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ABSTRACT

Some new compounds which are derived from 8-hygyoxoline were both prepared and
characterized biR, NMR spectroscopy and elemental analysis. After theessful synthesis,
we tested these products as corrosion inhibitorsitaf steel (MS) in 1.0 M HCI at 298 K+1.
The anticorrosive property was achieved by elebiatcal and theoretical methods such as
potentiodynamic polarizationPDP), the spectroscopy impedandel$), density functional
theory (DFT) calculations and the Monte Carlo simulatidQ). The experimental and
theoretical results obtained show that these pitsduave an excellent anticorrosive property
for the MS The thermodynamic parameters show that all tmepounds adsorb to the metal
surface by chemical bonds according to the Langradsorption isotherm. The surface
morphology was investigated using scanning elecspactroscopy SEM coupled with
energy dispersive spectroscoBD and theFT-IR analysis. The gravimetric solutions after

6 hours of immersion were analyzed by the UV-Visigpectrometry.

Keywords: Synthesis; Corrosion inhibition; Mild steel; SHMIS; FT-IR analysis; Monte

Carlo simulation.
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1. Introduction

Steel is an alloy of iron used in metal construttimol making, strengthening foundations,
and transporting water. A large amount of metatgaged by corrosion, in acidic media. So,
the use of corrosion inhibitors has become esddntiaxtend the lifetime of metal part [1].
According to the literature, several authors hasgorted that the heterocyclic compounds
based on 8-hydroxyquinoline showing several apptoa in various fields such as:
Pharmaceutical field, Medicinal, Agrochemical, andnalytical chemistry [2-4].
The 8-hydroxyquinoline is a good precursor for thgnthesis of novel heterocyclic
compounds with multiple advantages such as the apaépn of biologically active
compounds, metal complexes for use in the physiell and in medicine [5-7]JHowever,
The 8-hydroxyquinoline derivatives are good inlokst of corrosion of steel in acidic
media.For this, today's researchers aim at syringsinew compounds based on 8-
hydroxyquinoline [8-10].

Our investigation in this work is the combinatioatlween two multifunctional heterocyclic
compounds based on 8-hydroxyquinoline by a simplghgsis. The pure products were
tested as corrosion inhibitors of mild steel in MOHCI at 298 K+1. The anticorrosive
property was achieved by electrochemical and thieatemethods such as potentiodynamic
polarization PDP), the spectroscopy impedan&d$), DFT calculations and the Monte-Carlo
simulation MC). The surface morphology was investigated usingnsing electron
spectroscopy SEM coupled with energy dispersive spectroscopp® and theFT-IR
analysis. The gravimetric solutions after 6 hoursnumersion were analyzed by the UV-

Visible spectrometrylyV-vis).

2. Experimental

2.1. Materials
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The materials used in the synthesized part have peablished in another study [9]. The
corrosion solution (1.0 M HCI) is obtained by thexdntralization of HCI (37%) with distilled
H,O. The steel samples are prepared, before immmemsithe solutions, by polishing with
sand paper until 1200.

2.2. Methods

2.2.1. Chemical synthesis

The two compounds derived from 8-hydroxyquinolinerev synthesized by simple and
effective methods in two steps: the first steghis preparation of precursor 5-chloromethyl-8-
hydroxyquinoline hydrochloride5s(CMHQ) from a commercial product 8-hydroxyquinoline
(8-HQ). The second step consists in adding the binubiE®pompounds to the compoubé
CMHQ in tetrahydrofuranTHF) in the presence of triethylamine {H} at reflux for 8 hours
to obtain the two compounds;(((2-aminoethyl) amino) methyl) quinolin-8&HQ and5-

((2-aminoethoxy) methyl) quinolin-8-G-HQ.

NH,
H
Il D SR T
H,N N~
/ H,CO, HCI Reflux, 8h OH
H\I rt,24 h ET;N, THF
OH H CroH HO\j (NH,
8-HQ 5-CMHQ NH,
X
0-HQ
N/
OH

Scheme 1. Preparation of the produdisHQ andO-HQ

2.2.2. Electrochemical tests
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The inhibition yields of corrosion of mild steel dhe compounds synthesized for the
potentiodynamic polarization study were calculdigaquation 1. And the yields of corrosion
of mild steel for spectroscopy impedance were ¢aled by equation 2.

npmxgﬁ):[l—i?ﬂ}xloo (1)

corr

i. andi__ represent the densities of the corrosion currémtthe absence and in the

corr corr

presence of the inhibitor

%dm=&é%xmo )

R% and R are the values of the polarization resistance awithand with inhibitor,
respectively.

