecular structures
of three heterocyclic compounds (Figure 1), as well as
to identify the link between both the chemical constit-
uents' molecular structure and inhibitory efficacy. En-
ergy and distribution of the HOMO and LUMO, charge
distribution of the studied inhibitors, global softness
and hardness, absolute electronegativity (y) values,
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electrophilicity, nucleophilicity, the fraction of elec-
trons (N) transfer from inhibitors to mild steel and en-
ergy back-donation were also calculated and correlated
with inhibition efficiencies.
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Fig. 1. Chemical structures of selected compounds a) 2-mercapto-
5-phenylfuran (inhibitor A); b) 3,5-bis(4-pyridyl)-1,2,4-oxadia-
zoles (inhibitor B); ¢) 2,5-di(pyridin-2-yl)-1,3,4-oxadiazole (in-
hibitor C)

Puc. 1. Xumudeckas cTpyKTypa BEIOpaHHBIX COSIMHEHNH a) 2-
MepkanTo-5-dhernndypan (uarudurop A); b) 3,5-6uc(4-mmupu-
nmn)-1,2,4-oxcaguasounsl (marHOUTOP B); C) 2,5-nu(tmpuaun-2-
nn)-1,3,4-oxcanuazon (marudutop C)

COMPUTATIONAL DETAIL

For the prediction of the chemical interaction
of clusters, solids and molecules, the density functional
theory (DFT) has a wide range of user’s methodology.
In recent decades, DFT has become more popular. In
this study, all calculations were performed by Gauss-
ian09 software and material studio [22, 23]. Based on
DFT and Becke’s three parameters hybrid exchange-
correlation functional (B3LYP) were used for obtain-
ing the title molecule’s geometry optimizations. The 6-
311++ G(d,p) basis set was used in this work. This
basis set gives more accurate results for the determina-
tion of geometries and electronic properties for a wide
range of organic compounds.
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Inhibitor C
Fig. 2. Optimized chemical structure of selected oxidiazoles
Puc. 2. OnTuMU3MpOBaHHAsT XUMUUYECKasi CTPYKTYpa BEIOpaHHBIX
OKCHJIHA30JI0B

QUANTUM COMPUTATIONAL CALCULATIONS

Quantum chemical computations were used to
study the influence of structural features on inhibitor
efficacy and metal surface adsorption mechanisms
[24]. By optimizing the inhibitor structure, geometrical
and electrostatic structures of the inhibitors were cal-
culated. Fig. 2 shows the optimal structure, bond
lengths and Mulliken charges. Frontier orbital theory
can be used to anticipate the adsorption centers of in-
hibitor compounds that interact with surface metal at-
oms. Due to the reciprocal dependency between stabi-
lization energy and orbital energy difference, frontier
MO might contribute significantly. Furthermore, the
energy difference between the molecules' HOMO and
LUMO regions was a significant aspect to discuss. Ex-
cellent corrosion inhibitors are said to be chemical
molecules that not only give electrons to the metal's
empty orbital but also take free electrons from the
metal [25]. The energy of HOMO is frequently related
to the molecule's propensity to transfer electrons. Max-
imum levels of Exowmo are considered to indicate a mol-
ecule's proclivity to donate electrons and to suitable ac-
ceptor molecules with low energy and unoccupied mo-
lecular orbitals [20]. As a result, the energy of LUMO
reflects the molecule's capacity to receive electrons
[26]. As aresult, the lower the value of E,umo, the more
likely the molecule is to receive electrons. The inhibi-
tor's capacity to attach to the metal surface rises with
increased HOMO and LUMO energy levels. Because
electrochemical corrosion usually comes in the aque-
ous phase, the impact of solvent must be included in
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the computations. As a result, the polarizable contin-
uum method (PCM) was used to account for the influ-
ence of the solvent (water) in the computations [27].
For a clearer appreciation of the experimental data ob-
tained from the aqueous solution, the self-consistent
reaction field (SCRF) theory and Tomasi's polarized
continuum model (PCM) were used [28, 29]. Indica-
tors of global electronics inside the DFT of Parr,
Pearson and Yang are valuable tools for analyzing
molecular reactivity in ground state. Several param-
eters can be employed as global or local reactivity
characteristics [30].

Within the DFT, lobal hardness () evaluates
an atom's resistance to charge transfer as the second
derivative of the energy gap concerning N at the v(r)

property [3].

2

n= _(%)v(r) 1)
Electronegativity is the ability of a set of atoms
to attract electrons when chemically bonded with an-
other atom, as expressed by equation 2. Where E indi-
cates the electronic energy, v(r) is the external poten-
tial generated by the nuclei and N is the number of

electrons [31, 32].

OE
X = =Gy (2)
Working equations for calculating may be con-

structed using the finite difference approach as.
I+A

X=— 3)
n="2 €)

Where A and | are the electron affinity and ion-
ization potential. With the band gap energy value, both
I and A can be calculated by the following equations
[33].

