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ABSTRACT

A theoretical study of the behaviour of 2-Thiomigtlgzimidazole (TMBI) against copper corrosion M HNO;

has been performed. This molecule was recently asezbrrosion inhibitor. It was found that when tmelecule
adsorbed on the copper surface, the molecular strednfluences the interaction mechanism and kgresion the
inhibition efficiency. DFT calculations have beesed to optimize the geometry of TMBI and to deteznthe
guantum chemical descriptors parameters relevanttgopotential action as corrosion inhibitor. Fughmore,
equations linking corrosion efficiency and soma sétmolecular structure parameters were propossdgithe non
linear model of Lukovits. The theoretical resulerevfound to be consistent with the experimenttd deported.

Keywords: copper corrosion inhibition, nitric acid, DFT calations, geometry optimization, molecular and
reactivity parameters, corrosion inhibition effioty.

INTRODUCTION

The study of corrosion processes and their inloibiby organic compounds [1-3] is a very activedfief research.
Several organic compounds are effective inhibitdracid corrosion of a number of metals and all&scently [4,
5], the effectiveness of an inhibitor molecule hasn related to its spatial as well as electramicgire.

Quantum chemical methods [6] have already provereteery useful in determining the molecular stutetas well
as elucidating the electronic structure and retgtibensity functional theory (DFT) [7] has becottie dominant
tool in chemistry and physics for calculations ¢dctronic structure. Through the development [8]acturate
approximations to the exchange-correlation enevggtional, the Kohn-Sham method [9] has been ektelysand

successfully applied to the study of simple and gles chemical systems. Density functional theor#{Ip[10-13]

has provided a very useful framework for developirey criteria for rationalizing, predicting and augally

understanding many aspects of chemical processes.

DFT has also provided a very solid framework fa situdy of chemical reactivity. Trough this appitgdathas been
possible to derive new fundamental variables of REmically meaningful concepts that had been kskel
intuitively [14] like the electronegativityy(), the global hardnes§;) and furthermore the fraction of electrons
transferred AN).

Quantitative Structure Property Relationship (QSHE)-19] has been derived for various set of cdors
inhibitors, as attempts to find consistent relaglip between the variations in the values of mdé&quroperties and
the inhibitor activity for series of compounds. Twiferent approaches [20, 21] including empiricathod and
semi-empirical method have been used in the demaop of QSPR for corrosion inhibitors. Attempts{24] have
been made to predict corrosion inhibition efficigmdath some sets of quantum descriptors includBgyo, energy
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of the highest occupied molecular orbital,fw, energy of the lowest unoccupied molecular orpdgdole moment
(1) and energy gap (Bvo-Eromo)-

The low computational cost, combined with usefutumacy [25], has made DFT a standard technique agstm
branches of chemistry and materials science. Eleictrstructure problems in variety of fields arereuntly being
tackled. Generalized gradient approximations (GG29] produced accuracy, useful for chemical caltores.
However, the GGA’s approach [27] is not always isight for a correct description of the chemicabymrties of
organic molecules. One degree of additional precid7] is reached by using hybrid exchange-cotimia
functional. The tested DFT methods include threeridyfunctionals B3LYP [28, 29], B3PW91 [30] and PB°BE
[31]. The survey of theoretical corrosion litera&yresented by Gece [32] demonstrates that quactiemistry is a
powerful tool to study the fundamental, molecukardl processes related to corrosion inhibition.

The aim of the present work is to find the beste@set of structural and reactivity parameterschvidéads to the
inhibition efficiency of 2-Thiomethyl-benzimidazo(@MBI) against copper corrosion in 1M HNQusing the best
tested exchange-correlation functional in conjworcivith the best tested basis set in DFT calcutatio

MATERIALS AND METHODS

Computational details

In computational chemistry tools, DFT offers thedamentals for interpreting multiple chemical cgrtseused in
different branches of chemistry. In order to explthne theoretical-experimental consistency, quartaloulations
were performed with complete geometry optimizatissing standard Gaussian 03 W software package [33].
Geometry optimization were carried out at DFT lelvglrespectively B3LYP, B3PW91 and PBE1PBE funaien

in conjunction with four basis sets including: 6&1d, p), 6-31+G (d, p), 6-31++G (d, p) and 6-31®Gp). All
theoretical calculations were determined in gassehand in the approximation of the isolated molkecilhe
molecular structure of TMBI is presented in Figlire

Figurel. Molecular structure of 2- Thiomethylbenzinidazole (TMBI)
RESULTS AND DISCUSSION

Geometric parameters

Some calculated geometry parameters of TMBI, obthinith B3LYP, B3APW91 and PBE1PBE with the basis:se
6-31G (d, p), 6-31+G (d, p), 6-31++G (d, p) and18:G (d, p) were compared with experimental vallgy [
reported for geometrical parameters derived fromaXerystal structure.