Regarding the details for the two electrochemicathuds used in this study were published
in another study [9].

2.2.3. Computional details

The computional chemical methods used in this wark DFT and MC simulation to
corroborate the experimental findings and makeogsfble to explain and give additional
information on the mode of action [10]. The cherhigaantum study oN-HQ and O-HQ
molecules viaDFT/ B3LYPwas based on calculations of quantum chemical ghsts and
molecular orbital descriptors using 6-31G (d,p) &R1L1G ++ (d, p) basis sets [11]. The DFT
calculations were performed by the aid Gaussiaf1Q9. We used two basis sets for the
guantum calculations in order to obtain the appatrcorrelation [11].

About Monte Carlo (MC) simulation, we will take smtonsiderations all interactions possible
in the system studied (Surface Fe (1MOHQ and O-HQ compounds in an aggressive acid

environment with 5K0", 5CI and 500H0). The MC simulation was performed using
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Materials Studio 2016 software package [12]. Theupeters used to run the MC simulation
are detailed as follows:

Simulation cell details: Lattice parameter 3D Tini, (32.27*32.27*=30.13 A unit cell
size, (13 x 13) unit cell and 40 A vacuum.

Geometry optimization parameter: Algorithm Smartiality convergence tolerance fine,
displacement convergence tolerancé® k8al mol*. All chemical species inserted in the
crystal system are optimized using GGA/DPN. Thepldisement of these species within
crystal systems is under the influence of COMPASRH fields [13]. The adsorptiorE (
adsorption @nd binding (Binding €nergies oN-HQ andO-HQ molecules on Fe (110) surfaces in
an aggressive acid medium are calculated accotditige following two equations [13]:

Eads= Er(system)= Er(innibitor) = Er(iron) = Er(ions) - Er(water) (3)

Ebinding= -E adsorption 4)

3. Resultsand discussion

3.1. Chemical study

3.1.1. General procedure

We mix (0.01 mol) of 5-(chloromethyl) quinolin-8-blydrochloride $-CMHQ) with (0.01
mol) of bi-nucleophilic in The THF, in the presenok EtN. The reaction mixture was
followed by CCM plate. After evaporation of tetralgfuran at 60 °C, the mixture is
extracted with chloroform (CHE)L After the evaporation of the extraction solvengjuantity
of the ether (gH¢O) is added to solidify the product obtained. Thede product was then
purified by column chromatography on silica gel aedrystallized from absolute ethanol
(scheme 1).

3.1.2. Spectral data

5-(((2-aminoethyl) amino) methyl) quinolin-8M8tHQ
6
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Yield: 50 %. Green solid, Melting Point: 131-133, °@bsolute Ethanol). ( FT-IR (KBr,
cm Y v: 1624 (C=C), 3239 (OH), 1737 (GH 2362 (C=N).'H NMR (DMSO-d&) (5ppm):
2.16 (s, 2 H, ChtNH,), 1.76 (s, 2 H, ChNH), 4.86 (s, 1 H, Nb), 4.86 (s, 1 H, OH), 7.05-
7.48--9.64 (m, 5 H, ArH):*C NMR (DMSO-@) (5ppm):153.28 (C-OH), 62.04 (GM 30.89
(C-NH,), 110.55-128.20-129.98-139.22-148.10 (ArCH), 130184.07 (ArC).Anal. Calcd
for C12H1sN3O in (%) (M = 231, 29 g/mol) predicted: C, 66.34;6496; N, 19.34. Found: C,
66.65; H, 6.38; N, 19.07.

5-((2-aminoethoxy) methyl) quinolin-8-OtHQ

Yield: 65 %. Green solid, Melting Point: 113-115, °@bsolute Ethanol). ( FT-IR (KBr,
cm ) v: 1625 (C=C), 3238 (OH), 2033 (GH 2361 (C=N)H NMR (DMSO-d&) (5ppm):
7.62 (s, 2 H, CR#NH,), 6.89 (s, 2 H, CKHO), 6.94 (s, 1 H, OH), 7.89-8.20 (m, 5 H, ArkfC
NMR (DMSO-d) (5ppm):198.47 (C-OH), 27.98 (C-NM 124.35-148.41 (ArCH of
quinoline), 131.15-140.72 (ArC of quinoline). AnaCalcd for GoH14N2O, in (%)
(M = 218.25 g/mol) predicted: C, 66.04; H, 6.47; I2.84. Found: C, 66.10; H, 6.83; N,
12.90.