A=Ey—Eyns1 ®)
I'=Ey_1—Ey (6)

Where Ey, Ey,1 and Ey_ are the ground state
energies of the system with N, (N +1) and (N — 1)
electrons.

Electrons move from the lesser electronegativ-
ity compound to the greater electronegativity metal
during the interaction of the functional group with bulk
metal till the chemical potential is balanced. The pro-
portion of the transported electron, N, was calculated
using equation 7.

Xm—Xi
AN = S 0

Where the indices i and m indicate the inhibitor
molecule and metal atom, respectively. y; and y,, rep-
resent the absolute electronegativity of iron and the in-
hibitor molecule, respectively. n; and n,,, represent the
absolute hardness of inhibitor molecule and iron, re-

spectively. The theoretical values of y,, and n,, were
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used for bulk iron at 7 eV/mol and 0 eV/mol, using an
assumption for a metallic bulk I = A. The value of 7.0 eV
corresponds to the Fermi energy of iron in the free elec-
tron gas model. The electron-electron interaction is ig-
nored, and thus the usage of this number as m is theo-
retically incorrect [26]. As a result, several studies es-
tablished that a metal surface's work functions (¢,;,) are
a good parameter of its electronegativity and should be
employed in the calculation of N, as follows [34].

AN — Pm—Xi 8
o 2(Mm+m) ) ®
The initial molecule-metal interaction energy
is an important parameter of molecule, which has been
calculated by Sastri and Perumareddi [35].
_ Ure—x)?
TS ©)

RESULTS AND DISCUSSION

The examination of the frontier molecular or-
bitals (FMO) in terms of interaction between the fron-
tier orbitals, including HOMO and LUMO, was used
to explore the global molecular reactivity [36]. The en-
ergy of HOMO indicates the molecule's capacity to do-
nate electrons. As a result, inhibitors with strong Exomo
values tend to transfer electrons to a suitable acceptor
with a low unoccupied molecular orbital energy
(MOE). On the other hand, the energy of LUMO re-
flects the molecule's capacity to receive electrons. The
lower the value of ELumo, the greater likely the mole-
cule is to receive electrons [37]. The efficacy of inhi-
bition rises as Enomo levels rise. High Enomo values
imply that the compound preferentially donates elec-
trons to compounds having a low-energy empty molec-
ular orbital. The smaller the value of E umo, the easier
the molecule receives electrons from donor com-
pounds [38, 39]. The obtained value of Enomo and
ELumo for the examined furan and oxadiazoles for pro-
tonated and non- protonated species in gas and aqueous
phases are shown in Tables 1-3. The arrangement for
the change of inhibition efficiency of the examined in-
hibitors (for both gas and agueous phases) is compati-
ble with the order determined from experimental data
(C>B>A).

When considering structural stability and reac-
tivity, absolute hardness is a critical characteristic. Soft
molecules are more reactive than hard molecules since
they can easily give electrons [40]. Consequently, in-
hibitors with the lowest global hardness values are ex-
pected to be excellent corrosion inhibitors for noble
metals in acidic conditions. Adsorption of inhibitor is
a crucial characteristic onto a metallic surface and hap-
pens in the softest and hardest region of the molecule
[41]. Furthermore, Tables 1-3 show the predicted val-
ues of the selected organic molecules as inhibitors in
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aqueous and gas phases for protonated and non-proto-
nated species. The findings demonstrate that inhibitors
B and A have the highest hardness levels when com-
pared to inhibitor C.

The electronegativity of an atom in a molecule
reflects its proclivity to attract electrons. Because ex-
cellent inhibitors are often susceptible to donating elec-
trons to the metallic surface, we anticipated that elec-
tronegativity values would fall as inhibitive efficiency
increased [42]. Furthermore, the values of electronega-
tivity for the current system are compiled in Tables 1-3.
The trend in the electronegativity values for the afore-
mentioned inhibitors reveals that inhibitor A has the
lowest electronegativity. When compared to inhibitors
C and B, this action boosts its adsorption on the mild
steel surface and hence improves its corrosion preven-
tion performance.

Tables 1-3 also compute and tabulate the num-
ber of electrons transported (AN) for non-protonated
and protonated species, correspondingly. A positive
number of electrons transmitted (AN) implies that the
molecules are electron donors, whereas a negative
number of (AN) shows that the molecules are electron
acceptors [43]. As a result, in the aqueous and gas me-
dium, in non-protonated species inhibitor C operate as
electron donors. If (AN) is smaller than 3.6, the inhibi-
tion effectiveness is improved by enhancing the inhib-
itor's electron-donating capacity at the metal surface.
Furthermore, the higher the value of (AN), the more
likely a molecule is to give electrons to the electron-
poor species [44, 45]. The inhibitor C has an electron
transfer of more than 3.6, suggesting that it acts as an
electron acceptor in non-protonation. However, in pro-
tonation, it acts as a donor in both gas and solvent be-
cause it is less than 3.6. We found that the most ac-
ceptable inhibitor C is related with the maximum num-
ber of electrons transferred (AN,,,,) While the least
fraction is associated with the inhibitor with the least
inhibitory effect A.