As observed in Tables 1 (A, B, C, D) the correspogdjeometrical parameters obtained have similareg All
tested methods showed good results for bond leragttidoond angles when compared with the reporteayXtata.
At this point, it was difficult to define which ntead is more appropriate to use for the studied camg.
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Table1A. Calculated geometries with 6-31G (d, p) @d length in A and bond angle in degree)

Parameters (A, °) BBLYP B3PW91 PBE1PBExperimental values [34]

Ci1-C4 1.415 1413 411 1.397
C7-N14 1.309 1.308 B.30 1.308
C7-N12 1.380 1.375 37 1.359
C7-S15 1.764 1.755 51.7 1.755
C7-S15-C16 99.07 98.98 98.6 98.78

C7-N12-H13 126.26  126.25 126.22 126.10

Table1B. Calculated geometries with 6-31+G (d, pBond length in A and bond angle in degree)

Parameters (A, °) B3LYP B3PW91 PBE1PBE Experimental values [34]

C1-C4 1.415 1413 1m4 1.397
C7-N14 1.311 1.309 1.307 1.308
C7-N12 1.381 1.376 1.373 1.359
C7-S15 1.762 1.753 1.749 1.755
C7-S15-C16 99.55 99.35 99.08 98.78
C7-N12-H13 126.20  126.20 136. 126.10

Table 1C. Calculated geometries with 6-31G ++ (d,)gBond length in A and bond angle in degree)

Parameters (A, °) B3LYP B3PW91 PBE1PBE Experimental values [34]

Ci1-C4 1.416 1.413 1m4 1.397
C7-N14 1311 1.309 1.307 1.308
C7-N12 1.381 1.376 1.373 1.359
C7-S15 1.762 1.753 1.749 1.755
C7-S15-C16 99.54 98.35 98.08 98.78
C7-N12-H13 126.26 126.20 136 126.10

Tablel1D. Calculated geometries with 6-311G (d, pBénd length in A and bond angle in degree)

Parameters (A, °) B3LYP B3PW91 PBE1PBE Experimental values [34]

Cl-C4 1.413 1.411 2.40 1.397
C7-N14 1.306 1.305 1.303 1.308
C7-N12 1.379 1.374 1.370 1.359
C7-S15 1.763 1.753 1.749 1.755
C7-S15-C16 99.13 98.02 98.76 98.78
C7-N12-H13 126.34 126.33 726. 126.10

Total ground-state energy of TMBI

The total ground-state energy of TMBI in functiohtbe basis set has been represented in figuresdt éan be

observed, the lowest values of the ground-stateggrere obtained with the hybrid functional B3LY®é fll tested
basis sets.

The highest values of the ground-state energy bi@ireed with the hybrid functional PBE1PBE for tsted basis
sets. The ground-state energy values are thed@seent order as: PBE1PBE > B3PW91 > B3LYP.

The variational principle states that the grouratesenergy is given by:

E = min, [F[n] + f d3r Vext(r)n(r)]

Where F[n], V,,:(r) andn(r) are respectively a universal functional, the exkmpotential and the electronic
density.

Considering this principle, one can see that B3I6¥®Y1G (d, p) seems to be the more appropriateoddtyr the
calculations of the structural and reactivity pagterns.
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Basis set

6-31G(d,p) 6-311G(d,p) 6-31+G(d,p) 6-31++G(d,p)

-816.2

-816.4

-816.6

m B3LYP
-816.8

m B3PWI1

W PBE1PBE
-817

Total energy/a.u

-817.2

-817.4

-817.6

Figure 2. Ground-state energy for the studied basisets

Molecular and reactivity parameters

The calculations of the molecular parameters wareied out. The following quantum chemical parametgere
considered: energy of highest occupied moleculditalr (Ejomo), energy of the lowest unoccupied molecular
orbital (B ywmo), the energy gap (Bmo-Enomo) and the dipole moment All the above mentioned parameters are
given in Tables 2.