3.2. Corrosion test

3.2.1. Potentiodynamic polarization

The potentiodynamic polarizatioRDP) gives us permission to extract specific paranseter
the corrosion process [14-17]. The data obtainethisytechnique are summarized in Table 1
and Fig. 1.

The shape of the curves of Fig. 1 shows that oftwwee organic inhibitors is a mixed type
during the reaction with mild steel in 1.0 M HCI8]|1The addition of the two compounds
also causes the modification in the values of tieda& and cathodic slopes. This means that
the two compounds have been well adsorbed on tHacsuof the steel [190n the other

hand, the addition of the two compounds causegi@dse in the values of the current density

7
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(i). This can be explained by the formation of amaaig film on the surface of the steel that
blocks the passage of electric current [19-21]. dleerease in current density values causes
an increase in the inhibitory efficiency values ftte two compounds at different
concentrations (98.2 % f@-HQ and 98.5 % foN-HQ).

3.2.2. Electrochemical impedance spectroscopy

The stationary electrochemical technique remaissifficient to characterize the complex
mechanisms, involving several reaction stages awing different characteristic kinetics.
Moreover, many studies have shown that electroatednimpedance measurements are
capable of elementary steps involved in globalagiaon and/or protection processes. The use
of transient techniques, then becomes essenti@lumdate the mechanism of action of the
inhibitor. In our case, we carried out the eledterical impedance measurements for the
steel/1.0 M HCl interfaces alone and with inhilst¢22, 23].

We observe that these diagrams (Fig. 2) presemghescapacitive loop in the form of a
semicircle having a phase shift with respect todhis of the real (the semicircle center is
located below the axis of the real), characterisficsolid electrodes of heterogeneous and
irregular surface. The best fit of the parametérhe impedance spectroscopy is obtained by
the equivalent circuit shown in Fig. 3. The bodel gmase diagrams show that there is a
single time constant) which confirms the equivalent circuit pattern holj24, 25].

This circuit consists of the electrolyte resistaii@g, the polarization resistanc®.j and a
constant phase eleme@RE).

From Table 2 the addition of the organic compoucaissed an increase in the values of the
polarization resistanceRy), also a decrease in the values of the double leaeacity Cq).
These results explain the presence of a film onstivéace of the steel which confirms the
adsorption of the two compounds on the metal sarf26]. The study of the impedance

spectroscopy confirms the results of polarizatiorterms of efficiencyN-HQ > O-HQ). In

8
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acidic media, the nitrogen compounds is more affedhan the compounds containing the
oxygen atom, which explains the good resistanct®N-HQ compound relative to th@-

HQ compound [24].

3.2.3. Influence of temperature and activation parameters

The Fig. S1 shows that the polarization curves warg non-symmetrical way in the anode
and cathode branches. The increase in temperatuses an increase in current density (
values, which leads to a decrease in the inhibidiigiency values, but this decrease remains
low. In 328 K, the inhibitory efficiency is of therder of 83 % to compogé-HQ and 80 % of
the compound-HQ (Table 3. However, Both compounds are profitable for therazion
inhibition of steel in high temperature molar HCherefore, these compounds can be used in
the industrial field.

Thanks to the effects of the temperature we wete tbaccess the calculation of several
activations parameters such as [27]: The activatioergy E;, Equation 5), The activation

enthalpy #iH,, Equation 6) and activation entropy§;, Equation 6).

_E
i =Aex a 5
corr p( RT) ( )
o =L epl A% | ey A 6)
Nh R RT

R, A and T are, respectively, constant perfect g&&314 J mof K™,
pre-exponential factor and the temperature in Kelvi

The values of the activation energies have beeraeed from the figure S2 and the values of
the other two activation parametertH, 4S,) were extracted from Figure S3. The results in
Table 3 show that after the addition of 3l0M of the inhibitors N-HQ and
O-HQ) the activation energyEf) values become larger relative to the blank sofufiL.0 M

HCI). This result is explained by the creation téctrostatic interactions in the corrosive
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solution in the presence of organic inhibitors [2IA] this study, the corrosion process is
endothermic and spontaneous, because the valuéeofadtivation enthalpy is positive
(AH4 > 0) for the all inhibitors [28]The very positive values of the activation entr¢pg,)
compared to the HCI only solution. This that the wvganic compounds are well absorbed on
the surface of the steel [29].

