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ABSTRACT

2-Mercaptobenzothiazole (MBT) was examined as aosim inhibitor for copper corrosion in 2M nitriacid
solution, using mass loss technique and quantunmicia studies, based on density functional theoRf{(pDat
B3LYP level with different basis sets including1853(d), 6-31G (d, p), and LanL2DZ. The percentagsghition
efficiency IE (%) was found to increase with in@ieg inhibitor concentration and increasing tempera.
Adsorption of the molecule on copper surface fddlothe modified Langmuir adsorption isotherm. The
thermodynamic functions related to the adsorptiod the activation processes were calculated andudised. The
calculated quantum chemical parameters correlatethe inhibition efficiency are the highest occdpieolecular
orbital energy (ERowmo), the lowest unoccupied molecular orbital energy,(;0), the HOMO-LUMO energy gap,
hardness #), softness (S), the dipole momed, the electron affinity (A), the ionization enerfly, the absolute
electronegativity f), the fraction 4N) of electrons transferred from (MBT) to coppeddhe electrophilicity index
(w). The local reactivity has been analysed througé tondensed Fukui function and the condensedessftn
indices in order to determine the sites for nuchkabp and electrophilic attacks. Theoretical resuland
experimental ones are in well accordance.

Keywords. Copper, nitric acid, 2-Mercaptobenzothiazole rasion inhibition, mass loss technique, DFT, Quantu
chemical parameters.

INTRODUCTION

Copper and its alloys [1- 3] are still widely usé@d many applications (marine, microelectronic indies,
communication, pipelines, heat exchangers etc.jge$f the emergence in recent years of other rizsethat
have technical and economical attractions. Thislus to their excellent electrical and thermal catidities
associated to their good mechanical workabilityug,hcorrosion of copper and its inhibition in a evidariety of
media, particularly in acidic media [5-7] have atted the attention of many investigators.

One of the most important methods in protectiocagper against corrosion is the use of organiditdris [8-11]

containing polar groups including nitrogen, sulplamnd oxygen and heterocyclic compounds [12-15] mibtar

functional groups and conjugated double bonds. ilthibitory action of these organic compounds isilaited to

their interactions with the copper surface via itredsorption. Polar functional groups [16] are rdgd as the
reaction centre that stabilizes the adsorption gsscin general, the adsorption of an inhibitoraometal surface
[17] depends on the nature and the surface of #talpthe adsorption mode, the molecular strucinéthe type of
the electrolyte solution.

Benzothiazole derivatives [18, 19] have been stlidigensively for their diverse chemical reactivdiyd potential

broad spectrum of biological activity. They arednetyclic compounds widely found in bioorganic anddicinal
chemistry with application in drug discovery.
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Despite the widespread increasing interests imgmication of these organic inhibitors, experina¢nésults reveal
different behaviour of the studied compounds inveg environment. The mean objective of theoretieakarch is
to gain insight into the mechanisms by which inttibimolecules added to aqueous environment retaed t
metal/corrodent interaction.

Density functional theory (DFT) [20] has been foutmdbe successful in providing insights into theermiical
reactivity and selectivity, in terms of global pareters such as electronegativify (21], hardnessr) [22] and
softness (S) [20], and local ones such as the emadeFukui functiorf (r) [23] and the condensed local softness
s(r) [24].

In the present study, we will focus on the behawiou2-Mercaptobenzothiazole against copper coorogn 2M
nitric acid using mass loss technique and DFT.

EXPERIMENTAL SECTION

Copper specimens
The copper specimens were in form of rod measuthgnm in length and 2.2 mm of diameter; they wereic
commercial copper of purity 95%.

The studied molecule
This organic compound with white colour has beemttsysized in the laboratory. Its molecular struetbas been
identified by’"H NMR spectroscopy and mass spectroscopy.

NMR'H (DMSOd-6,5 ppm): 3, 39 (1H, s, SH); 7, 25-7, 66 (3H, m)H7, 66-7, 69 (1H, m, k). SDM: m/e (%):
167 (15%); 168 (100%); 169 (10%).

