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Abstract The inhibition of copper corrosion in aerated
0.1 mol l�1 hydrochloric acid solutions was studied
using electrochemical polarization in the presence of
different concentrations of benzotriazole and its two
derivatives, 5-chloro and 5-methyl benzotriazole. The
inhibition efficiencies obtained from cathodic Tafel plots
increased markedly with increase in the additive con-
centration. Benzotriazole and 5-methyl-benzotriazole
were found to be cathodic type corrosion inhibitors for
concentrations higher than 10�4 mol l�1 . However, the
5-chloro-benzotriazole was found to be a mixed inhibi-
tor for concentrations up to 10�3 mol l�1, above this
concentration the inhibitor behaves as an anodic type
inhibitor. The inhibitors are physisorbed on the copper
surface following a Langmuir’s isotherm. The inhibition
efficiencies depended on the inhibitor concentration and
follows the order 5-chloro-benzotriazole > 5-methyl-
benzotriazole > 1-H-benzotriazole. From the theoret-
ical calculations, the change in the inhibition mechanism
observed for 5-chloro-benzotriazole at concentrations
higher than 10�3 mol l�1 is associated with the elec-
tronic acceptor characteristic of chloro, which increases
the benzotriazole acidity allowing the formation of
CuBTA.
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Introduction

1,2,3-Benzotriazole is one of the most effective and
widely used organic compounds for corrosion inhibition
of copper [1–11]. From the early works of Cotton et al.
[1, 2] and Poling [3], the inhibiting action of this additive
has been associated with its chemisorption on the copper
substrate and the formation of a polymeric coating
involving Cu–benzotriazole complexes (Cu–BTA)n. The
effect of pH and the preexistence of cuprous oxide on the
formation of the polymeric film is still a matter of de-
bate. Thus, the polymer film thickness in chloride solu-
tions is reported to be thinner at high pH than at low pH
[4], while in sulphate solutions the polymer has been
found to grow at high pH [5, 6]. On the other hand,
Cu–BTA is reported to grow on Cu2O interfaces in
solutions containing chloride, with a pH dependent
growth linked to the stability of Cu2O [7–10], however, a
CuCl interlayer preceding Cu–BTA formation has also
been suggested [11]. From thermodynamic consider-
ations and E–pH diagrams, it has been proposed that at
high pH adsorption of BTAH onto the oxide-free cop-
per surface, (Cu–BTAH)ads, come first to the formation
of CuBTA in the diffusion layer, which forms a poly-
meric film as it adsorbs onto the initial (Cu–BTAH)ads
[12, 13]. At low pH however, the inability to form
Cu(BTA)n, reduces the effectiveness of benzotriazole
[13].

Several workers have investigated derivatives of
BTAH [14–17] and have suggested that the inhibition
efficiency (IE) of benzotriazole can be improved by the
introduction of proper substituents [14–20]. Regarding
the mechanism of chemisorption of organic compounds
on metal surfaces, it has been commonly recognized that
organic inhibitors usually promote formation of a che-
late on the metal surface, which includes the transfer of
electrons from the organic compounds to metal, forming
coordinate covalent bonds [21]. In this way the metal
acts as an electrophile, whereas the nucleophilic centers
of the inhibitor molecule are normally hetero atoms with
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free electron pairs, which are readily available for
sharing to form a bond. Considering this, the effect of
substituents in related molecules, e.g. anilines, aliphatic
amines, amides, benzotriazoles on the inhibitive effi-
ciencies, have been correlated with a number of molec-
ular properties, such as orbital energies, dipole
moments, charge densities, heats of formation and ion-
ization potentials [22–26]. In most of this work, the effect
of substituents in the inhibiting efficiency has been re-
lated to the difference of the inhibitor’s ELUMO and the
metal surface’s EHOMO. However, there is some con-
troversy in the literature concerning this point and some
authors have suggested that there is no direct correlation
between the efficiency of the inhibitor compounds and
individual molecular parameters [27].

The aim of this work is to investigate the influence of
an electron acceptor (-chloro) and an electron donor
(-methyl) groups on the protective characteristic of
benzotriazole in 0.1 mol l�1 HCl. In addition, the
dependence of the corrosion current density on the
inhibitor concentration and of the corrosion potential
on the Hammett parameter are also considered. Finally,
the influence of substituent on the inhibiting efficiency of
benzotriazole is analyzed with regards to theoretical
calculations carried out to study the effect of substituent
on the acidic characteristic of benzotriazole.