3.2.4. Adsorption isotherm

The best description of the adsorption behaviorstfdied inhibitors was explained by
Langmuir adsorption isothernfig. 3) as the average linear regression coefficientes &)
obtained forN-HQ andO-HQ and slope are very close to unity. All the values lested in
Table 4. The isotherm is given by the following equati@.

C,_ 1
inh. = +C 7
0 K inh ( )

ads
where G, is the concentration of inhibito, is the surface coverage degree, angsis the
adsorptive equilibrium constant. The linear r@aships of ¢n/0 versus G, are depicted in
Fig. 3.

In each study of the corrosion, the only methodttaly the type of the interactions between
metal and inhibitor is the calculation of the thedynamic adsorption parameters [30].

Among the adsorption parameters that have beemlatdd in this study is the adsorption

o

energy (G, ., Equation 8).

ads?

AG,4 =—RT Ln(55.55K,,) (8)

According to the literature, if the values of tmed energy about -40 kJ/mol mean that there
are chemistry-like bonds between the metal andnthiéitor. From Table 4, the values of free

energy are about -40 kJ mol. This suggests tleatwio inhibitors are linked to the steel by

10
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chemical bonds, according to Langmuir adsorptiosthisrm (R close to unity, Fig. 3)
[31,32].

3.2.5. UV-visible spectrometry

To confirm the complexing property of the two corapds with iron we carried out a study
by UV-visible spectroscopy (Fig. 4) [33]. In theseaof compounds in HCI alone, the
maximum wavelength valueg,{,) are of the order of 262.29 nm for the compol&iQ
and 256.32 nm for the compou@dHQ. On the other hand, in the case of the additioriesls
to the solution containing HCI molar and the twdibitors after 6 h of submersion, the
maximum values of wavelengthanf) are moving of 262.29 nm at 314.48 nm for the
compoundN-HQ and 256.32 nm at 264.36 nm for the compo@wiQ. These values
(262.29 nm and 256.32nm) of the maximum wavelerigth) attributed to the band-r *,
This confirmed that our compound has a complexmogerty with ferrous ions [33,34].

3.2.6. Surface morphological

3.2.6.1. FTIR-analysis

The surface of the iron after six hours of subnmgrsin acidic solution contains of the
guinoline substituted, analyzed by the infraredctpscopy (Fig. 5.A-D). The observation of
the spectra after the addition of the inhibitorsg(F5.B,D) shows the presence of the
characteristic peaks corresponding to the,GbH and C = N groups, this shows the presence
of the organic chemical substance on the surfadbeofron. Moreover, in the spectra of the
adsorbed film (Fig. 5.B,D) the intensity of the@ol (OH) groups of the two compounds is
decreased, this decrease signifies that the al¢@id) function has become occupied because
of complexation between quinoline substituted aiithe iron ions [35].

3.2.6.2. SEM-EDS analysis

The morphology of the surface was characterizeddayning electron spectroscopy coupled

with energy dispersion microscop$EM-ED$ (Fig. 6.A-C). The surface of the steel in HCI

11
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alone was destroyed by the pitting corrosion (Bi§:). After addition of the compoundé
HQ andO-HQ for 6 hours of submersion (Fig. 6.A,B), the suefédecomes well protected by
layers of the organic compounds. However, ERES spectra show that there are carbon atoms,
nitrogen and oxygen in the metal surface, this icod the our compounds are well
adsorbed on the surface of the steel. MiEB-EDX studies confirm the results obtained
during infrared spectroscopiT-IR).

3.3. Theoretical calculations

3.3.1. DFT calculations

Quantum chemical calculations using the theoryD&fT were carried out in order to find
relationship between quantum chemical propertie$ @rrosion inhibition of the studied
molecules. In this context, the experimental stekdgws that inhibitor&d-HQ andO-HQ are
effective against corrosion. While the chemicalmuen study ofDFT/ B3LYPwas based on
calculations of quantum chemical descriptors anteoubar orbital (energy) parameters using
the 6-31G (d,p) and 6-311G++ (d, p) basis setsnttfomolecular orbital'sKMO) namely
LUMO (lowest unoccupied molecular orbital) amOMO (highest occupied molecular
orbital) are important for locating the reactivertpain a molecule. Fig. 7 visualizes the
different optimized geometry of the quinoline datives mentioned for the three studied
bases, the electron density distribution of MO and the molecular electrostatic potential of
surface MEPS. In Fig. 7, the distribution oHOMO and LUMO is distributed on all the
atoms of the aromatic rings of thbHQ andO-HQ inhibitors for 6-31G (d, p) and 6-311G++
(d, p) basis sets. This indicates that these atomgbe responsible for the reactivity of the
selected molecules. Non attendance of unreal frequr the different optimized molecules
of N-HQ andO-HQ with the two selected basis sets.

