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Abstract Copper corrosion inhibition in I M HNO; solution
by some benzotriazole derivatives, namely N-(2-thiazolyl)-
1H-benzotriazole-1-carbothioamide (TBC), N-(furan-2-
ylmethyl)-1H-benzotriazole-1-carbothioamide (FBC) and
N-benzyl-1H-benzotriazole-1-carbothioamide (BBC), was
investigated by ac impedance, dc polarization and weight
loss techniques. A significant decrease in the corrosion rate
of copper was observed in presence of the investigated
compounds. The corrosion rate was found to depend on the
concentration and type of the inhibitor. The degree of surface
coverage of the adsorbed inhibitor was determined by weight
loss technique, and it was found that the results obeyed
Langmuir adsorption isotherm. Tafel polarization data
indicated that the three selected inhibitors were of mixed
type. The reactivities of the compounds under investigation
were analyzed through Fukui indices, derived from density
functional theory (DFT), to explain their inhibition
performance.
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1 Introduction

Copper and its alloys are widely used in industry because
of their excellent electrical and thermal conductivity and
are often used in heating and cooling systems [1-3]. Sev-
eral heterocyclic nitrogen containing compounds were used
as corrosion inhibitors for copper in acidic media [4-11]. It
reveals that most of these inhibitors were aromatic and
heterocyclic compounds containing nitrogen. Benzotria-
zole (BTA) and its derivatives were studied extensively,
and BTA was proved to be a highly efficient inhibitor for
preventing copper and copper-base alloys corrosion in
neutral and alkaline media [12-14].

Although BTA enables copper protection in various
aqueous environments, its efficiency decreases dramati-
cally in acid solutions and high temperature conditions
[15-17]. It is generally accepted that its inhibition mech-
anism in neutral and alkaline solutions is the adsorption of
single BTA molecules on the copper surface and the for-
mation of a polymeric film of a (Cu*BTA) complex [18].
However, in an acidic solution, BTA exists predominantly
as a protonated species, BTAH™. This protonated species is
less strongly chemisorbed on the copper surface, as the
metal is thought to be positively charged in acidic solution
[15]. This in turn leads to a decrease in the inhibition
efficiency of BTA in acidic solution.

There is a need for new inhibitors for copper corrosion in
acidic media. A possible solution to this problem is to find
new BTA derivatives that can act as efficient corrosion
inhibitors in acid media. Recently, in our laboratory we
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developed new benzotriazole derivatives that show better
inhibition efficiency over BTA in acid medium for copper
corrosion [19-21].

The aim of this study is to study the influence of three
selected benzotriazole derivatives, namely N-(2-thiazolyl)-
1H-benzotriazole-1-carbothioamide (TBC), N-(furan-2-
ylmethyl)-1H-benzotriazole-1-carbothioamide (FBC) and
N-benzyl-1H-benzotriazole-1-carbothioamide (BBC), on the
corrosion of copper in 1 M HNOj; solutions using experi-
mental (chemical, electrochemical) and theoretical (quantum
chemical molecular dynamics simulations) studies.

2 Experimental

The copper electrode used in this study is of 99.999% purity
(Johnson Matthey Chemicals). The cylindrical copper rod
was welded with iron-wire for electrical connection and
mounted in Teflon with an active flat disc shaped surface of
(0.28 sz) geometric area, to contact the test solution. Prior
to each experiment, the copper electrode was polished with
different grit sizes emery papers up to 4/0 grit size to remove
the corrosion products if any formed on the surface. The
copper electrode was etched in 7 M HNOj solution for 15 s,
cleaned in 18 MQ water in an ultrasonic bath for 5 min, and
subsequently rinsed in acetone and bi-distilled water and
immediately immersed in the test solution.

The benzotriazole derivatives are presented in Fig. 1.
All of these compounds were obtained from Aldrich
Chemical Co. They were put in 1 M HNO; (Fisher

Fig. 1 Optimized structures of
the studied benzotriazole
derivatives calculated with DFT

N-(2-Thiazolyl)-1H-benzotriazole-
1-carbothioamide, TBC
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Scientific) without pre-treatment at concentrations of 1074,
5x107% 107> and 5 x 107> M. The electrode was
immersed in these solutions for 1 h before starting mea-
surements; the time necessary to reach a quasi-stationary
value for the open circuit potential.