Table 2.Structural and reactivity parameters of thestudied compound

Method Lo/eV  BiowoleV y/leV  n/eV AN owsde  p (D)
6-31G (d, p) -0.268 | -5.635 | 2.951 | 2.683 | 0.378 | -1.204 | 1.718
6-31+G (d, p) -0.671 | -5.899 | 3.285 | 2.614 | 0.324 | -1.207 | 1.786
B3LYP/

6-31++G (d, p) | -0.671 | -5.899 | 3.285 | 2.614 | 0.324 | -1.306 | 1.851
6-311G (d, p) | -0.556 | -5.856 | 3.206 | 2.650 | 0.335 | -1.202 | 1.786

6-31G (d, p) -0.335 | -5.729 | 3.042 | 2.657 | 0.361 | -1.198 | 1.733
6-31+G (d, p) -0.671 | -5.930 | 3.300 | 2.629 | 0.319 | -1.198 | 1.854
B3PW91/

6-31++G (d, p) | -0.671 | -5.929 | 3.300 | 2.629 | 0.319 | -1.186 | 1.848
6-311G (d, p) -0.593 | -5.905 | 3.249 | 2.656 | 0.326 | -1.202 | 1.820

6-31G (d, p) -0.136 | -5.884 | 3.010 | 2.874 | 0.343 | -1.204 | 1.725
6-31+G (d,p) | -0.479 | -6.090 | 3.284 | 2.805 | 0.302 | -1.203 | 1.844
PBE1PBE/

6-31++G (d, p) | -0.479 | -6.089 | 3.284 | 2.805 | 0.302 | -1.203 | 1.839
6-311G (d,p) | -0.371 | -6.052 | 3.211 | 2.840 | 0.311 | -1.209 | 1.799

According to DFT-Koopman’s Theorem [35-37], theiiation potential] can be approximated as the negative of
the highest occupied molecular orbital (HOMO) egerg
I'= —Epomo

The negative of the lowest unoccupied moleculaitarfLUMO) energy is similarly related to the elean affinity
A

A= —Eymo
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The global electronegativity, which is identified in the finite difference appimation as the negative of the

chemical potential is given by:
I+ A

X="u -

The global hardnesgis defined as:
I—-A
=T
During the interactions of TMBI with the copper fage, electrons flow from the lower electroneg#yivif TMBI
to the higher electronegativity of copper surfanélihe chemical potential becomes equalized. ffaetion of the
transferred electrondN, was estimated according to Pearson [38]:

Xm — Xi
AN = ————
2(Mm —m)
Where the indicesn andirefer to copper and the inhibitor respectively. Tadculation ofAN was carried out,
using a theoretical value of 4.98 eV/mol accordimdgPearson electronegativity scale [39] andalue of 0 eV/mol
for copper atom [40].

Figure 3 represents the energy gap in functiormefltasis set. The energy gap is related to thesiorr inhibition
efficiency: the lowest LUMO-HOMO energy gap is adated with the highest corrosion inhibition eféincy.
Referring to Figure 3, one can range the valugb@®®nergy gap in the descent order: 6-31G (d, @B82++ G (d,
p) > 6-311 G (d, p) > 6-31+ G (d, p). At this peiahly 6-311 G (d, p) and 6-31+ G (d, p) can beseimoto model
corrosion efficiency since TMBI has proven to b@daorrosion inhibitor [41, 43].

In order to choose the best method, we have alami@medAN whose values correlate strongly with experimental
inhibition efficiencies [42]. The highest value AN will favor higher inhibition efficiency. At thistage, the best
method could be B3LYP/6-311G (d, p).

Another parameter that can be taken into accousnveinoosing the method for molecular propertiesutations is
CPU time (or process time) which is the amountiwietfor which a central processing unit (CPU) igdigor
processing instructions of a computer program. feigl shows the representation of CPU time in fomctf the
basis set for each studied hybrid functional.