The quantum chemical descripto@ED) were extracted basing on electronic properties of

the ground state of the molecular structures. Fd@rgies such as tlgomo, the E .umo and

12
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the energy gapdE = ELuvo — Biomo) were calculated for all the inhibitors are caétad for
the two selected inhibitors at the two used basis.sIln addition, the main parameters
describing the chemical reactivity of the testedlenoles are global hardness),(global
electronegativity X), electrophilicity ¢) and nucleophilicity £ index and number displaced
electrons from occupied orbitals of the inhibittwsno-occupied orbitals of the metal surface

of the iron (110) 4N110) were determined using the following different aians [36-40].

TTinn = Evumo ; Eviomo = AEzgap 9)
1
Xinh = _E(EHOMO+ ELUMO) (10)
— )(inh2
Y =7 (11)
" 2,7inh
ginh = i (12)
a{nh
ANMO — ¢7_ )(inh - ¢7_ )(inh (13)

2(’7Fq10 +,7inh) 2,7inh
To calculate theAN, we introduced the job functionp] which equals the 4.82 eV in the
lattice plane (110) of Fe. In addition, the hardneslue of Fe g, ) is zero forlP = EA which

corresponds the metallic bulk [41].

Usually, High value oEnomo reflects high capacity of an inhibitor to offes ielectron to a
vacant orbital of the metal. On the other hand, Malue of Eywo translates the great
possibility of receiving electrons. In addition, iacules have higher reactivity, they have a
lower energy gap4E). The results of these parameters are report@ale 5. By looking at
the values of the calculated parameters at twosksets for the two molecules studied, we
observed that the moleculeHQ showed the lowestEy,p, the highesEyomo, the lowest,

the highesty and the highesiy all indicating to greater electron donating abiland
13
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molecular reactivity. All these elements justifyethigh inhibitory efficiency oN-HQ, as
observed from experimental studies. While the tbecal values o#IN;1pare not adaptable
with the order of the experimental inhibition effincies. Concerning the lower values of
ELumo and € for the compoundN-HQ in the two basis sets used indicate that therlatge
more available centers to accept electrons. Tha\der appears in the selected two basis sets
selected, ie th&l-HQ remains more reactive th&HQ. The dipole momentu) is another
very important element used to support the experiatgesults. This could promote strong
electrostatic interactions between the tested wires and the metal surface, this type of
interaction contribute to better adsorptionNHQ on the carbon steel surface tharHQ.

All the calculation results obtained by the twoibaets show that the inhibitory moleciNe

HQ is more reactive than the inhibitory molec@eHQ. The results of the calculation allow
us to judge that there is a correlation betweencileulation of the QCD of the neutral
molecules N-HQ and O-HQ and the experimental result

On another side, organic molecules having hetenositwan be protonated in an acid medium
to form ammonium ions. For this, we followed thensaprocedure what we have previously
adopted for the quantum chemical calculation ofgt@onated forms. The ma@@CD of the
protonated molecules are shown in Table 6. Repudtsented in this table showed that values
of all the parameters are more modified after t® pinotonation of the studied molecules.
Indeed, the values &nomo andAN; e are shifted to more intense and less negativeegalu
This indicates that the protonated molecules caetcelectrons in a more important way.
This result reflects that the proton forms behadke Lewis acids [42].

While, the decrease in the valuesAdE and the increase in the values of w show that the
reactivity of the protonated inhibitors is gredifean that of the neutral forms. Meanwhile, the

higher values of the dipole moment of the protoddtems indicate that these molecules are

14
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the most polarizable when they come into contath Wie metal surface. These observations
are generalized for all the results obtained inttinee phases mentioned.

3.3.2. Fukui functions

Fukui functions EF) population analysis provides information abowt tlumber of active
centers (atoms) in an inhibitor. Table 7 collatee density values of Fukui functions

corresponding to the centers responsible for trextrphilic (f (rr)+) or nucleophilic

M- .
f (r) attack of each atom of the molecules mentionedth bbrms: neutral and protonated.