Figure 1 gives the optimized chemical structure.

Figure 1 Optimized chemical structure of MBT by B3LYP/6-31 G (d)

Solution

Analytical grade 65% nitric acid solution from Mkrevas used to prepare the corrosive aqueous selufibe
solution was prepared by dilution of the commernisdic acid solution using double distilled wat&he blank was
a 2 M HNG; solution.(MBT) solutions range from 0.01 to 0.5mM

M ass loss method

The mass loss measurements were conducted undeintatersion of the pre-weighed copper specimetid mL
capacity bakers containing 50 mL of the test sofutiThe specimen were retrieved 1 hour later anded
thoroughly with distilled water, cleaned, driedaoetone and reweighed using a balance with seihsithi0.1 mg.
The tests were run triplicate for different temperas 308-328K and the standard deviation valuesngnparallel
triplicate experiments were found to be smallentB&o, indicating reliability and reproducibilitynd mean values
of the mass loss data were used to compute pananateorrosion rate, inhibition efficiency and iegof surface
coverage using the following relations:

w =4 (1)

St

Wo-W
Wo

1E(%) = X 100 2)
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_ Wo-w
6="0" 3)
WhereW, andW are respectively the corrosion rate without anthyMBT), Am is the mass loss, is the total
surface of the copper specimen and the immersion time.

Computational details

Density functional theory (DFT) calculations werarried out using Becke three parameter nonlocahaxge
functional [25] with the nonlocal correlation of éet al. [26] and Miehlich et al. [27] with threadis sets including
6-31 G(d), 6-31 G(d, p) and LanL2DZ implementedtlie Gaussian 03 W program package [28]. Geometry
optimization of the ground state with each of thee¢ methods was carried out without imposing cast
Relevant parameters were calculated in order toritesthe molecular-metal interactions.

The basic relationship of density functional theofychemical reactivity is precisely, the one ebshied by Parr et

al. [29] that links the electronic chemical potahfi, with the first derivative of the energy with respéo the
number of electrons, and therefore with the negativthe electronegativity:

o= (), Z

Hardnesgn) which measures both the stability and the redgtfi a molecule [30] has been defined as the skcon
derivative of total energ¥ with respect tav atv(r):

-6, (. ©

In these equationgy, is the chemical potentiak is total energyN is the number of electrons amdr) is the
external potential.

According to Koopmans'’s theorem [31], the ionizatenergyl can be approximated as the negative of the highest
occupied molecular orbital (HOMO) energy:

I'= —Eyomo (6)

The negative of the lowest unoccupied moleculaitalrfLUMO) energy is similarly related to electraffinity A as
follows:

A= —-Eymo (7)

Electronegativity(y) and hardnesg)) can then be written as:

x="2" (8)
I-A

n=-— 9

The fraction of electrons transferred from the mole to the metal [32] is expressed as follows:
AN = Xcu—Xinh (10)

" 2(cuting)

The inverse of hardness is softness [24]:

S = (a_N) (12)

oup v(r)

Global electrophilicity indefw), introduced by Parr [33] which is a measure ofrgmdowering due to maximal
electron flow between donor and acceptor is givipg

— b
W=7 (12)

The local reactivity of the studied molecule canapalyzed through the condensed Fukui indices. cbmelensed
Fukui functions indicate the atoms in a moleculat thave a tendency to either donate (nucleophiteacier) or
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accept (electrophile character) an electron or pa#lectrons. The nucleophilic and electrophilindtions can be
computed using the finite difference approximatarfollows:

fi = a(N +1) — q,(N) (13)

fi =a(N) —q(N—-1) (14)

In equations (13) and (14, is the gross charge of atdwin the molecule and¥ is the number of electrons.
RESULTSAND DISCUSSION

M ass loss experiment
Mass loss data were determined at the end of 1 tiow interval in the absence and presence of rdifte

concentrations of (MBT) and were used to calcutaderosion rates, inhibition efficiency and degrdesorface
coverage as provided by equations (1) to (3). Egurand 2 show respectively the evolution of iom rate and
inhibition efficiency with respect to temperaturedld MBT) concentration.