Experimental details

Electrochemical experiments

A polycrystalline Cu (99.999%) electrode was used for
electrochemical experiments. Prior to each electro-
chemical measurement, the working electrode was pol-
ished with emery paper (800 and 1,200 grit size) and
rinsed with ethanol in an ultrasound bath. The mea-
surements were performed in 0.1 mol l�1 HCl without
and with the addition of different concentrations of the
inhibitors.

The experimental arrangement consisted of a
standard three-electrode cell, Cu-working electrode,
Pt-counter electrode and a Hg/Hg2SO4 reference elec-
trode. The measurements were performed at room
temperature, after the open circuit potential (OCP) was
stabilized to 3 mV per 5 min. The potentiodynamic
measurements were carried out with a microprocessor
controlled potentiostat (AUTOLAB). The potential was
scanned 200 mV in both anodic and cathodic directions,
starting from the corresponding OCP. The potential
scan rate was 0.1 mV s�1.

The inhibition efficiency (IE, %) was calculated using
the corrosion current density values in the absence and
presence of the inhibitor, applying the following rela-
tion:

IE ¼ i0corr � iinhcorr

i0corr

� �
ð1Þ

where icorr
0 and icorr

inh are the uninhibited and inhibited
corrosion current densities respectively, determined by
extrapolation of Tafel lines. The measurement of the
corrosion current and potential were very reproducible.
Besides to the reproducibility of the corrosion current
determination, the accuracy in the calculation, which
was about 5%, was mainly associated with the reduced
cathodic Tafel region. However, the general tendency of
the organic compounds on the electrochemical response
of copper was similar.

Theoretical calculation details

Energy and charge descriptors

Theoretical calculations were performed with the
Gaussian98 package [28]. The geometries of benzo-
triazole and its derivatives (Fig. 1) were fully optimized
at the Density Functional Theory level of calculation,
with the exchange [29] and correlation functional
B3LYP [30] and the 6-31G (d) basis set. Theoretical
calculations were done in solution phase, using the PCM
model [31–39] and water as the solvent. Two theoretical
descriptors were separately considered, energy and
charge. The bonding energy (DE) was calculated as the
difference between the total energies (ET) of the fully
protonated structure (BTAH2

+) and the conjugate base
(BTAH) and the proton:

DE ¼ ETðBTAHþ2 Þ � ðETðBTAHÞ þ ETðHþÞÞ ð2Þ

On the other hand, the charge analysis descriptor
(DqN) was formulated as the difference between the
charge at the nitrogen atoms of the fully protonated
form BTAH2

+ and of the partial protonated form
BTAH. The last form was simulated by considering a
large N–H distance of 50 Å for the nitrogen in position
2. We employed the Mulliken charge analysis for esti-
mating the charge descriptor.

DqN ¼ qNðBTAHþ2 Þ r
!ðN-HÞ¼normal

� qNðBTAHþ2 Þ!ðN2�HÞ¼50 Å ð3Þ

where qNðBTAHþ2 Þ r
!ðN-HÞ¼normal

is the charge of the

nitrogen atoms in the optimized protonated forms, with

Fig. 1 The molecular structure of the fully and partially proton-
ated benzotriazole according to the work of Fagel et al. [47].
B3LYP/6-311G level theory
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a normal N–H distance in the range of 1.04 and 1.09 Å,
andqNðBTAHþ2 Þ r

!ðN2�HÞ¼50 Å is the charge of the nitro-
gen atoms in the optimized form, with a N2–H distance
of 50 Å. As previously mentioned, this last condition
simulates the BTAH form.

Condensed Fukui function

In order to investigate the preferred site of the BTAH
molecule to interact with copper, the Fukui function of
the three nitrogen atoms in this molecule was calculated.
Parr and Yang [40] proposed the Fukui function f ð r!Þ;
like a local reactivity index derived of the Density
Function Theory. This function is an important
descriptor to express the tendency of the electronic
density to deform at a given position to accept or donate
electrons.