—~—

The twoFF of f, (rr)+ and f, (r) are calculated using the following two equationsahd 15

[43,44]:
((F) =a(N+1)-q(N) (14)
£(r) =g (N)-q(N-1) (15)

Where the charge values of atom i for cation, re¢watnd anion are qi (N+1), gi (N) and qi (N-

1), respectively.
The values of thé (rr)+ and f, (rr)_of N-HQ and O-HQ are calculated by the of Materials

Studio 8 software from Biovia-Accelrys Inc., usiagsGA exchange-correlation functional in

the Dmof module with the polarization functioBNP.

. . . . [+ . .
Inevitably, sites that are characterized by highies off, (r) , SO, these sites are considered as

: . . , - .
electron acceptors. While, Sites with high valuésfic(r) are capable of releasing electrons.

Table 7 shows that the atoms that are responsibléhe electrophilic attack for two neutral
substance®N-HQ andO-HQ, we quote C2, C3, C6, O11 and C13. However, the@®8& and
C10 atoms of the neutral structurBsHQ and O-HQ are considered favorable sites for
receiving electrons. Concerning the protonated $oamd according to Table 7, it is clear that

the centers that are responsible for the nucleigpaitack, they are found with lower densities
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for the two protonated moleculééHQ and O-HQ. This indicates that the protonated form
behaves like LEWIS acid (cationic form). So, it'g@od electron acceptor. Indeed, we justified
this observation by the existence of sites avaldbt electron acceptance (as C2, N7, C8 and
C10) and the native values of electron transfeatioa AN, (Table 6).

3.3.3. MC simulations

The objective of a Monte CarldIC) simulation is to generate an ensemble of reptatea
configurations under specific conditions for a neaeolecular system. The application of
disturbance and the random dynamics of a systenitsei®d an end stable position. In this
study, we were more focused on studying the behadidhe system (Surface Fe (110) /
molecules K-HQ andO-HQ) in a simulated aggressive acid environment withi$ *, CI)

and 500 HO. The most stable optimized molecules of the ingated 8-hydroxyquinoline
derivatives N-HQ and O-HQ) was incorporated in the simulation process on(EE))
surface. The orientations of compounds with thetleaergy in the simulated test solution are
displayed in Fig. 8. As evident from this figurdrustures were adsorbed onto Fe (110)
surface in a parallel configuration involving theromatic heterocyclic of
8-hydroxyquinoline. This type of interaction is digethe electronic cloud present in aromatic
nuclei. In addition, the studied molecules are adsorbed by the functional groups namely
secondary amine function (-N-) fof-HQ and the ether function (-o0-) f@®@-HQ, which was
justified by the presence of free lone pair elatinbO and N heteroatom’s.

To explore the interactions of structufdsHQ andO-HQ with the Fe (110) surface of iron,
an appropriate analysis for the energy calculatioausiely the total energy, the adsorption
(Eag9 energy or interactior,;) energy Eags Eint), the reports of energies for the elements of
the system being studiedHE,qddN). So, the different values of these energies larstiated

in Table 8. From these data, it obvious that Eyg and E energies ofN-HQ and O-HQ

molecules are of large negative values. This irtdgghat the adsorption could occur readily
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and spontaneously on the corroding metal surfadet} The Eys of the molecule N-HQ)
(Eags = -5530.897 kcal/mol) is higher than that of thenhibitor (O-HQ)
(Eadgs= 5521.463 kcal/mol), which means that the bindghding of N-HQ molecule with Fe
(110) surface in the aggressive environment studistronger tha®-HQ. As shown in Fig.

9, this result is in support of the highest inhdoit efficiency of N-HQ as obtained from
experimental studies.

Further insights on the interaction of the investiigl compounds with Fe surface was
dervived from analyzing pair correlation functiof®CF) g(r). This theoretical function is an
established method to measure the bond length batwee interacting molecules and the
targeted surface substrate [47]. As previously meplin literature, the peaks occur at 1 A-3.5
A is related to chemisorption, by contrast the geagpear further than 3.5 A is associated
with electrostatic interaction [48PCF plots of S, N atoms in the investigated compoularés
displayed in Fig. 10 where it is clear that thehaist peaks on both compounds with Fe-atoms
appear at distance less than 3.5 A indicating lpigibability of the formation of chemical
bonding between investigated molecules with Fe asomiace. Also, the highest peak of
N-HQ compound is obviously larger than the one@HQ, this means that the former

compound binds more strongly than the latter vhilhd¢orroding metal surface.