18
16 | —&—Blank
14 | =i—0.01mM
—~ 12 | 0.05mM
£ 10 |=<0.1mM
;E),, 8 [=¥=0.5mM
£ 6}
3 a |
2 | %ﬂ
0 L L L L
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T(K)
Figure 1 Corrosion rate ver sus temper atur e for different concentrations of (MBT)
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Figure 2 Inhibition efficiency versus temperaturefor different concentrationsof (MBT)

Figure 1 shows that corrosion rate increases witheasing temperature but decreases with increasimgentration

of (MBT). A plausible explanation of these resugtshat the increasing inhibitor's concentratioduees the copper
exposed surface to the corrosive media throughnitreasing number of adsorbed molecules on itsasarfvhich

hinder the direct attack on the metal surface. yiagj figure 2 one can see that inhibition effi@grncreases with
increasing temperature and concentration. Simiteseovation [34] has been seen in the literaturesapgorts the
idea that the adsorption of the inhibitor onto ¢heper surface is chemical in nature.
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Adsor ption considerations

In order to ascertain and quantitatively descriletain parameters associated with the adsorptidraier of
(MBT) on copper surface, the degree of surface iame® of the molecule was fitted into adsorption isotherand
the model that best fits to the adsorption progess chosen using correlation coeffici@it values of the plots: the
highest value of correlation coefficient corresperid the best model. The isotherms models in ttesipective
ways are described by the following equation:

f(6,x) exp(—2a0) = Kuq5Cinn (15)

Where f(6,x) represents the configuration factor and dependsthenphysical model and the assumptions
underlying the derivation of the modél,is the degree of surfacecoverdgg, is the concentration of the inhibitor
in the aggressive medium, is the size ratioa is the molecular interaction parameter dfgd. is the equilibrium
constant of the adsorption process. The equatibtie@ttempted models are listed in table 1.

Tablel Equations of the studied isotherms

Isotherm Equation
Langmuir Con _ 1 + Cimn
0 Kads o

6
Flory-Huggins log (C_) = logxK + xlog(1 — 6)

inh

6

El-Awady log (m) = logK + ylogCinp(Kags = K*77)

Figures3 (A, B and C) give the plots of the studied isotherms

0.8
07 |
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_. 05 |
2 04 # T=308K
2 o3 W T=313K
S o2 T=318K
o1 X T=323K
o . X T=328K
0 0.1 0.2 0.3 0.4 0.5 0.6

Cinn(mM)

Figure 3 A Langmuir adsorption plotsof (MBT) on copper in 2M HNO; for different temperatures
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Figure 3 B Flory Huggins adsor ption plotsof (MBT) on copper in 2M HNO; for different temper atures
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Figure 3 C El-Awady adsor ption plotsof (MBT) on copper in 2M HNO; for different temperatures

Langmuir adsorption isotherm is by far the bestheom (R is nearly equals to unity) but there is divergeotthe
slope from unity [35] due to interactions betweelsabed species on the copper surface as wellaagyeh in the
values of the Gibbs energy with increasing surfeceerage. The results suggest a slight deviatiom fideal
conditions (all the adsorption sites are equivalassumed in the Langmuir model. Therefore, a nexdlifangmuir
equation suggested elsewhere [36] given in thetaqubelow that takes care of this deviation maybed:

Cinh _ T )
0 = Koz + nCinn (16)

Thermodynamic parameters can be determined usingetationship between the equilibrium constgpi, and the

adsorption free enthalpy changé?,,:

AGI[Z)dS = _RTln(SS-SKads) (17)

WhereR is the perfect gas constant, T is the absolut@éeature and 55.5 is the concentration of watendh L™,

The obtained values @fG?,,; are summarized in table 2.