f ð r!Þ � dl

dmð r!Þ

 !
N

¼ @qð r!Þ
@N

 !
V ð r!Þ

ð4Þ

where l is the electronic chemical potential, vð r!Þ is the
external potential, and N corresponds to the total
number of electrons. The application of a frozen core
approximation to f ð r!Þ leads to the following defini-
tion:

fþð r!Þ � qLUMOð r
!Þ ð5Þ

f�ð r!Þ � qHOMOð r
!Þ ð6Þ

qLUMO and qHOMO correspond to the electronic density
of the LUMO and HOMO molecular orbitals, respec-
tively. Equations 5 and 6 can also be condensed to
atomic regions k [41], leading to the following opera-
tional relation

fþk � fþ
k;LUMO

¼ qk;LUMO ¼ c2
ik;LUMO ð7Þ

f�k � f�
k;HOMO ¼ qk;HOMO ¼ c2

ik;HOMO ð8Þ

where qk,LUMO and qk, HOMO are the electronic density
of the atom k evaluated in LUMO and HOMO
respectively. Cik,LUMO and Cik,HOMO are the eigenvec-
tors of the atom k in the given molecular orbitals,fþk is
used to analyze the reactive sites, where the electron
receiving process occurs in the system (nucleophilic
attack),f�k is used to analyze the reactive sites where, one
electron leaving process occurs in the system (electro-
philic attack).

Equations 6 and 7 provide information about the
reactive sites in the molecule. It is important to con-
sider that the Fukui functions are only valid in evalu-
ating soft–soft interactions between the two species. We
used Fukui function to find the most probable active
site of the benzotriazole molecule to interact with
copper.

Results and discussion

Electrochemical measurements

The open circuit potential

In general, the open circuit potential (OCP) of copper
(Fig. 2) shifted in the positive direction from the com-
mencement of the test by about 30 mV, reaching a
constant value of �0.503 V after 1,600 s. This is con-
sistent with a Cu/CuCl/CuCl2

� system and with the E–
pH equilibrium diagrams for the Cu–Cl�–H2O at dif-
ferent activities of chloride ions [12, 13]. A relatively
similar OCP behaviour of copper is observed in the
presence of low concentration of the additives, 10�5–
10�4 M, but the OCP values over the whole testing time
are more negative than in the absence of the additive. In
Fig. 2, the OCP values in the presence of 10�5 and
10�4 mol l�1 of the additive are displaced by about
5 mV in the negative direction, with respect to that of
copper in the inhibitor free solution. Such a negative
displacement of the OCP augments with increasing the
additive concentration to 10�3 mol l�1, giving values
dependent on the particular additive, about 25 mV for
BTAH and 40 mV for 5-chloro and 5-methyl BTAH. In
the case of 10�3 mol l�1 of 5-methyl benzotriazole the
OCP of copper shifted in the negative direction at the
beginning of the experiment, but then moved rapidly
along the opposite direction. At a high additive con-
centration of benzotriazole and 5-methyl benzotriazole,
10�2 M, the OCP of copper had a negative trend over
the whole testing time, reaching a constant value of
�0.63 and �0.62 V after 1,600 s. In contrast, the influ-
ence of 5-chloro benzotriazole at a concentration of
10�2 mol l�1 causes a marked increase in the OCP of
copper from the beginning of the rest to �0.38 V after
1,600 s. The different influences of the additive in the
OCP of copper are discussed later with regard to the
potentiodynamic experiments and theoretical calcula-
tions.

Polarization curves

Figures 3, 4 and 5 show typical polarization curves for
copper in aerated 0.1 HCl in the absence and presence of
different concentrations of benzotriazole and its deriva-
tives. In each case the cathodic and anodic curves were
recorded after the copper electrode had been exposed to
the electrolyte for 30 min. In the inhibitor-free solution,
oxygen reduction was observed in the cathodic region
and copper dissolution in the anodic region. In the
presence of 10�5 and 10�4 mol l�1 of the additives, the
potential–current responses are slightly different to those
observed in their absence. In the cathodic run, a ‘‘hump’’
can be observed at low overpotentials, followed by the
limited diffusion reduction of molecular oxygen. This has
been associated to the presence of both adsorbed
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intermediates formed during O2 reduction or adsorbed
chloride ions [33, 42]. The hump tends to disappear with
increasing the additive concentration and a second wave

is revealed at higher overpotentials. A very steep rise in
the inhibitive effect is observed when concentration goes
from 10�4 mol l�1 to 10�3 mol l�1. For benzotriazole
and 5-methyl benzotriazole the inhibitive effect comes
together with a displacement of the corrosion potential in
the negative direction. Such a displacement has been
previously related to blocking of the cathodic sites, which
in the case of copper in chloride solutions has been
mainly associated with chloride-free copper regions.
Adsorption of benzotriazole species, possiblyBTAHþ2 ;
may hinder O2 diffusion and the displacement of
adsorption of the O2 reduction intermediates [4, 44]. A