Observing figure 4, one can see that the lowestevaf CPU time corresponds to 6-31G (d, p) anchipbest value
is related to 6-31G++ (d, p). Unfortunately, 6-3{d; p) cannot be chosen because it has not thestovedue of
total energy. From this point of view, only 6-311& p) and 6-31+G (d, p) should be considered. CR& time
value’s of 6-311 G (d, p) is lower than that of 5+3G (d, p). So only 6-311G (d, p) could be chogamsidering
all the above statements, it seems evident thamihve appropriate method for TMBI's properties odtions is
B3LYP/6-311G (d, p).

B3LYP
5.4

5.35

5.3
5.2
5.15
5.1 1 1 1

6-31G(d,p) 6-311G(d,p) 6-31+G(d,p) 6-31++G(d,p)
Basis set

O A

AE eV
7
N
()
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Figure 4: CPU time in function of basis set
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Corrosion inhibition efficiency modeling

The inhibition efficiency of an organic molecule aamst corrosion depends essentially [44, 45] on the
properties/descriptors parameters of that molednbdtuding: HOMO energy, LUMO energy, LUMO-HOMO
energy gap, dipole moment, fraction of electroasdferred, etc. Other parameters [46] routinelyd e variables

in molecular properties modeling procedures aréglatomic charges.

QSPR, quantitative structure—property relationshgge mathematical models that attempt to relagesthucture-
derived features of a compound to its biologicalpbisicochemical activity. Similarly, quantitativeructure—
toxicity relationship (QSTR) or quantitative strud—pharmacokinetic relationship (QSPkR) is usedrwthe
modeling applies on toxicological or pharmacokinetystems. The chemical structure is representedaobdcular
level by some sets of descriptors that can be matieally connected to experimental properties ISPR model.
So, such model generally will have the followingrfo

Y= q + a;xq + azx, + e+ a,x,

In this equationy is the property, that is the dependent variableto x,, represent the specific descriptor, whilg
to a,, the coefficient of those descriptotg; is the intercept of this equation.

In this work, attempts are made to correlate soets ef composite index (quantum chemical and reacti
parameters) with the experimental corrosion intohitefficiency of the studied molecule. The norein model
(LKP) proposed by Lukovits et al. [47] for the syunf the interactions of corrosion inhibitors witietals surface in
acidic medium is used; its derivation was basedtten Langmuir adsorption isotherm to give the foliogv
relationship:
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IE 0 (%) = ——J — /-1
cate (%) 1+ (4x; + B)C;

* 100

Where A andB are real constants determined by solving the systesimultaneous equations obtained with the
different values of the inhibitor concentrati6p A quantum or a reactivity parameter is represeitex;. In this
work, taking the number of concentrations (four aamtrations) into account, we have considered aésets of
three quantum chemical or reactivity parameteysx,, x3). The obtained equation has the following form:

(Axy + Bx, + Dx3 + E)C;

1E o010 (%) =
cate() = I & Bx, + Dx; + E)C,

100

We obtained a system of four equations with foltnawns. The calculations have been performed USKGEL

software. The calculated valueshB, D andE for the differentsets of parameters and for concentrations range of
50 uM to 1000uM are listed in Table3.

Table 3. Values of4,B,D and E for different sets of three quantum chemical or ractivity parameters

Set of parameters A B D
(AE, p, AN) 19.948 16.577 -9.646 -132.094
(AE, p, 8ys) 7.768 16.373 11.179 -56.967
(Enomor Erumor ) 0.044 0.687 0.418 -0.103
(Enomor Erumo- Ons) 0.113 -0.061 -0.383 0.178
(Enomor Erumo, AN) -0.040 0.174 0.131 -0.172
(Eqomo, b AN) 0.016 -0.022 0.151 0.092
(Enomo, 1. Bys) 0.326 0.812 -1.946 -1.874
(ELymor W, AN) -0.409 -0.284 0.241 0.207
(ELymor b Ons) -0.113 18.349 17.792 -11.441

dys is the sum of partial charges on nitrogen and swifoms. The experimental inhibition efficiency aldtave
been obtained by gravimetric method as describediimprevious works [42, 43]. Those data are listeTable 4.

Table 4. Inhibition efficiency for different concertrations at T = 25°C.

Concentration (M) 0 5.170 10 5.1d 10
Corrosion rate (g cihh®)  0.1085  0.0796 0.0574 0.0221 0.0122
IE (%)experimenta - 26.68 39.02 79.67 88.78

The estimated efficiencies versus the experimamtat are shown in figures 5 A-I.