A conventional electrochemical cell of capacity 250 ml
was used. This cell contains three compartments for
working, platinum mesh counter and reference electrodes.
A Luggin-capillary was also included in the design, the tip
of which was made very close to the surface of the copper
electrode to minimize IR drop. The reference electrode was
a saturated calomel (SCE) used directly in contact with the
test solution. The measurements were carried out in aerated
stagnant 1 M HNO; solutions at 25 °C (using water ther-
mostat =1 °C) without and with various concentrations
(107* to 5 x 107> M) of benzotriazole derivatives, as
possible corrosion inhibitors. All solutions were freshly
prepared from analytical grade chemical reagents using
doubly distilled water and were used without further
purification. For each run, freshly prepared solutions as
well as a cleaned set of electrodes were used.

Tafel polarization curves were obtained by changing
the electrode potential automatically (from —280 to
+200 mVgcg) with a scan rate of 1 mV s\, Impedance
measurements were carried out in a frequency range of
10 kHz to 20 mHz with an amplitude of 5 mV peak-to-peak
using ac signals at open circuit potential. Measurements were
performed with a Gamry Instrument Potentiostat/Galvano-
stat/ZRA. This includes a Gamry Framework system based
on the ESA400, Gamry applications that include DC105

H

N-(Furan-2-ylmethyl)-1H-benzotriazole-
1-carbothioamide , FBC

N-Benzyl-1H-benzotriazole-
1-carbothioamide ,BBC
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for dc corrosion measurements, EIS300 for impedance
measurements to calculate the corrosion current and the
Tafel constants along with a computer for collecting the data.
Echem Analyst 4.0 Software was used for plotting, graphing
and fitting data.

The weight loss measurements were carried out in a
250 ml capacity glass beaker placed in a thermostat water
bath. The solution volume was 100 ml. The used copper
coupons (Puratronic, 99.999%) had a rectangular form
(length = 2.5 cm, width = 2 cm, thickness = 0.05 cm).
The coupons were weighed and suspended in a 100 ml of an
aerated 1 M HNOj; solution containing benzotriazole
derivatives at the desired concentrations for 36 h exposure
period of time at 25 £+ 1 °C.

At the end of the tests, the coupons were taken out,
washed with bidistilled water, degreased with acetone,
washed again with bidistilled water, dried and then
weighed using an analytical balance (precision: £ 0.1 mg).
Three measurements were performed in each case and the
mean value of the weight loss has been reported. The
standard deviation of the observed weight loss was £ 1%.
The corrosion rate, w, (expressed in mg cm™? hfl) as well
as the inhibition efficiency (IE, %) over the exposure time
period were calculated according to the following equation:

IE, % — (1 f ﬁ)
Wo

where w, and w are the weight loss without and with
benzotriazole derivatives, respectively.

x 100, (1)

3 Theory and computational details

In agreement with the DFT, the energy of the fundamental
state of polyelectronic systems can be expressed through the
total electronic density, and in fact the use of the electronic
density instead of the wave function for the calculation of the
energy constitutes the fundamental base of DFT [22].

The local reactivity of the molecules was analyzed
through an evaluation of the Fukui indices (FI) [23]. These
are a measurement of the chemical reactivity, as well as an
indicative of the reactive regions and the nucleophilic and
electrophilic behaviour of the molecule. The condensed
Fukui functions [23] are found by taking the finite differ-
ence approximations from Mulliken population analysis of
atoms in benzotriazole derivatives, depending on the
direction of the electron transfer:

= a(N+1) — q(N)
fi =a(N) —q(N—1)

G (N+1) — q(N—1)
2

(for nucleophilic attack), (2)
(for electrophilic attack),  (3)

= (for radial attack), 4)

where g is the gross charge of atom k in the molecule and
N is the number of electrons.

The FI calculations were performed using Materials
Studio [24, 25] DMol® version 4.3.1, a high quality quantum
mechanics computer program (available from Accelrys, San
Diego, CA). These calculations employed an ab initio, local
density functional (LDF) method with a double numeric
polarization (DNP) basis set and a Becke—Perdew (BP)
functional. Dmol® use a Mulliken population analysis [26].

The molecular dynamics simulations procedures were
used to calculate the interaction energy, Ecy_innibitor> Of the
Cu surface with the studied benzotriazole derivatives. The
interaction energy was calculated according to Eq. 5:

Ecu—inhibitor = complex — (ECu + Einhibilor)a (5)

where Ecompex 1 the total energy of the Cu crystal together
with the adsorbed inhibitor molecule, Ec, and E;ppipitor are the
total energy of the copper crystal and free inhibitor molecular,
respectively. The binding energy of the inhibitor molecule is
the negative value of the interaction energy, Epiniding =
—ECu—inhibition [27]. The molecular dynamics simulations
procedures were used and described elsewhere [27].