Fig. 2 The variation of the open circuit potential (OCP) of copper
with time, in the absence and presence of different concentrations
of benzotriazole and its derivatives in 0.1 mol l�1 HCl. The
potentials are referred to the mercury/mercury sulfate electrode

Fig. 3 Polarization curves of copper in 0.1 mol l�1 HCl, in the
absence and presence of different concentrations of benzotriazole.
The potentials are referred to the mercury/mercury sulfate
electrode

Fig. 4 Polarization curves of copper in 0.1 mol l�1 HCl, in the
absence and presence of different concentrations of 5-methyl-
benzotriazole. The potentials are referred to the mercury/mercury
sulfate electrode
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different situation is observed in the inhibitive influence
of 5-chloro-benzotriazole, where corrosion inhibition
proceeds without a change in the corrosion potential of
copper. With increasing the inhibitor concentration to
10�2 mol l�1, the BTAH and 5-methyl BTAH displace
further the corrosion potential in the cathodic direction.
In contrast, the 5-chloro benzotriazole shifts the corro-
sion potential in the anodic direction.

As observed in Table 1, the corrosion IE calculated
from Eq. 1 augments with increasing the corrosion
inhibitor concentration.

From comparison of the data in Table 1, the inhib-
iting efficiency of the BTAH derivatives, as a function of
the concentration, increased more rapidly than that of
BTAH. This accounts for the more negative OCP in the
case of 5-methyl benzotriazole, which may be associated
with a greater interaction of this additive on the cathodic
sites of the copper electrode. On the other hand, the

increased inhibiting efficiency of 5-chloro-benzotriazole
with increasing concentration seems to be related to a
change in the inhibition mechanism. Such a positive
displacement in the corrosion potential of copper has
been reported for benzotriazole in neutral solution,
where the formation of a Cu(BTA)n oligomer is sug-
gested to limit copper dissolution [3, 4, 8, 9, 13]. From
Table 1, the influence of the 5-chloro benzotriazole in
the corrosion potential of copper is concentration
dependent, suggesting that the potential depends on the
equilibrium constant of several reactions.

In general the information obtained from polariza-
tion curves agrees with the behaviour of the OCP of
copper in the absence and presence of the additives.
Thus, the corrosion potentials in Table 1 are relatively
similar to the OCP values of copper in Fig. 2. Further,
from Table 1 all the additives reduce the copper corro-
sion in 0.1 mol l�1 HCl and the inhibiting efficiency
follows the order: 5-chloro benzotriazole > 5-methyl
benzotriazole > benzotriazole.

Adsorption of the additives

From the graphic surface coverage (h) versus concen-
tration (C), which is not shown here, the adsorption of
the three inhibitors follows a Langmuir isotherm. The
surface coverage values (h) were obtained from the fol-
lowing equation:

h ¼ E
100

ð9Þ

where E corresponds to the corrosion inhibition
efficiency taken from the data in Table 1. A plot of log [h
/(1� h)] versus log C was used to test for Langmuir
behaviour, which is shown in Fig. 6. From the value of
K, obtained from the ordinate intercept, the free energy
of adsorption of the benzotriazoles on copper was cal-
culated by the expression below:

K ¼ Aexp
�DG
RT

� �
ð10Þ

Fig. 5 Polarization curves of copper in 0.1 mol l�1 HCl, in the
absence and presence of different concentrations of 5-chloro-
benzotriazole. The potentials are referred to the mercury/mercury
sulfate electrode

Table 1 Variation of the inhibition efficiency (IE), corrosion potential (Ecorr), corrosion current density (Icorr), and the anodic and
cathodic slopes (ba and bc) in the absence and presence of different concentrations of benzotriazole and its derivatives

Inhibitor C (mol l�1) Ecorr (V) Icorr (A cm�2) ba (mV/dec) bc (mV/dec) IE (%)

Benzotriazole 0 �0.511 8.5·10�6 35 63 0.00
10�5 �0.508 8.6·10�6 37 70 0.00
10�4 �0.504 7.0·10�6 39 83.1 16.98
10�3 �0.525 3.8·10�6 51 98 54.95
10�2 �0.638 7.8·10�7 23 71 90.80