Corrosion of materials in nature for whatever
reason is directly related to band gap energy. The en-
ergy gap is a crucial characteristic of the inhibitor sub-
stance's receptivity to adsorption on the metallic sur-
face [46]. Increasing the band gap energy leads to de-
crease the reactivity of the molecule. Because the nu-
clear ionization energy of an atom of the molecule re-
quired to remove an electron from the final occupied
orbit is minimal. Organic materials are the most suita-
ble corrosion inhibitors because they do not only give
electrons to the metal's empty orbit but also take free
electrons from the metal. Any material with a low band
gap boosts its polarization ability because it increases
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chemical activity while decreasing kinetic stability,
making it act like soft material [47]. The organic com-
pounds in this study have been theoretically estimated
for several quantum chemical characteristics, and ac-
cording to the band gap energy ranking, the inhibitor A
have the worst degree of corrosion, the inhibitor C have
greater capacity than other. Fig. 3 shows LUMOs and
HOMOs of selected molecules at 6-311++G(d,p) basis
set in gas and aqueous phases.

Table 1
Theoretical calculation of electronic parameters for in-
hibitor A at 6-311++G(d,p) basis set for protonated and
non-protonated species in gas and aqueous phases
Tabnuya 1. TeopeTndyecKuii pacyer 3JJeKTPOHHBIX Ia-
paMeTpoB HHrUOUTOpPa A npu 6a3uce 6-311++G(d,p)
AJISt IPOTOHUPOBAHHBIX U HENMIPOTOHUPOBAHHBIX Ya-
CTHI B Ta30BOH M BOHOI1 (pazax

Non-pro-
. Non-pro- Protonated| tonated Protonated
Inhibitor A | tonated aqueous
gas phase | aqueous
gas phase phase
phase
HOMO (eV)| -8.03L | 6.351 | -8.959 | -7.760
LUMO (eV) | 5522 | -1556 | -2.290 | -2.686
HOMO-1 | o200 | 7322 | -930 | -8.046
(eV)
LUMO+L 1 5031 | 0701 | -2992 | -1.251
(eV)
TOtiLelT)ergy -858.922 | -859.224 | -859.225 | -858.870
Dipole mo-
mont (Debye)| 3954 | 2826 | 3737 | 4999
lonization g 31 | 351 | gos9 | 8.959
energy (eV)
Electron af-
finity (ov) | 4992 | 1886 | 2290 | 3290
Band-gap | ) 009 | 4795 | 6.668 | 5668
energy (eV)
Hardness | 019 | 2397 | 3334 | 2.834
(eV)
Softness (eV)| 0495 | 0417 | 0299 | 0.352
Electronega-
ivity (ov) | 7011 | 3983 | 5625 | 6125
Chemical
sotential (ov)| 7011 | 3953 | 5625 | -6125
Electrophilic-\ 1, 125 | 3260 | 4744 | 6618
ity (eV)
Nucleophilic-
ty vyl | 0082 | 0306 | 0210 | 0151
AE Back-do-1 500 | 5599 | -0.833 | -0.708
nation (eV)
Transfer | 600 | 0635 | 0206 | 0.154
electrons
AP 217105 | -0.967 | -0.141 | -0.067
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Table 2
Theoretical calculation of electronic parameters for in-
hibitor B at 6-311++G(d,p) basis set for protonated and

non-protonated species in gas and aqueous phases
Tabnuya 2. TeopeTndeckunii pacyer 3JeKTPOHHBIX Na-
pamerpoB narudéuropa B npu 6-311++G(d,p) 6a3ucHoM
Ha0ope A1l IPOTOHMPOBAHHBIX M HENPOTOHHUPOBAHHBIX
YacTHI B ra30BOi M BOJHOI (a3ax

bition response, it is widely acknowledged that adsorp-
tion of polar chemicals with large dipole moments on
the metal surface should result in improved inhibition
effectiveness [47]. A comparison of quantum chemical
calculation results with experimental inhibition effi-
ciency revealed that the percent inhibition efficiencies
of the inhibitors rise with increasing dipole moment

Non-pro- value. The ranking of the most discussed anti-corro-
nhibitor B Non-prg- Protonated | tonated |TTO°M%d|  sjon agents for the materials in this study according to
nhibitorB | tonated ' oo hase | aqueous | 234U | dipole moment is as follows A < B < C.