4 Results and discussions
4.1 Electrochemical measurements

4.1.1 Electrochemical impedance spectroscopy
measurements

Figures 2, 3 and 4 show the Nyquist plots recorded for
copper in 1 M HNOj solutions without and with various
concentrations of TBC, FBC or BBC. Measurements were
conducted at the respective corrosion potentials at 25 °C.
At high-frequency values, the Nyquist plots present a
depressed semicircle, whose diameter is a function of the
concentration and the type of the introduced inhibitor. This
high-frequency semicircle is attributed to the single time
constant of charge-transfer resistance (R.,) and the double-
layer capacitance (Cgq) [28, 29]. In the high-frequency
region, the electrode reaction is controlled by a charge-
transfer process and the diameter of the semicircle repre-
sents the charge-transfer resistance (R.,).

A long Warburg diffusion tail was observed at low
frequency values. The tails are inclined at an angle of 45°
to the real-axis at the very low frequencies; a diffusion
controlled process is therefore exists. Studies reported in
the literature [30], showed that the diffusion process is
controlled by diffusion of dissolved oxygen from the bulk
solution to the electrode surface. This diffusion tail still
appears, even in presence of high concentrations of the
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tested inhibitors. This means that the corrosion behaviour
of copper in the absence and presence of these inhibitors is
influenced by mass transport. The increase of capacitive
loop size with the addition of benzotriazole derivatives
shows that a barrier gradually forms on the copper surface,
protecting it from corrosion.

The equivalent circuit model, presented in Fig. 5, was
successfully used to fit experimental impedance data. In
Fig. 5, W stands for the Warburg impedance, R is a resistor
(Rs = solution resistance and R, = charge-transfer resis-
tance), and CPE represents the constant phase element. Here,
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Z,/Qcm’

10000 12000

CPE is substituted for double-layer capacitance, Cqy, to give a
more accurate fit [31]. In most cases, the capacitive loops are
depressed semicircles rather than regular ones, which are
related to a phenomenon called the “dispersion effect.” The
admittance of CPE is described as:

Yepg = Yo(jo)", (6)

where j is the imaginary root, o the angular frequency, Y,
the magnitude and »n the exponential term [32].

Values of elements fitted with equivalent circuit in
Fig. 5 are listed in Table 1. The percent inhibition
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Fig. 5 Equivalent circuit model for the corrosion of copper
displaying a Warburg impedance
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efficiency values, see also Table 1, were calculated from
the charge-transfer resistance values using Eq. 7:

R
IEl% = (1 —R—Ct> X 1007

ct

(7)

where Rgand R are the charge-transfer resistances in the
absence and the presence of benzotriazole derivatives,
respectively. We remark that the value of inhibition effi-
ciency increases with increase in benzotriazole derivatives
concentrations up to 5 x 107> M reaching a maximum

Table I Impedance Concentration/M  RJ/Q cm®> CPE x 105/Ss" n Wy x 10%/S s12 R/Qcm® E%

parameters extracted from the

equivalent circuit Presented in Blank 5 303 079 900 675

Fig. 5 for copper in 1| M HNO;

in the absence and presence of BBC

various concentrations of BBC, 1074 7 26.2 0.75  0.990 1449 53.421

FBC or TBC at 25 £ 1 °C 5 x 107 10 22.3 0.6  0.880 2258 70.11
1073 8 16.8 0.75  0.600 4018 83.20
5% 1073 8 12.5 0.82  0.600 6888 90.20
FBC
107 4 22.5 0.55  0.600 1615 58.21
5% 107 2 19.3 0.43  0.200 3462 80.50
107? 2 14.1 0.65  0.550 5315 87.30
5% 1073 6 10.2 0.65 0.850 8766 92.29
TBC
1074 3 9.5 0.55 0.750 1940 65.21
5% 107 5 8.6 0.6 0.650 5672 88.09
1073 8 4.3 0.65 0.700 8766 92.29
5% 1072 3 0.56 0.6 0.095 35530 98.10
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value of 98.1% in case of TBC. These results suggest that
TBC is the best inhibitor among the tested inhibitors.