5-Methyl-benzotriazole 10�5 �0.511 7.8·10�6 32 75 8.19
10�4 �0.499 5.7·10�6 23 49 32.78
10�3 �0.536 1.5·10�6 50 73 82.46
10�2 �0.599 1.8·10�7 60 119 97.87

5-Chloro-benzotriazole 10�5 �0.512 6.7·10�6 29 49 21.34
10�4 �0.510 7.3·10�7 31 83 91.45
10�3 �0.510 4.9·10�7 60 85 94.28
10�2 �0.397 2.7·10�8 59 44 99.79
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where A is a constant associated with 1/(solvent con-
centration), which in the case of aqueous solutions is
about 1/55.5 mol�1 l�1, DG is the Gibbs free energy, T is
the absolute temperature (K) and R is the gas constant.

The free energy of the adsorption of benzotriazole, 5-
methyl benzotriazole and 5-chloro benzotriazole were
�3.8, �4.7 and �5.9 kcal mol�1, respectively. These
rather low values indicate that physisorption of the
additives on copper occur. This indicates that the addi-
tive, possiblyBTAHþ2 species, interacts weakly with the
electrode surface and that, such an interaction increases
with substituents in the position 5. The adsorption of
theBTAHþ2 and its derivatives with the metal surface
should be competitive with the interactions of the ions in
the solution. Very aggressive anions, such as chlorides,
in the present experimental conditions, notably reduce
the action of the additives at concentrations lower than
10�3 mol l�1.

IE–Hammett parameters relationship

In order to characterize the substituent effect, we used
the Hammett parameter (r).

The Hammett equation in the form:

log
k
k0

� �
¼ qr ð11Þ

or

log
K
K0

� �
¼ qr ð12Þ

is applied to the influence of meta- or para-substituents
X on the reactivity of the functional group Y in the
benzene derivative m- or p-XC6H4Y. k or K is the rate
or equilibrium constant, respectively, for the given
reaction of m- or p-XC6H4Y; k0 or K0 refers to the
reaction of C6H5Y, where X=H; r is the substituent
constant characteristic of m- or p-X: q is the reaction
constant characteristic of the given reaction of Y. The
equation is often encountered in a form with log k0 or
log K0 written as a separate term on the right hand side,
e.g.

logk ¼ qrþ logk0 ð13Þ

or

logK ¼ qrþ logK0 ð14Þ

log K0 is then the intercept corresponding to X=H in a
regression of log k or log K on r. From the work of
Hammett [45, 46], the physical meaning of r is as fol-
lows: the negative r values imply an electron-donor
character of the substituent, while positive values imply
an electron acceptor character.

Figure 7 shows the relationship between the corro-
sion potential, obtained for three additive concentra-
tions, 10�4, 10�3 and 10�2 mol l�1, and the Hammett
parameter (r). As observed at concentration of
10�4 mol l�1 (Fig. 7a) the corrosion potential reveals a
linear relationship with r, of a positive slope. With
increasing the additive concentration to 10�3 (Fig. 7b),
the relationship between the corrosion potential is also

Fig. 6 The surface coverage and concentration relationship for
benzotriazole and its derivatives according to a Langmuir
behaviour
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linear, but with a negative slope. Further, for the higher
concentration in Fig. 7c, the Ecorr/r relationship chan-
ges to a concave down curve. It is interesting that when
the corrosion inhibition efficiency is plotted against the
Hammett parameter (Fig. 8), for all the additive con-

centrations a concave down curve is revealed. From the
work of Schreck [46] a non-linear Hammett relationship
is revealed when the mechanism of a reaction changes as
a result of substituents or, when the measured rate
constant is actually a composite quantity depending on
the rate and equilibrium constant of several reactions
steps.

Considering the influence of the different substitu-
ents on the inhibiting action of benzotriazole, particu-
larly the Ecorr/ r relationship, we wanted to investigate
the origin of such a behaviour. Taking into account the
E–pH diagrams for the Cu–BTAH–Cl�–H2O systems
[13, 47], in solution containing 0.67 activity of [Cl�]
and in the presence of 10�4 total activity of dissolved
BTAH species, the main benzotriazole species at pH 1
are BTAH2