gas phase phase phase
HOMO (eV)| -8.886 | -8.882 | -7.415 | -7.584 Table 3
LUMO (eV)| -5.374 -5.390 -2.822 -3.678 Theoretical calculation of electronic parameters for in-
HOMO-1 hibitor C at 6-311++G(d,p) basis set for protonated and
(eV) -9.544 -9.553 -1:512 -8.032 non-protonated species in gas and aqueous phases
LUMO+1 Taénuya 3. TeopeTnyeckuii pacyer 3JeKTPOHHBIX Na-
(eV) -5.178 -5.192 -2.095 -2.864 pamerpoB unruouropa C npu 6aszuce 6-311++G(d,p)
Total ener U1 IPOTOHMPOBAHHLIX H HEMMPOTOHMPOBAHHBIX Ya-
@.u) 9 756.129 | -755.809 |-756.223 | -755.963 crEN B ra3oBoi W BoHOH (aiax
Dipole mo- Non-pro- NON-pro- 15 onated
ment (De- | 6.947 | 3.402 | 4385 | 19.026 Inhibitor C | tonated | rotonated) tonated . oo
gas phase | aqueous
bye) gas phase phase phase
e'n‘:;'gz)";‘t('g\r}) 8886 | 8882 | 7.415 | 7.584 | |HOMO (eV)| 5525 | -10.232 | -5.477 | -7.064
Electron LUMO (eV) | -5.239 -9.775 -5.162 -6.666
affinity (eV) 5374 5390 2.822 3.678 Hc(>2<|/c)>-1 -7.335 | -11.214 | -7.356 | -8.132
Band-gap
energy (V)| Pt | 3492 | 4593 | 3.906 "U(';"\gﬂ 2639 | -6505 | -2.638 | -3.370
Hardness
(eV) 1755 | 1746 | 1296 | 1.953 TOtiLeS)ergy -754.756 | -754.517 | -754.776 | -754.594
Softness o p—
(v) | 0909 | 0572 | 0435 | OSLL | | DIROSTOL| 9474 | 7308 | 9276 | 26868
Electronega- lonization
tivity vy | 1390 | 7136 ) 5119 ) 5631 energy (ev) | 5525 | 10282 | 5477 | 7.064
Chemical po-| ) ) ) Electron af-
tential (eV) 7.130 7.136 5.119 5.631 finity (eV) 5.239 9.775 5.162 6.666
Electro- Band-gap
philicity (eV) 14.479 | 1458093 | 5.704 | 8.117813 energy (V) 0.285 0.456 0.315 0.398
Nucleo- Hardness
philicity | 0.069 | 0.068583 | 0.175 | 0.123 (eV) 0142 | 0228 | 0157 | 0.199
(eV)-1 Softness (eV)| 7.006 4.385 6.347 5.023
AE Back-do-| - 438 | 0436 | -0574 | -0.488 Electronega-| 5 365 | 10.004 | 5320 | 6.865
nation (eV) tivity (eV)
Transfer Chemical
electrons | 0037 | -0.039 | 0409 | 0.350 ootential (V)| 5382 | -10.004 | -5.320 | -6.865
|Aw] | 00024 | -0.002 | -0.385 | -0.239 E'ei‘ig‘(’g\r}')"c' 101.496 | 219.443 | 89.830 | 118.401
The dipole moment is a useful indicator for N?t(;?g{)/k)"_ll'c' 0.009 0.004 0.011 0.008
predicting the direction of a corrosion inhibition pro-
. . . . AE Back-do-
cess. The dipole moment is an estimate of the polarity | pation (evy | 00%° | -0.057 | -0.039 | -0.049
ina bond and is connected to the diffusion of electrons Transfer
in a molecule. Although the research is divided on the electrons 5666 -6.586 5330 0.337
use as a predictor of the direction of a corrosion inhi- |AP| -4.582 -0.893 | -4.476 -0.022
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Fig. 3. LUMOs and HOMOs of selected molecules calculated
based on DFT at non-protonated species on B3LY level at 6-
311++G(d,p) basis set at gas and aqueous phases
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Fig. 4. Variation of quantum chemical parameters in protonated and non-protonates species at gas and aqueous phases with the nature of
the inhibitors A, B and C
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Electrophilicity and nucleophilicity are quan-
tum chemical factors that can be used to predict the
chemical properties of compounds and to compare the
efficiencies of inhibitory compounds. It should be
noted that a molecule with a high electrophilicity value
is useless for corrosion protection [48]. A chemical
compound with a high degree of nucleophilicity is, on
either side, an effective corrosion inhibitor. C > B > A
is the predicted ranking of the corrosion inhibition ef-
ficiency based on the electrophilicity and nucleophilic-
ity values of the examined compounds. Another im-
portant parameter is back donation energy, can be cal-
culate from the following expression [49].