4.1.2 Tafel polarization measurements

Polarization curves for copper electrode in 1 M HNO; at
various concentrations of benzotriazole derivatives are
shown in Figs. 6, 7 and 8. It shows, in all cases, that the
presence of benzotriazole derivatives causes a prominent
decrease in the corrosion rate, i.e. shifts the anodic curves to
more positive potentials and the cathodic curves to more
negative potentials, and to lower values of current densities.
Namely, both cathodic and anodic reactions of copper
electrode corrosion are inhibited by these inhibitors in 1 M
HNOj; solutions. This may be ascribed to adsorption of
inhibitor over the corroded surface [33]. The values of cor-
rosion current densities, .oy, corrosion potential, Eq, and

0.2 T T T T

T
g
0.1+f E
& ool ]
4
> o=
~
= 0.1+ Blank 1
10“ M BBC
—————— 5x 10 M BBC
— == 10° M BBC
0.2 ——— 5x10°MBBC 1
1e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1

logi (A em™)

Fig. 6 Anodic and cathodic Tafel polarization curves for copper in
1 M HNO;s in the absence and presence of various concentrations of
BBCat25+1°C
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Fig. 7 Anodic and cathodic Tafel polarization curves for copper in
1 M HNOs in the absence and presence of various concentrations of
FBC at 25 £ 1 °C
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Fig. 8 Anodic and cathodic Tafel polarization curves for copper in
1 M HNO; in the absence and presence of various concentrations of
TBC at 25 + 1 °C

the cathodic (f.) and anodic (f5,) Tafel slopes were calcu-
lated from the curves of Figs. 68, based on calculations
presented in our previous study [21], as a function of the
concentration of the three selected inhibitors. These elec-
trochemical parameters, together with the inhibition effi-
ciencies, IEy(calculated from Eq. 8), are listed in Table 2

i

IEr% = (1 - .j’”) x 100, (8)
lCOIT

where °__and i, are corrosion current densities in the

coIrr
absence and the presence of benzotriazole derivatives,

respectively.

It follows from the data of Table 2 that the corrosion
current, icr, decreases, while IEr enhances with increase
in each inhibitor concentration. The maximum decrease in
the corrosion current density was observed for the TBC
derivative, corresponding to a maximum efficiency of
about 93% at 5 x 107> M TBC, inspect Table 2. These
results confirm impedance measurements that TBC is a
better inhibitor than BBC and FBC. Further inspection of
Table 2 reveals that the presence of these inhibitors does
not remarkably shift the corrosion potential (E), there-
fore, these three selected compounds can be described as
mixed-type inhibitors for copper corrosion in 1 M HNO;
solutions, and the inhibition of these compounds on copper
is caused by geometric blocking effect, namely, the inhi-
bition effect results from the reduction of the reaction area
on the surface of the corroding copper [34].

Both the anodic and cathodic Tafel slopes slightly
change upon addition of benzotriazole derivatives, see
again Table 2. These findings mean that the inhibitor
molecules are adsorbed on both the anodic and cathodic
sites, retarding both anodic dissolution and cathodic
reduction reactions. For copper corrosion in aerated acidic
solutions at E..,, the anodic reaction is copper dissolution
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Table 2 Electrochemical

—E on/mV (SCE) f/mV dec™' f/mV dec™' CR mmpy E;%

. . -2
kinetic parameters obtained by Concentration/M " icon/A cm
Tafel pqlarlzatlon technlque for Blank 12.00
copper in 1 M HNOg; in the
absence and presence of various BBC
concentrations of BBC, FBC or 107 6.34
TBCat25 £ 1 °C 5% 107% 2.64

1073 2.26

5% 1077 0.943

FBC

107* 7.22

5x 107 3.476

1073 2.87

5x107° 1.80

TBC

107 7.79

5x 107 4.06

1073 3.37

5x 1073 2.03

88.1 72.8 180.1 66.72e—3 000

54.4 71.3 237.4 73.88e—3 4258
54.0 66.7 295.1 30.72e—-3  67.88
59.1 74.1 219.7 26.30e—3  79.41
50.6 70.2 270.1 11.02e-3  85.31
55.1 72.2 224.8 84.14e—3  53.57
54.0 72.2 295.1 40.38e—3  73.82
54.0 66.7 295.0 33.43e—-3  83.11
56.9 61.4 103.6 20.96e—-3  89.32
572 72.1 210.4 90.79¢e—3  60.21
58.8 65.4 231.2 47.12e—-3  81.33
55.3 63.4 182.2 39.32e-3  85.22
53.3 68.8 242.4 23.64e—3  93.08

and cathodic reaction is oxygen reduction being the
hydrogen discharge current density negligible as compared
to oxygen reduction current density [35]. More details
concerning the electrochemical reactions for copper in
HNO; solutions are present in our previous study [36].