Table 2 Adsor ption thermodynamic functions

T(K) | Kaas(X102M™Y) | AGS, (k] mol™) | AH2;s(k] mol™) | AS2;s(J mol™*K™1)
308 7.015 27.06

313 7.287 2759

318 7.468 28.10 7.78 113

323 7.868 28.68

328 8.502 2934

The negative values a@fG?,, indicate the spontaneity of the adsorption proeess the stability of the adsorbed
layer on the copper surface. Generally [37] valokAG?,, up to -20 kJ mé! are consistent with physisorption,
while those around - 40 kJ mfobr more negative are associated with chemisorgo®a result of the sharing or
transfer of electrons from the organic moleculéhtometal surface to form a coordinate bond. Theutated values

of AGY,; show that the adsorption mechanism of (MBT) on pewpinvolves both physisorption and

chemisorption.The standard entha(@yi?,,) and entropy(AS?;,) changes are deduced using the equation below:
Achls = AHgds - TASt(z)ds (18)

WhereAH?,; and(—AS2,,) are respectively the intercept and the slope @fsthaight line obtained when plotting
AGY, versus temperature (figure 4).
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Figure 4 Free enthal py changes ver sus temperature

The positive value oAH?, indicate that the adsorption of the inhibitor is @endothermic process. Literature [38]
pointed out that an exothermic process signifidgeeiphysisorption or chemisorption while an endattic process
is associated to chemisorption. The values\8},, are positive indicating an increase in disordeatwtan be
explained by a desorption of water molecules.

Effect of temperature
In order to calculate activation parameters fordbrosion process, Arrhenius equation and trarsiitate equation

[39] were used:

logW = logA — z.;ﬁ (29)
tog () = [t09 (52) + 75057] ~ 73mser (20)

WhereW is the corrosion rate® is the perfect gas constaffiis the absolute temperaturg,is the pre-exponential
factor,h is the Plank’s constant amdis the Avogadro’s number.

Figure 5 depicts the Arrhenius plots, log againgt for copper in 2M HN@ without and with different
concentrations of (MBT). Straight lines are obtdingth very high correlation coefficient®{ > 0.9). The slopes

(— 25;3R) of these straight lines allow the calculationghef apparent activation enefdy,). The obtained values

are collected in table 3.

-1.5

-2 L

25 |
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& 3 [mo.01mm
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35 1 0.1mMm
4 LX0.5mM, , , ,
3 3.05 3.1 3.15 3.2 3.25 3.3

1000/T(K?)

Figure5logW versus1/T for the corrosion of copper in 2M HNOswith and without (MBT)
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Table 3 Activation parametersfor copper dissolution in 2M HNOjs in the absence and presence of different concentrations of (MBT)

Solution | E,(kJj mol™) | AH (k] mol™) | AS;(J mol™'K™1)
Blank 55.01 52.47 -120.8
0.01mM 25.55 23.03 -222.5
0.05mM 25.16 22.52 -224.9
0.1mM 24.80 22.13 -227.1
0.5mM 22.67 19.95 -234.8

The calculated®,, for the blank is higher than that of solutions tedming (MBT). The increase in IE (%) with
increasing temperature and the lower values oYaiitin energies in presence of (MBT) [40] can Rerjoreted as
an indication for chemical adsorption.Figure 6 shadke plots ofog (W /T) against (1/T).

=
= -5 | eBlank &=

g Io.o1mﬁzw
L 5.5 | 0.05mM

X 0.1mM

X0.5mM
_6 1 1 1 1

3 3.05 3.1 3.15 3.2 3.25 3.3
1000/T(K%)

Figure6log(W/T) versus (1/T) for copper corrosion in 2M HNO3; with and without (MBT)

The obtained values dfH, and AS; are listed in table 3. The positive valuesAdi;reflects the endothermic
process of dissolution of copper. The negative ealfiAS; [41] shows that there is a decrease in disordeha
reactants are converted into the activated complexe

Quantum chemical calculationsusing DFT method

We have computed chemical descriptors of the mtdegsing DFT at B3LYP level with basis sets inchgli6-31

G (d), 6-31 G (d, p) and LanL2DZ. The choice of thest method was based on CPU times and total ¥nerg
according to the variational principles which stateat the ground state energy is the minimum gnerg

E = ming[F(n) + [ d*r Vo (r)n(r)] (21)

Where F(n), V,,:(r) andn(r) are respectively a universal functional, the exkmpotential and the electronic
density. Table 4 contains CPU time and the totatgyof the molecule in respect of each method.