AE,p,AN
100 (AE,p,AN)
80 [
60
i’ a0
20 R?=0.9982
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
IEqy,

Figure 5 A. Theoretical vs. experimental efficienes of TMBI for (AE, p, AN)
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(AEIMI6 NS)
100
80
60
"L"“
40 +
20 R2=0.9956
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
IEeyp

Figure 5 B. Theoretical vs. experimental efficieneis of TMBI for (AE, p, dns)

(EvomorELumor)
100
80
_ 60
Eu
a0 |
20
R?=0.9963
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
IEq,p

Figure 5 C. Theoretical vs. experimental efficieneis of TMBI for (Exomo, ELumo, 1t)

(EHOMOIELUMO'SNS)

100

80 -
_ 60 |
E=

40 -

20 - R?=0.9916

0 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 8 90 100
Eeyp

Figure 5 D. Theoretical vs. experimental efficieneis of TMBI for (Enomo, ELumo s Ons)
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(EHOMOlELUMOIAN)
100
80
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IEq\q
Figure 5 E. Theoretical vs. experimental efficieneis of TMBI for (Enomo, ELumo , AN)
(EyomosH,AN)
100
80 -
- 60 |
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40
R%=0.9935
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IEq\q
Figure 5 F. Theoretical vs. experimental efficieneis of TMBI for (Enomo, pt, AN)
(EvomorHsBns)
100
80 |
- 60
uF
40
20 R?=0.9982
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
IEq\p

Figure 5 G. Theoretical vs. experimental efficieneis of TMBI for (Ewowmo, 1, dns)
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(ELUMO:P-;AN)
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Figure 5 H. Theoretical vs. experimental efficienas of TMBI for (E umo, p, AN)

(ELumortsBys)
100
80 |
60 [
uf
a0
R2=0.9974
20
0 1 | 1 | 1 1 | 1 |
0 10 20 30 40 50 60 70 80 90 100
IE
exp

Figure 5 I. Theoretical vs. experimental efficien@s of TMBI for (ELumo, 1, Ons)

Each studied set of molecular descriptors leadantequation linking these parameters to the camosihibition
efficiency for a giving concentration in the inhim. All the obtained correlation coefficients fromme
representation of theoretical corrosion inhibitefficiencies versus experimental ones are neanale unity. So,
we have used statistical analysis, in order tordetee the best set of parameters. These analysibased on the
sum of squared errors defined as:

SSE = Z [IE(%) theoretical — IE(%) estimated]2

The set of parameters (&0, ELumo, 1) Which leads to a correlation coefficient value GE®R996 and a value of
SSE of 491.102 seems to be the worst descriptars se

For the sets of parameters includiadd®, u, AN ),(AE, 1, Sys)(Exomor ELumor Ons ).
(Enomor ELumor AN),(Egomor  AN), (Egomor,Ons) and (Epymo, i, AN) the obtained values of correlation
coefficients are respectiveR? = 0,998 ; R? = 0,996 ; R? = 0,992 ; R?> = 0,994 ; R?> = 0,993 ; R? = 0,998 and

R? = 0,996. The values of the sum of squared errors are réspc98.19; 54.39; 239.722; 125.69; 144.60; 29.54
and 29.44. Though the correlation coefficientssatisfying, the sum of squared errors are high.

The best set of parameters seem tdBg,0, U, Oys) for which the correlation coefficient value is 9@and that of
the sum of squared errors 10.75.

CONCLUSION
These studies show that hybrid functional (B3LYBPBV91 and PBE1PBE) associated with the basis setely

6-31G (d, p), 6-31+G (d, p), 6-31++G (d, p) and18-G (d, p) lead to accurate values of bond length laond
angles. The B3LYP (Becke 3 parameters Lee, YangRard) exchange correlation functional with 6-31(G p)
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basis set is the optimal method for studying thebition efficiency of TMBI molecule in HN@1M. These studies
also reveal that the best set of parameters foretimgdthe inhibition efficiency of TMBI molecule ithe studied
solution iSE;ymo0, U, Ons). Strong correlations exist between the inhibitiefficiency of the molecule and the
studied sets of quantum or reactive parameters.
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