4.2 Weight loss measurements

Weight loss measurements were carried out in a 1 M HNO;
free solution and in solutions containing different concen-
trations of benzotriazole derivatives. Corrosion rates of
copper coupons, w, in (mg cm™> h™") and the inhibition
efficiency (IE,,) were calculated using Eq. 1. The average
corrosion rates are shown in Table 3. The results show that
all tested benzotriazole derivatives inhibited the corrosion
of copper in 1 M HNOj; solutions to an extend depending
on concentration and type of the inhibitor introduced to the
aggressive solution.

Increasing the concentration of each benzotriazole
derivative increases the inhibition efficiency, IE,,. Maxi-
mum values of IE,,were again recorded for TBC (97.4% at
5 x 107* M). The inhibition influence of these compounds
against copper corrosion can be attributed to their adsorp-
tion on the copper surface, as will be seen, which limits the
dissolution of the latter by blocking its corrosion sites. Rate
of corrosion therefore decreases (corresponding to
increased inhibition efficiency) with increase in inhibitor
concentration.

4.3 Adsorption isotherms

To understand the mechanism of corrosion inhibition of
copper in 1 M HNO; by the studied benzotriazole

derivatives, the adsorption behaviour of these derivatives on
the copper surface must be known. If simple adsorptive
behaviour is assumed for these derivatives, a direct rela-
tionship between inhibition efficiency and surface coverage,
0, of the inhibitor will be existed. Weight loss data were used
to evaluate the surface coverage values, based on Eq. 9 [37]:

©)

g W= wo,
WO
where w, and w are weight loss values in the absence and
presence of benzotriazole derivatives, respectively. The
surface coverage values (0) were tested graphically to allow
fitting of a suitable adsorption isotherm. The plot of C/0
versus C, Fig. 9, yielded a straight line with a nearly unit
slope. This result clearly proves that the adsorption of the
benzotriazole derivatives from 1 M HNOj5 solution on the
copper obeys the Langmuir adsorption isotherm, see Eq. 10:

KC
0 = ——— 1
KC+1 (10)
Comn 1
_1 - 1
0 X + th ( )
with

1 AG g5

K = (ﬁ) exp(— RT ), (12)
where Cj,y, is the inhibitor concentration, 0 is the fraction of
the surface covered, K is the adsorption equilibrium con-
stant and AG,q; is the standard free energy of adsorption.
The value of 55.5 being the concentration of water in
solution expressed in mole.

The values of K obtained from the Langmuir plot are
about 7919, 12722 and 14191 for BBC, FBC and TBC,
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Table 3 Corrosion rate (mg cm ™2 h™') and the inhibition efficiency
data obtained from weight loss measurements for copper in 1 M
HNOj; solutions without and with different concentrations of BBC,
FBC or TBC at 25 £ 1 °C

Concentration/M Corrosion rate/mg cm ™2 h™" E, %
Blank 0.341 -
BBC
107 0.163 52.2
5% 107 0.104 69.5
1073 0.062 81.8
5% 1073 0.035 89.7
FBC
1074 0.148 56.6
5% 107 0.069 79.7
1073 0.051 85.1
5% 1073 0.032 90.6
TBC
1074 0.126 63.1
5% 107 0.047 86.2
1073 0.030 91.2
5% 1073 0.009 97.4
0.006
0.005 |

® BBC R*=0.999
0.004 | O FBC R*=0.999
v TBC R*=0.999

0.003

C,pu/0 /M

0.002

0.001

0.000

0.000  0.001 0.002 0.003 0.004 0.005 0.006
Cinh /M

Fig. 9 Langmuir’s isotherm for adsorption of benzotriazole deriv-
atives in 1 M HNO; on the copper surface at 25 = 1 °C

respectively. The values of AG,qs were calculated to be
—32.1, —33.3 and —33.6 kJ mol~' for BBC, FBC and
TBC, respectively. The large negative value of AG,gs
indicated that the studied benzotriazole derivatives were
strongly adsorbed on the copper surface [38]. It is well
known that the values of —AG,q, of the order of 20 kJ/mol
or lower indicate a physisorption; those of order of 40 kJ/mol
or higher involve charge sharing or a transfer from the
inhibitor molecules to the metal surface to form a
co-ordinate type of bond [39, 40]. On the other hand,
Metikos-Hukovic et al. [41] described the interaction
between thiourea and iron (AG,ss = —39 kJ/mol) as
chemisorption. The same conclusion was given by Wang

@ Springer

et al. concerning the interaction between mercapto-triazole
and mild steel (AG,qs = —32 kJ/mol) [42]. Moreover,
Bayoumi and Ghanem considered that the adsorption of
naphthalene disulfonic acid on the mild steel was princi-
pally chemisorption (AG,qs = —28.47 kJ/mol) [43].