Table4 CPU time and total energy of the moleculewith respect to the basis set

6-31 G(d)| 6-31G(d,p] LanL2DZ
CPU time 1h14'56" 1h32'15" 37'30”
Total energy (au -1120.89 -1120.9Q -344.63

One can see from table 4 that the best method isYB&-31 G (d) which has the lowest CPU time antbtal
energy nearly equals to that of B3LYP/6-31G (d, Phus, all the descriptors of the molecule wenmpoted using
the chosen basis set.

The energy of highest occupied molecular orbifa)yf,,) [42] measures the tendency towards the donatfon o
electron by a molecule. Therefore, higher valueg,gf,, indicate better tendency towards the donatioreften,
enhancing the adsorption of the inhibitor on copoet therefore better inhibition efficiency. Thevist unoccupied
molecular orbital energyE( ;0) indicates the ability of the molecule to accdpt&ons. So, the binding ability of
the inhibitor to the metal surface increases wittréasingE oo and decreasingi; ;0. The optimized molecular
structure of (MBT) with Mulliken charges on atorsggiven by figure 7.
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Figure 7 Mulliken chargeson atoms of (MBT) by B3LYP/6-31 G (d)

Figure 8 shows the highest occupied molecular arfifOMO) and the lowest unoccupied molecular aibit
(LUMO) of the molecule under study.

Figure8 HOMO (l&ft) and LUMO (right) of (MBT) by DFT/ B3L Y P/6-31G(d)

The analysis of Figure 8 shows that the densitd©@MO and LUMO are distributed throughout (MBT) rindrhe
calculated quantum chemical parameters are cotlést@ble 5.

Table 5 Quantum chemical descriptorsof (MBT)

Descriptor Value| Descriptor Value
Eyomo (€V) | -6.204 x(eV) 3.594
E ymo (eV) | -0.984 n(eV) 2.610

AE (eV) -5.220 | S(e)?! 0.383
u (D) 1.0071 AN 0.265
1(eV) 6.204 W 2.474
A(eV) 0.984 | Ey(aw) -1120.89

The energy gapAE = E uwmo -Exomo) IS an important parameter as a function of redgtof the inhibitor molecule
towards the adsorption on the metal surface ABsdecreases the reactivity of the molecule incredesading to
increase in inhibition efficiency of the moleculeower values of the energy gap [43] will render daohibition
efficiency, because the energy to remove an elednam the last orbital will be low. The dipole ment p is
another important electronic parameter resultiogifnon-uniform distribution of charge on atomstia molecule.

In literature, some authors state that lower vabfedipole moment [44] will favour accumulation thie inhibitor in
the surface layer and therefore inhibition effidgnHowever, many researchers [45, 46] state tmatirthibition
efficiency increases with increasing values of tipmoment. In general [47] there is no significaglationship
between the dipole moment and the inhibition efficiy.
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lonization energy is also an important descriptbcleemical reactivity of atoms and molecules. Highization
energy [47] leads to high stability and chemica&rtness and small ionization energy is associatdigh reactivity
of atoms and molecules. In the work herein, the ilomization energy (6.204 eV) of (MBT) probably éxips its
good inhibition efficiency.