AEgack—donation = — 7 (10)
The charge transfer model is a successful
model for interpretation of charge donation and back-
donation, an electronic back-donation mechanism
might also influence the chemical interaction between
the inhibitor molecule and the metal surface [50]. Ac-
cording to this principle, if both electron transfer to the
molecule and back-donation from the compound hap-
pen at the same time. Back-donation from the molecule
to metal is energetically favored when AE,_; < 0 or
n > 0.The findings of this study as given in Tables 1-3
demonstrate that charge transfer to a structure accom-
panied by back-donation from the molecule is energet-
ically favorable. If molecule corrosion inhibition effec-
tiveness grows with increased molecule adsorption on
the metal surface, inhibition efficiency should increase
as the stabilization energy arising from the contact be-
tween the metal surface and inhibitor increases. The
estimated AE),_; values show the trend, as predicted
and in agreement with the experimental result C > B > A.
Organic substances with electronegative func-
tional groups and 7 -electrons in conjugated double
bonds are the most effective inhibitors. Corrosion in-
hibitors' structural and electrical features have a signif-
icant impact on how effective they are. Through their
adsorption at the metal/solution interaction, metals are
protected against corrosion in acidic environment. The
protonation of imidazole and its derivatives leads to an
increase in their ability to accept the electrons from the
conduction band of the protected metal. The effective-
ness of the oxadizoles and phenylfuran inhibitors, that
work by adsorbing on the metal surface, is highly de-
pendent on their capacity to form complexes with the
metal. The chelating center for chemical adsorption is
provided by the polar functional groups including ox-
ygen and nitrogen as well as the electrons. Organic
compounds with various donor atoms have higher in-
hibitory potencies in the order N > O.
However Due to the nitrogen (N) atomic func-
tional groups and free electrons in its N atom's ability
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to interact with carbon steel and prevent corrosion at-
tacks, imidazole has the ability to be used as corrosion
inhibitors. Put compared our study compounds it has
least effective one due to, it has the least molecular size
and it has only 1N atoms. so through the nitrogen atom
and interactions between aromatic rings, the inhibitor
is absorbed on the metal surface. The protective layer
is increased by intermolecular hydrogen bonding. It is
significant to note that there are no differences in the
inhibitors' neutral form's properties in the gas phase.
On the other hand, the protonated form was formed
during the aqueous phases. The protected metal's abil-
ity to accept electrons from the conduction band is en-
hanced by protonation. During the protonation reac-
tion, their electron cloud is deformed, which improves
their capacity to prevent corrosion.

FUKUI FUNCTION ANALYSIS

The Fukui function indicates the reactive cen-
ters inside the molecules which was used to examine
the local reactivity. The condensed Fukui functions
were derived using a finite difference approach as an
atom k in a molecule with N electrons [36]. The active
sites of the molecules can be found by taking factors
that made elements into account: Fukui functions, nat-
ural atomic charge and frontier molecular orbital dis-
tribution. Many molecular characteristics are depend-
ent on intermolecular interactions, according to the
theory of classical chemistry [51, 52]. By definition, all
chemical interactions are either orbital (covalent) or
electrostatic (polar). Electrostatic interactions are
clearly driven by electrical charges in the molecule.
Local electric densities or charges are significant in
many different compound processes as well as the
chemical and physical characteristics of substances
[53]. To determine the reactive sites for a particular in-
hibitor, it is necessary to consider the partial charges
on the individual atoms in a molecule. Atoms with the
largest negative charge are thought to have the greatest
proclivity to donate electrons to the metal surface. As
a result, the inhibitor is likely to get involved with the
metal surface via these atoms [36]. Fukui function
analysis was used for this aim which was used to cal-
culate net atomic charges. Tables 4-6 summarize the
atomic charges on the atoms of the selected oxadia-
zoles in gas and aqueous phases. The atom with the
greatest F*(r) value is the target for nucleophilic as-
sault (r). In turn, the site for electrophilic attack is po-
sitioned on the atom with the greatest F~(r) value. Ta-
bles 4-6 provide the values of the Fukui functions for
the three oxadiazole compounds [54].

F*(r) = qx(N) — qx(N + 1)

for nucleophilic attack (11)
F~(r) = qpx(N — 1) — qi(N)
for electrophilic attack (12)
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Because N and O heteroatoms have a greater
negative charge, they are the most attractive locations
for contact with the metal surface for both non-proto-
nated and protonated species, implying that active cen-
ters with up with high might operate as a nucleophilic
group. The metal's capacity to bind to the inhibitor is
highly influenced by the electrical charge of the active
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Table 5
Calculated Mulliken atomic charges and Fukui func-
tions for inhibitor B and maxima in bold, in gas and
aqueous phases
Tabnuya 5. PacueTHble aTOMHBIE 3apsi/ibl MaJUIMKeHA H
¢ynxmnu @ykyu ais uHruduTopa B 1 MakcHMyMBl,
BblIe/IeHHbIE JKUPHBIM IIPUPTOM, B ra30BOH U BOAHOI