The AG,qs values obtained here show that chemisorption
of benzotriazole derivatives may occur. Benzotriazole
derivatives were assumed to be adsorbed in the form of
neutral molecules involving replacement of water molecules
from the metal surface and sharing of electrons between the
“N” and “S” atoms of the inhibitor molecule and copper
surface. Adsorption of benzotriazole derivatives can also
occur through 7 electron interactions between the benzotri-
azole ring structure of the molecule and the copper surface.

It was reported that the presence of benzotriazole deriv-
atives induced the formation of semiconductive copper
oxides [44]. This was possibly responsible for the improve-
ment of corrosion resistance. The type of intermediates that
formed on Cu surface in 1 M HNO; solution can be
explained according to the potential-pH diagram of copper in
HNOj solutions [21, 45]. It is seen that a stable Cu,O is
formed only in acidic solution of pH over 2. Nevertheless,
since the proton H" is continuously consumed to the
hydrogen gas during the Cu dissolution, the pH value near the
Cu electrode in HNOj solution instantaneously jumps from 1
to greater values. Thus, it is acceptable to think that Cu,O can
be metastably formed on the Cu surface even at open circuit
potential in nitric acid [8].

The presence of Cu,O may facilitate adsorption via
H-bond formation. Another possible mechanism, therefore
may be adsorption assisted by hydrogen bond formation
between protonated and unprotonated N atoms in the
molecule and the oxidized surface (Cu,O) species. The
latter should be more prevalent for protonated N atoms,
because the positive charge on N is conductive to the
formation of hydrogen bonds. The extent of adsorption by
the respective modes depends on the nature of the metal
surface. The adsorption layer acts as an additional barrier
to the corrosive attack and enhances the performance of the
passive layer as a result.

A comparison of the inhibition performance of TBC with
FBC and BBC showed, as previously proved here using
chemical and electrochemical methods, that TBC was the
most effective corrosion inhibitor among the three inhibitors
used. These findings could be further explained on the basis
that in the presence of dissolved oxygen, where the metal
surface is oxidized, the ability of a benzotriazole derivative
to provide corrosion inhibition is related to its tendency to
form hydrogen bonds with the oxide species on the metal
surface. Such capability should be proportional to the num-
ber of NH linkages in the molecule.

It is quite evident from the chemical structure of
TBC molecule that it has, in addition to the benzotriazole
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ring, thiazolyl and carbothioamide groups. These groups
enhance its ability to adsorb strongly on copper surface.
Also, increases the tendency to form hydrogen bonds with
the oxidized surface. These results confirmed the impor-
tance of hydrogen bonding in effective corrosion inhibition
in presence of oxide species. Due to this adsorption,
inhibitor molecules block the reaction sites and reduce the
rate of corrosion reaction [46].

Fig. 10 Molecular orbital plots
as well as active sites for
electrophilic and nucleophilic
attack on benzotriazole
derivatives

Structure

HOMO

LUMO

Electrophile

Nucleophile ¢

Radial

4.4 Theoretical study

The optimized structures for the three inhibitors in their
ground states are shown in Fig. 10. The frontier orbitals
(highest occupied molecular orbital, HOMO) and (lowest
unoccupied molecular orbital, LUMO) of a chemical spe-
cies are very important in defining its reactivity. Fukui [47]
first recognized this. A good correlation was found between