4. Conclusion

In summary,n this work, we have prepared and characterizex riewv compounds derived
from 8-hydroxyquinoline in one step by a simple thgsis. The two new compounds are
tested as corrosion inhibitors for steel in mola&lHyy electrochemicalHIS and PDP) and
theoretical DFT and MC) methods. The both studies show that both compowmd very

good corrosion inhibitors (98 % for the compodHQ and 96 % for the compour@HQ).
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The PDP study shows that both inhibitors act as inhibitoirshe mixed type and also remain
effective at high temperature (328 K). However, tinermodynamic adsorption studies show
that the two inhibitors adsorb to the surface o ®teel by chemical bonds following
isothermal adsorption of Langmuir. Infrared spestapy andSEM-EDXspectroscopy show
that the metal surface has been well protected &ffte addition of the two inhibitors.
Moreover, the analysis of gravimetric solutionsWy-visible spectroscopylV-vis) shows

that both compounds have a complexing property feittous ions.
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Tablel

Data obtenaid of M-steel in 1.0 M HCI at 298 Kdifferent concentrations dfl-HQ and

O-HQ.
Medium Conc. -Ecorr i Tafel slopes (mV d& Npp
(M) (mV vs. SCE) (LA cnY) -Be Ba (%)
1M HCI 00 424.6 719.3 43.4 39.0 —
O-HQ 10° 509.8 78.5 48.4 37.6 89.1
10° 492.1 54.8 45.6 37.0 92.4
107 487.0 16.9 48.8 36.8 97.6
10° 479.8 13.1 44.1 108.6 98.2
N-HQ 10° 492.4 28.5 50.0 33.8 96.0
10° 486.9 24.6 45.3 36.9 96.6
107 4775 18.7 50.1 34.2 97.4
10° 477.3 10.7 43.7 39.1 98.5
Table?2

Electrochemical parameters of steel in 1.0 M HG#¥fobe and after addition different

concentrations of compounds at 298 K.

Medium C Rs Rp Cul Ng| IJEis
(M) (Q cn) (Q cn?) (LF cm?) %

1.0 M HCI 0 0.91 5.34 471 0.760 —

N-HQ 10° 1.97 100.5 89.1 0.859 94.7
10° 1.54 242.9 58.9 0.837 97.8
10* 1.94 303.0 45.9 0.871 98.2
10° 1.74 497.2 35.6 0.858 98.9

O-HQ 10° 1.68 170.6 64.6 0.851 96.9
10° 1.71 207.7 41.4 0.876 97.4
10* 1.43 477.1 37.0 0.865 98.9
10° 1.56 474.3 12.3 0.866 98.9

Table3
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1 Electrochemical and Activation parametdtg, 4H, and4S, of the dissolution of metal in 1.0
2 M HCI with and without protection.
Temp Ecorr Be Ba Nppp Ea AH, AS,
(K) mV/SCE HA/cm?2 mV de¢!  mVdect % kimol*  kJmol* Jmol*K?
Blank
298+2 424.6 719.3 43.4 39.0 —_ 27.9 25.1 -107.3
308+2 454.5 735.9 126.6 95.7 — — — —_
318+2 456.2 1152.3 140.1 93.2 —_— — — —_—
328+2 456.0 1950.6 139.8 98.0 — — — —
N-HQ
298+2 479.8 13.1 48.8 36.8 98.16 59.4 56.9 -34.3
308+2 475.8 19.0 47.6 40.7 97.35 — — —
318+2 481.9 39.1 50.4 37.5 94.56 — — —
328+2 479.5 120.0 39.4 45.8 83.31 — — —_—
O-HQ
298+2 477.3 18.7 43.7 39.1 97.40 60.8 58.3 -23.9
308+2 480.7 38.8 51.3 40.2 94.90 — — —_—
318+2 467.3 120.1 51.7 37.0 83.33 — — —_—
328+2 490.5 140.2 50.4 38.2 80.50 — — —
3
4 Tabled
5 Constant value ks and the calculated free energy for the inhibithesn the Langmuir
6 isotherm.
Inhibitor Kads R? -AG,,,
-1
(L mol ) (kJ mOIl)
N-HQ 406257 0.99 41.95
O-HQ 207039 0.99 40.28
7
8
9
10
11
12
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4 Tableb