site. Each inhibitor compound was given the oppor- Gas phase ooty Aqueous phase
tunity to engage with the Fe metal at the atom with the ~ |Atoms 7 e g F* IE I3
largest negative charge. Cl [-0.935| 0.011 | -0.462 | 0.002 | 0.044 | 0.023
C2 | 0.881 |-0.191| 0.345 | 0.007 | 0.072 | 0.0395
_ _ ‘Table4  ™c37 0012|0014 | 0013 | 0 |-0.006] -0.003
Calculated Mulliken atomic charges and Fukui func- C4 | 0.495 | -0.289| 0.103 | 0.005 | 0.063 | 0.034
tions for inhibitor gizguTgﬁlggsln bold, in gas and C5 1207211 0118 2030151 0.003 | 0.048 | 0.0255
Tabnuya 4. PacueTHble aTOMHbIE 3apsiabl MajjiMKeHa U C10 | 1.807 | -0.31 | 0.7485 | -0.026 | 0.039 | 0.0065
pysici Dykyn A1t HEIHGHTOPA A 1 MAKCHMYMBL, C11 | -0.93 | 0.105 [-0.4125] 0.189 | 0.012 | 0.1005
BbI/ICJICHHBIC )KUPHBIM Hlpl/l(l)TOM, B ra3oBoii 1 BOZ[HOﬁ C12 _0673 0006 _03335 019 0018 0104
bazax C13 | -0.33 | -0.21 | -0.27 |-0.025| 0.021 | -0.002
Gas phase Aqueous phase C14 | 0.207 | 0.055 | 0.131 | 0.064 | -0.009 | 0.0275
AOMSI =TT 0 [ f+ | f~ | f9 C19 [-0.439 | 0.314 [-0.0625 | 0.022 | 0.044 | 0.033
C1l | 0.246 |-0.227| 0.0095 | 0.001 |-0.143| -0.071 C20 |-0.691| 0.446 |-0.1225| 0.007 | 0.098 | 0.0525
C2 | 0.912 | -0.774| 0.069 0 -0.094 | -0.047 N21 |-0.113| 0.053 | -0.03 | 0.025 | 0.114 | 0.0695
C3 |-1.043| 1.262 | 0.1095 | 0.001 | -0.049 | -0.024 N22 | 0.423 |-0.152 | 0.1355 | 0.173 | 0.02 | 0.0965
C4 |-0.151| 0.204 | 0.0265 0 -0.101 | -0.0505 N23 | 0.401 | -0.12 | 0.1405 | 0.003 | 0.063 | 0.033
C5 | 0.118 | -0.029 | 0.0445 0 -0.15 | -0.075 N24 | 0.583 | -0.277 | 0.153 | 0.004 | 0.069 | 0.0365
C6 | 0.106 | 0.136 | 0.121 0 -0.117 | -0.0585 025 | 0.68 | 0.177 | 0.4285 | 0.013 | 0.077 | 0.045
C12 |-0.347| 0.487 | 0.07 | 0.002 | 0.292 | 0.147
C13 | 0.414 | -0.247 | 0.0835 | 0.006 | -0.33 | -0.162
Cl4 [-0.431] 0.579 | 0.074 | 0.009 |-0.256 |-0.1235 Table 6
C15 | 0.326 | -0.258 | 0.034 | 0.04 | 0.252 | 0.146 Calculated Mulliken atomic charges and Fukui func-
018 | -0.57 | 0.617 | 0.0235 | 0.014 | 0.073 | 0.0435 tions for inhibitor C and maxima in bold, in gas and
S19 | 1.154 | -0.488 | 0.333 | 0.927 | 0.231 | 0.579 aqueous phases

According to the findings, the favored loca-
tions for attack by nucleophilic agents in all three in-
hibitors are around carbon, nitrogen, oxygen and Sul-
phur atom. Carbons 15 and 16 contain all three states
for electrophilic attack and nucleophilic attack which
are the most abundant in this molecule while being the
best material for the highest corrosion resistance. Car-
bon positions 15 and 16 are located in the 1,3,40xadia-
zole group. Inhibitor B has a gas-phase active center
and is hydrophilic at the heterocyclic atoms. N21, N24
and 025 have nucleophilic attack sites in the 1,3,4-
oxadiazole group. When an electron-rich species (the
nucleophile) "attacks” an electron-deficient species,
this is known as a nucleophilic attack. The inhibitor A
like to be attacked by electrophilic substance near the
S19 and C1 atoms. The maxima of the electrophilic Fu-
kui functions f~ represent the preferred locations for
electrophilic agent adsorption such as metal surfaces.
The £~ maxima for inhibitor A, B, and C occur around
sites C14, C19 and C20, C14 and C15, respectively.
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Tabnuua 6. PacyeTHble aToMHbIe 3apsaabl MajliinkeHa U
bysxkunu ®ykyu ajst uHruouTopa C 1 MaKCMMYyMbI,
BblJeJ1eHHbIe JKUPHBIM WIPHPTOM, B ra30BOi U BOIHOI