@ Springer
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the inhibition efficiency and Eyomo which is often asso- -
ciated with the electron-donating ability of the molecule. wg
The literature showed that the adsorption of the inhibitor é@ K < g
on the metal surface can occur on the basis of donor— & S NS =
acceptor interactions between the m-electrons of the het- -
erocyclic compound and the vacant orbitals of the metal ;f:%
surface atoms [48]. ZE 5 § §
High values of Eyowmo reflect the tendency of the mole- S8 h Y
cule to donate electrons to appropriate acceptor molecules
with low energy, empty molecular orbitals. Thus, high val- 4z
ues of Eyowmo facilitate adsorption, and hence the inhibition Z‘E
efficiency is enhanced. Similar relations were found *”g o 2 2
between the inhibition efficiency and the energy gap AE = > ] g N
ELumo — Enomo [49, 50]. The energy of the lowest unoc- 2 =<
cupied molecular orbital indicates the ability of the molecule % o
to accept electrons. The lower the value of E} gm0, the more § 5
probable it is that the molecule would accept electrons. 5. “ “ o
Lower values of the energy difference AE will render good ; T § FD §
inhibition efficiency, because the energy to remove an 2| F A o o
electron from the last occupied orbital will be low [51, 52]. & ~
The dipole moment y is another way to obtain data on the E 5
electronic distribution in a molecule and is one of the ) T - - -
properties more used traditionally to discuss and rationalize = § § §
the structure and reactivity of many chemical systems [53]. 5 = o o Q)
In Table 4, certain quantum chemical parameters related to fvs 5
the molecular electronic structure are presented, such as: % §
Enomos ELumos AE and p. The values of Eyonmo show the ; K 2 o &
relation TBC > FBC > BBC for this property. In addition, | S S S
the values of the gap energy AE show the relation E = ! ' :
TBC < FBC < BBC for this property. The results for the ”;"5: °
calculations of the ionization potential (/) and the electron S §
affinity (A) by application of Koopmans’ theorem [49] are g 5 % o -
shown in Table 4. According to the Hartree—Fock theorem, g Il % S S
the frontier orbital energies are given by: —Egomo = I, T
—ELumo = A. f 2
This theorem establishes a relation between the energies of 2 § g’r § §
the HOMO and the LUMO and the ionization potential and g2 - - °i
the electron affinity, respectively. Although no formal proof E . - . —
of this theorem exists within DFT, its validity is generally :a: 3 = ﬁ ﬁ
accepted. For absolute electronegativity, y, and global hard- g < i b b
ness, 7, their operational and approximate definitions are Sls
—u={I+A)/2=yn=(—A)/2. Two systems, copper § 3 -
and inhibitor, are brought together, electrons will flow from 2 % E g g
lower y (inhibitor) to higher y (Cu), until the chemical L§ ~ S S] S]
potentials become equal. As a first approximation, the fraction 8
of electrons transferred [54], AN, will be given by: é % - - ©
Xcu — Zinh g % % § u%
AN = —————, (13) E| T | | [
2(ncy + Minn) £
where copper surface is the Lewis acid according to HSAB § 3
theory [55]. <25 & 3 2
The difference in electronegativity drives the electron 2|3 é o3 u2uy
transfer, and the sum of the hardness parameters acts as a EICSIBTRYRT
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resistance [56]. In order to calculate the fraction of elec-
trons transferred, a theoretical value for the absolute elec-
tronegativity of copper according to Pearson was used
Ycu = 4.8 eV [49], and a global hardness of 5, =0, by
assuming that for a metallic bulk / = A [57] because they
are softer than the neutral metallic atoms.

From Table 4, it is possible to observe that molecule
TBC has a lower value of global hardness. The fraction of
transferred electrons is also the largest for molecule TBC
and, in turn, is FBC then BBC. The values of the interac-
tion energy and the binding energy of the three benzotri-
azole derivatives on copper (110) surface are listed in
Table 4. It is clear from Table 4 that the binding energy
has a positive value. As the value of the binding energy
increases, the more easily the inhibitor adsorbs on the
metal surface, the higher the inhibition efficiency [27].

TBC has the highest binding energy comparing to FBC
and BBC to the copper surface that found during the
molecular dynamics simulation process described elsewhere
[27]. High values of binding energy obtained with TBC
molecules explain its highest inhibition efficiency from the
theoretical point of view. Therefore, according to a series of
properties calculated for each molecule shown in Table 4,
the reactivity order, that is, the inhibitive effectiveness order
for the molecules, are: TBC > FBC > BBC. The calculated
results are in agreement with experimental results.

Table 5 shows Mulliken atomic charges calculated
for the studied molecules. It is inferred that the more negative
the atomic charges of the adsorbed centre, the more easily the
atom donates its electrons to the unoccupied orbital of the

metal. It is clear from Table 5 that nitrogen and sulphur
atoms carrying negative charges centres which could offer
electrons to the copper surface to form a coordinate-type of
bond.

The local reactivity is analyzed by means of the con-
densed Fukui function; the condensed Fukui functions
allow us to distinguish each part of the molecule on the
basis of its distinct chemical behaviour due to the different
substituent functional groups. Thus, the site for nucleo-
philic attack will be the place where the value of £ is a
maximum. In turn, the site for electrophilic attack is con-
trolled by the value of f,". The values of the Fukui func-
tions for a nucleophilic and electrophilic attack are given
for the three inhibitors in Table 5 (only for the nitrogen,
sulphur and oxygen atoms).