Absolute hardness and softness are important fiepeio measure the molecular stability and re#gtivi he
chemical hardness represents the resistance towseddeformation or polarization of the electrooud of the
atoms, ions or molecules under small perturbatiorhemical reaction. A hard molecule [48] has gdagnergy gap
and a soft molecule has small energy gap. In oukwbe low hardness value of (MBT) (2.610 eV) camgal with
many other compounds, reflects its good performasca corrosion inhibitor of copper in the studiegidium. It is
evident that in that case the softness value (06383 is high since softness is the inverse of hardness

To calculate the fraction of electrons transfertbé, theoretical valueg;, = 4.98 eV [49] andn, = 0 [50] were
used. The value of the number of electrons traredle@d N = 0.265)obtained can be used [51] toshow that the
inhibition efficiency result from electron donation

The electrophilicity indexdf) expresses the ability of the inhibitor to accelectrons. In our worke( = 2.474); this
larger value indicates a good capacity of (MBTaézept electrons from copper.

The Mulliken charge densities calculated from tiptiroised geometry of (MBT) reveal that most of ttebon
atom<C1 (-0.135€e)C3 (-0.142e)C4 (-0.147€e),C5 (-0.119e) C6 (-0.175e)C7 (-0.074e) and the nitrogen atdwi2

(-0.448e) which carry negative charges [52] maysed for forming bond with positively charged metdms on
the surface.

The values of Fukui function and local softnessnfacleophilic and electrophilic attacks are colkecin table 6.

Table 6 Condensed Fukui functionsand local softnessvaluesfor (MBT)

Number | Atom| fif(r) G SE() S (1)
1 C 0.008214| -0.021147 0.00314596 -0.00809930
2 C 0.009410 | -0.032018| 0.00360403 | -0.01226281
3 C -0.034374| -0.051852 -0.01316524 -0.01985932
4 C 0.001376| -0.016774 0.00052701 -0.00642444
5 C -0.032372| -0.041226 -0.01239848 -0.01578956
6 C -0.019732| -0.021828 -0.00755786 -0.00835821
7 C -0.067745| 0.004072 | -0.02594634| 0.00155958
8 H -0.067537| -0.073362 -0.02586667 -0.02809765
9 H -0.070645| -0.07764 -0.02705704 -0.02973918
10 H -0.075064| -0.0847783 -0.02874951 -0.03246806
11 H -0.063934| -0.071149 -0.024486Y2 -0.02725007
12 N -0.058645| -0.042908 -0.022461p4 -0.01643]185
13 S -0.204309 -0.171828| -0.0782503% -0.06581012
14 S -0.180800 -0.24718P -0.06924640 -0.09467339
15 H -0.143840| -0.050382 -0.05509072 -0.01929631

In DFT, the so called Fukui functions are advocaedeactivity descriptors in order to identify tmest reactive
sites for electrophilic or nucleophilic reactionghin a molecule. The most common expression i$ [20

fo) = (22 (22)

N Vot

They reflect the change in electron density at iatpo with respect to a change in number of electrinsinder
constant external potentigl,;. Molecular properties are often associated wittedain point in space. It is then
necessary to identify an atom in the molecule. diffeculty is that there is not yet an operator [%&ich, acting on
the wave function or electron density, can perfardivision of the space in atomic basins. Despite fundamental
problem, Fukui functions are often condensed tonataesolution. These condensed Fukui functionsigégns
(13) and (14)) are in the context of variationapmach to chemical reactivity, more instructive igadors of
molecular site reactivity than Fukui function (ejoa (22)). According to the values of the compgtiinctions,
one can see from table 6 that nucleophilic attdake place around the carbon at@2whereas the electrophilic
attacks are located around the carbon &dm
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CONCLUSION

The following conclusions can be drawn from thelgtu

1. (MBT) acts as a good corrosion inhibitor of cepm 2M HNG.

2. Inhibition efficiency is concentration and terrgere dependent.

3. (MBT) adsorbs on copper according to the modifiangmuir isotherm.

4. The calculated thermodynamic parameters retattite adsorption and the activation indicatedenubal type
of adsorption.

5. Quantum chemical parameters confirm the intubigfficiency of (MBT).

6. Fukui condensed functions show the nucleophitid the electrophilic sites in the molecule.
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