5 Calculated th&€CD for non-protonated moleculésHQ andO-HQ for the three studied
6 bases in the gas phase using the 6-31G (d,p) &id 6-++(d,p) basis sets with B3LYP

7  Hybrid functional.

Inhibitors Enomo E.umo  AEgap n X ® € vl AN110
(eV) (ev) (ev) (eVv) ev) (V) eV (D)

B3LYP/6-31G(d, p)

N-HQ -5572 -1.496 4.076 2.038 3.534 3.06¢ 0.326 2.951 0.316

O-HQ -5.578 -1.464 4.114 2.057 3.521 3.0l 0.332 2.779 0.316

B3LYP/6-311G++ (d, p)

N-HQ -5.945 -1.893 4.052 2.026 3.919 3.70C 0.264 3.284 0.222

O-HQ -5.949 -1.904 4.045 2.022 3926 3.811 0.262 3.304 0.221

8

9

10

11

12

13

14

15

16

17 Table6
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1 Calculated th&@CD for protonated moleculd$-HQ andO-HQ for the three studied bases in
2 the gas phase using the 6-31G (d,p) and 6-311Gd+p)(basis sets with B3LYP Hybrid

3 functional.

Inhibitors Enomo ELumo AEgap n ® € V1 AN110
(eV) ev) (v) (ev) (ev) (V) (V) (D)
B3L YP/6-31G(d, p)
N-HQ -8.300 -6.802 1.498 0.749 7.551 38.062 0.026 9.147 -1.823
O-HQ -8.469 -6.512 1.957 0.978 7.490 28.670 0.035 8.821 -1.365
B3LYP/6-311G++ (d, p)
N-HQ -8.683  -7.353 1.330 0.665 8.018 48.337 0.021 9.156 -2.405
O-HQ -8.690 -6.976 1.714 0.857 7.833 35.797 0.028 9.021 -1.758
4
5 Table7
6  Fukui functions for the neutral and ProtonatedNeflQ andO-HQ compounds.
Forms Neutral Protonated
Inhibitors  O-HQ N-HQ O-HQ N-HQ
a G () () () R() f() R(T) f(r)
C1 0.033 0.026 0.029 0.019 0.027 0.000 0.027 0.002
C2 0.038 0.062 0.036 0.050 0.051 0.000 0.050 0.001
C3 0.042 0.053 0.042 0.046 0.030 0.014 0.030 0.015
C4 0.020 0.028 0.015 0.025 0.032 0.006 0.033 0.005
C5 -0.002 0.005 -0.006 0.007 -0.001 0.003 -0.000 003.
C6 0.041 0.085 0.044 0.060 0.035 -0.009 0.038 10.01
N7 0.097 0.028 0.103 0.019 0.063 0.006 0.065 0.004
C8 0.051 0.031 0.048 0.029 0.096 0.012 0.097 0.012
C9 0.028 0.030 0.025 0.027 0.009 0.008 0.008 0.009
C10 0.106 0.023 0.110 0.012 0.122 -0.005 0.121 -0.005
011 0.051 0.121 0.057 0.091 0.029 0.012 0.029 0.013
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Ci12 -0.010 -0.014 -0.012 -0.024 -0.007 -0.023 -0.01 -0.016
013 -0.001 0.002 -0.019 -0.023 0.007 -0.016 -0.016-:0.027
Ci4 -0.021 -0.023 -0.007 -0.021 -0.022 -0.017 8.00 -0.070
C15 -0.008 -0.008 —_— o -0.007 -0.071
N16 0.007 0.008 e 0.004 0.374
N15 0.007 0.049 0.005 0.337
N30 -0.004 0.020 -0.005 0.000
1
2 Table8

3 Outputs and descriptors (in Kcal rifpfor the lowest adsorption configurations fa=HQ or

4 N-HQ) /500 HO/5H:0" /5CI/Fe (110)) systems calculated by Adsorption Locatates.

Molecules B Eads E binding N-HQ: H0": H,O: Cl:
dEsqddNi dEsqddNi dEsqddNi dEsqddNi
O-HQ -5448.223 -5521.463 5521.463 -205.676 -146.715 1683 -3.297
N-HQ -5454.563 -5530.897 5530.897 -206.126 -148.264  24BD. -1.179
5
6
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Highlights
* Nove quinoline derivatives have been synthesized and characterized.
 The surface morphology was examined by SEM/EDS, FTIR and UV-visible
spectroscopy.
» The experimental results were correlated with DFT and M C stimulation results.
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