¢azax
Gas phase Aqueous phase
Atoms & - I r - I3
Cl |-0.015| 0.085 |-0.119 | -0.01 | 0.096 | -0.207
C2 | 0.064 | 0.105 | 0.048 | 0.085 | 0.123 | 0.057
C3 |-0.005| 0.016 |-0.028 | 0.007 | 0.027 | -0.038
C4 |-0.197| -0.14 |-0.265|-0.188 | -0.12 | -0.343
C8 |-0.015| 0.085 |-0.119 | -0.01 | 0.096 | -0.018
C9 |-0.197| -0.14 |-0.265|-0.188 | -0.12 | -0.179
C10 |-0.005 | 0.016 | -0.028 | 0.007 | 0.027 | -0.013
C11 | 0.065 | 0.105 | 0.048 | 0.085 | 0.123 | 0.076
C15 | 0.297 | 0.321 | 0.281 | 0.317 | 0.339 | 0.303
C16 | 0.297 | 0.321 | 0.281 | 0.317 | 0.339 | 0.296
N17 |-0.209 | -0.176 | -0.242 | -0.272 | -0.249 | -0.284
N18 |-0.209 | -0.176 | -0.242 | -0.272 | -0.249 | -0.304
N20 |-0.297 | -0.291 | -0.312 | -0.355 | -0.343 | -0.365
N21 |-0.297 | -0.291 | -0.312 | -0.355 | -0.343 | -0.381
019 | -0.495|-0.474 | -0.502 | -0.475 | -0.461 | -0.488
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ESP of inh C in aqueous phase
Fig. 5. Electrostatic potential map in gas and aqueous phases at
B3LYP /6-311++ G (d,p) basis set
Puc. 5. Kapra s5ekTpocTaTnyeckoro noTeHIuana B ra3oBon 1
BOJHOM (hazax npu Gasuce B3LYP/6-311++ G (d,p)

Fig. 5 shows the electrostatic potentials (ESP)
of chosen oxadiazoles from our work mapped on elec-
tron density surfaces. The minima and maximum are
displayed in blue and red on these maps, respectively.
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The negatively charged blue spots on the ESP maps are
close to heteroatoms. These electron-rich locations
would be ideal for adsorption to metal surfaces.

The molecular electrostatic potential (MEP)
for compounds is also shown in Fig. 5. The MEP is a
helpful identifier for determining whether locations in
a molecule have proton affinity (charge regulated hard-
hard interactions and the molecule's relative polarity.
Higher negative charge, stronger electron density and
higher affinity to a proton are shown by red regions.
Blue regions have a higher positive charge, a lower
electron density and a lower affinity for a proton. The
red zone is near the Sulphur atom from the phenol
group in inhibitor A while the blue region is near the
Sulphur atoms from the mercaptan group in inhibitor
A. The other two inhibitors B and C, the red regions
located around heterocyclic atoms of (nitrogen atoms)
from the oxadiazole groups.

MONTE CARLO SIMULATIONS

The Monte Carlo simulations aid in predicting
the interaction of the inhibitor molecules with the sur-
face of the metal [55]. It was used to induce the most
stable low energy adsorption configurations of mole-
cules A, B and C on the Fe (110) surface which are
shown in Fig. 6. Because it is the most stable surface
documented in the literature, the Fe (110) crystal sur-
face was chosen for this simulation. A four-slab model
was used to simulate the Fe (110) surface. Each layer
in this model had 80 iron atoms, representing a (110)
unit cell. For nonbonded interactions, a cut-off distance
of 1.85 nm used with a spline transformation function
(total energy, average total energy, van der Waals,
electrostatic interactions, and intramolecular energy).
Table 7 shows the results and characteristics, defor-
mation energy, experimental efficiency %, stiff ad-
sorption, comprising total adsorption and total energy.
The energy produced when the relaxed adsorbate com-
ponents deposited on the surface is related to the ad-
sorption energy. The adsorption energy is the sum of
the adsorbate component's deformation energies and
rigid adsorption. Higher negative adsorption energy
values represent a more stable and powerful interaction
of a metal and an inhibitor molecule. The results in Ta-
ble 7 can be shown that the negative values of furan
and oxadiazoles derivative adsorption energies on the
Fe (110) surface grow in the sequence C > B > A
which is similar to the experimental inhibitory effi-
ciency values.