The FI values are presented in Table 5. TBC has pro-
pitious zones for electrophilic attack located on (N1, N2,
N3, N11, S12 and S13), while FBC has only on (NI,
N2, N3, N11, S12). BBC has only electrophilic centres on
(N2 and S12). Data in Table 5 shows that TBC has more
susceptible sites for adsorption on the copper surface,
which again reflects its highest inhibition performance. The
HOMO location on each system agrees with the atoms that
exhibit greatest values of indices of Fukui (Fig. 10), both
indicate the zones by which the molecule would be
adsorbed on the copper surface (see Fig. 10).

The N values in Table 5 correspond to the number of
electrons in the molecule. N 4 1 corresponds to an anion,
with an electron added to the LUMO of the neutral molecule.
N — 1 correspondingly is the cation with an electron removed

Table 5 Calculated Mulliken

atomic charges and Fukui Inhibitor Atom N N1 N 4 fie e
functions for the three TBC N(1) ~0.197 ~0.198 ~0.172 ~0.001 ~0.025 ~0.013
benzotriazole derivatives
N(2) —0.104 0.082 —0.117 0.186 0.013 0.050
N(3) —0.220 —0.027 —-0.276 0.193 0.056 0.074
N(11) —0.538 —0.424 —0.552 0.114 0.014 0.014
S(12) —0.427 —0.137 —0.809 0.290 0.382 0.286
S(13) —0.181 —0.003 —0.290 0.178 0.109 0.093
N(15) —0.240 —0.128 —0.232 0.112 —0.008 0.002
FBC N(1) —0.198 —0.193 —0.178 0.005 —0.020 —0.007
N(2) —0.095 0.028 —0.108 0.123 0.013 0.063
N(3) —0.220 —0.105 —-0.275 0.115 0.055 0.080
N(11) —0.522 —-0.476 —0.550 0.046 0.028 0.032
S(12) —0.505 —0.320 —0.908 0.185 0.403 0.294
0(14) —0.378 —0.394 —0.333 —0.016 —0.045 —0.009
BBC N(1) —0.195 —0.189 —0.170 0.006 —0.025 —0.009
N(2) —0.104 —0.009 —0.123 0.113 0.019 0.066
N(3) —-0.221 —0.117 —0.283 0.104 0.062 0.083
N(11) —0.530 —0.493 —0.569 0.037 0.039 0.038
S(12) —0.503 —0.321 —0.984 0.182 0.481 0.331
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from the HOMO of the neutral. All calculations are done at the
ground-state geometry. These functions can be condensed to
the nuclei by using an atomic charge partitioning scheme, such
as Mulliken population analysis in Egs. 2—4.

An easy graphical display technique can also be used
based on the Fukui functions. Instead of calculating the
molecular orbitals for the neutral, cation and anion, we can
just add or subtract electrons from the molecular orbitals of
the neutral molecule. This procedure is not as good as
described above, but it does give a quick graphical display of
the susceptibility of different kinds of attack. So, rather than
being a definitive calculation of a molecular property,
freezing the molecular orbitals to those for the neutral mol-
ecule gives a useful graphical technique that can be rapidly
applied.

5 Conclusions

Three selected benzotriazole derivatives, namely N-(2-
thiazolyl)- 1H-benzotriazole- 1-carbothioamide, N-(furan-2-
ylmethyl)-1H-benzotriazole-1-carbothioamide and N-ben-
zyl-1H-benzotriazole-1-carbothioamide, were chemically
and electrochemically investigated as corrosion inhibitors
for copper in 1 M HNOj solution. Results obtained showed
that:

e The inhibition efficiencies of the three selected benzo-
triazoles increased with increase in their concentrations.

e The three tested compounds were found to behave as
mixed-type inhibitors.

e In impedance measurements, a depressed charge-trans-
fer semicircle at high frequencies was observed
followed by a well-defined Warburg diffusion the tail
at low frequency values.

e The diameter of the depressed semicircle was a
function of the concentration and the type of the
inhibitor introduced to HNO; solution.

e Theoretical studies, made using the DFT method, were
used to gain more information about the reactivity of the
three benzotriazole derivatives as corrosion inhibitors.

e Calculations of the HOMO, the energy gap AE and the
fraction of transferred electrons AN demonstrated that
the order of the inhibitive effectiveness of these
compounds follows the sequence: TBC > FBC >
BBC, and this agrees well with experimental results.

e Reactive sites for nucleophilic and electrophilic attacks
were indicated using the Fukui functions.

e For the nucleophilic and electrophilic attacks, reactive
sites of the three studied inhibitors are located on the
benzotriazole ring.

e TBC is unique in containing a thiazole ring which
enhances its adsorption on copper surface.
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