W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 8
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Table 7

The outputs and descriptors calculated by the Monte Carlo simulation for adsorption of A, B and C inhibitors on
Fe (110) (in kcal mol™) and experimental inhibition efficiency
Tabnuya 7. BIxoabl H AeCKPUITOPbI, pACCYUTAHHBIE ¢ MOMOLIbI0 MoaeaupoBanusi MonTe-Kapao nis agcopouuu
HHruouTOopoB A, B 1 C Ha Fe (110) (B KKkaJ1/M0JIb) H IKCHEPHMEHTAJILHASA 3()eKTUBHOCTh HHTHOUPOBAHMSA

.- . dE
Inhibitor Total energy| Adsorption energy a d?olrglgon Deformation energy dl\[;d Experimental
(kcal mol™) (kcal mol™) (keal rlrawl’l) (kcal mol™) (keal miol‘l) efficiency %
25.011 -159.041 -3.174 -155.866 -159.041 78.4
49.322 -273.743 -4.183 -269.560 -273.743 93.97
48.042 -278.353 -4.356 -273.996 -278.353 95.3
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Inhibitor C

Side view Top view
Fig. 6. Side and top views of the most stable low energy configu-
rations for the adsorption of three inhibitors on Fe (110) interface
attained using Monte Carlo simulations
Puc. 6. Buapl c6oky u cBepXy Ha Hanboee CTaOMIbHBIE HU3KO-
OHEPTETUYECKUE KOH(I)I/Il"ypaLII/II/I aucopGuI/m TpeX I/IHFI/I6I/ITOp0B
Ha rpaHule paszaena Fe (110), moayueHHBIE C TOMOIIBIO MOJIEIH-
poBanus MerogoM Monre-Kapno

EXPERIMENTAL REVIEW

Inhibitor C

A corrosion inhibitor is a chemical compound
when introduced to an environment at modest concen-
trations, effectively reduces the corrosion rate. This
improvement is expressed as a percentage, indicating
the inhibitor's efficacy. Fig. 7 shows the results of 1E %
and corrosion rate derived from weight loss measure-
ments for various concentrations of these components.

ChemChemTech. 2023. V. 66. N 8

All of these chemicals have been found to prevent mild
steel corrosion in 1 M HCI at all concentrations tested
[6, 7, 14]. The IE for all of these drugs have been re-
ported to increase with increasing inhibitor concentra-
tion. The adsorption of oxadiazoles on metal surfaces
can occur either directly or by interacting directly with
the donor-acceptor electrons on the heterocyclic mole-
cule and the unoccupied d-orbitals on the iron surface
atom, or by interacting with chloride or sulfate ions
previously adsorbing them. The heterocyclic mole-
cules could well be adsorbed on the surface as neutral
molecules, causing water molecules to be displaced
from the metal surface, electrons to be shared between
nitrogen atoms and the metal surface. The organic
compound's molecular structure is critical in synergis-
tic inhibition. The highest synergistic inhibition is en-
visaged for an anion cation pair in which both ions
have a significant proclivity for covalent binding. As a
result, oxadiazole adsorption on the steel surface is
larger than that of 1 M HCI solutions, resulting in in-
creased inhibitory effectiveness. The pyridyl substit-
uent occurs in aqueous acidic solutions as neutral spe-
cies or as pyridinium cations that are maintained by
an intramolecular hydrogen bond. The pyridinium
substituent exerts an electron-drawing effect in this
circumstance.

CONCLUSION

B3LYP density functional theory with 6-
311++G(d, p) basis sets and the corrosion inhibition ef-
ficiency of furan and oxadiazoles against iron metal
corrosion were predicted using a molecular dynamic
modeling technique. Quantum chemical computations
were performed for non-protonated and protonated
species in gas and aqueous phases. In this study, a
quantifiable link was discovered between electro-
philicity (W), Exomo, electron charge transfer (AN, 4),
hardness (1), back-donation (AEy;ck—donation) @nd in-
hibition efficiency for the compounds examined. All of
these characteristics better describe the real experi-
mental condition. When compared to other inhibitors,
the inhibitor C has a superior nucleophilic character;
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the greatest Enomo and the largest electron charge
transfer (AN,,q), highlighting its capabilities as an
electron donator. It also has the highest hardness, as a
result, a favorable back-donation charge. These find-
ings were obtained for both phases, with and without
the solvent effect. Despite the fact that a number of de-
sirable quantum chemical characteristics correlate well
with the inhibition effect of various inhibitors, there is
still a lack of a straightforward relationship between oth-
ers, such as E,umo, dipole, and inhibition efficiencies.
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Fig. 7. Corrosion inhibition efficiency variation with rate concen-
trations [6, 7, 14]
Puc. 7. 3menenne 3¢ (eKTHBHOCTH HHTHOUPOBAHUS KOPPO3HH B
3aBHCUMOCTH OT KOHIIEHTpauuu [6, 7, 14]
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