+ in equilibrium with BTAH. Therefore, the
inhibitor specie inhibiting copper dissolution is mainly
the fully protonated benzotriazole. For benzotriazole
and 5-chloro benzotriazole, the adsorption of the fully
protonated species shifts the corrosion potential of
copper in the negative direction, revealing a cathodic
behaviour. However, this is contrary to the influence of
5-chloro BTAH at concentrations higher than
10�2 mol l�1. From the E–pH diagram the presence of
BTA� is only possible at pH higher than three.
Nevertheless, with increasing the additive to 10�2 total
activity of dissolved BTAH species, the stable pH re-
gion of BTA� is enlarged and the presence of this
specie is possible at pH about 1.5. In the case of ben-
zotriazole and methyl-benzotriazole the enlargement of
the pH region where BTA is stable does not affect the
BTAH in solution, since the pK of the first proton is
about 1 [12, 13]. Regarding the electron donor char-
acteristic of the methyl group it is highly possible that
the pK for the first proton in the 5-methyl benzo-
triazole is lower than that of the benzotriazole.
Therefore, the main species for these two additives in
solution, over the whole concentration range, are
BTAH2

+ and BTAH. Based on a early work of Fagel
et al. [48], our hypothesis is that the electron-acceptor
characteristic of chloro in position 5 of benzotriazole
affects the acidity of the hydrogen atom in position 2.
This allows the formation of the partially protonated
species (BTAH) to an extent greater than that of the
unsubstituted benzotriazole, which is represented in
Eq. 15.

BTAHþ2 ! BTAHþHþ k ¼ 0:1 ð15Þ

The previous equilibrium is expected to influence dif-
ferently the equilibriums in Eqs. 16 and 17, which are
discussed later with regards to the theoretical results.

BTAH$ BTA� þHþ k ¼ 6:31� 10�9 ð16Þ

CuCl�2 þ BTAH$ Cu-BTAþHþ þ 2Cl�

k ¼ 1:54� 102
ð17Þ

From the previous analysis, the acidity constant for the
equilibrium in Eq. 15 is critical. Considering this, we

Fig. 7 The corrosion potential and Hammett parameter relation-
ship for different concentration of benzotriazole and its derivatives.
a 10�4 mol l�1; b 10�3 mol l�1 and c 10�2 mol l�1
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have carried out theoretical calculations to estimate if
the presence of chloro affects the bonding energy of the
hydrogen bonded to the nitrogen of the higher acidity in
the benzotriazole molecule (N2 in Fig. 1).

Theoretical calculations

Tables 2 and 3 list, respectively, the bonding energies
and the charge analysis descriptor values for all the
studied compounds. From Table 2, the bonding energies
increase when the substituent in position 5 has a donor
electronic characteristic and decrease when the sub-
stituent has an acceptor electronic characteristic. This
suggests that the electronic density of substituent in
position 5 is important in stabilizing the conjugate base
after proton dissociation. Further, the lower bonding
energy for the N2–H bond in 5-chloro benzotriazole
predicts a higher acidity constant for the equilibrium in
Eq. 11. From Table 3, the charge of the nitrogen atom
(N2) after loosing the hydrogen atom increases when the
chloro substituent is present in position 5. This implies
that with the formation of BTAH, the nitrogen in po-
sition 2 (N2) will be the atomic region where the reaction
between the organic molecule and copper will take place.
The fk

+ condensed Fukui indexes for H2BTA
+, 5-CH3-

H2BTA
+ and 5-Cl-H2BTA

+ were also determined and
are presented in Figs. 9–11. We focused our study only
in fk

+because we are interested in identifying the sites
deficient in electrons. In all the graphics can be observed
that the highest value of fk

+ is found in N2 atom (Fig. 1).
Because a highest value of a condensed Fukui function
represents a more reactive site upon to an electronic
perturbation, we conclude that the N2 atom corresponds
to the site with a highest probability to undergo a
nucleophilic attack in the benzotriazole derivative. Then,
beside to the higher acidity of 5-chloro benzotriazole,
the nitrogen atom in position 2 would be the preferred
interaction site with copper when loosing the hydrogen
atom.

From the previous results the corrosion inhibition
mechanism observed for 5-chloro benzotriazole at con-
centrations higher than 10�3 mol l�1 is associated with
the electron acceptor characteristics of the chloro group
and the dependence of equilibria in Eqs. 15–17 on the
concentration of species in solution. From Table 2, the
presence of chloro in position 5 of the organic molecule
reduces the bonding energy of the hydrogen by a factor
of two in the nitrogen atom in position 2. This predicts
an increase in the acidity of the first proton in the ben-
zotriazole molecule (N2 in Fig. 1) and a displacement of
the equilibrium in Eq. 15 to the BTAH form. From
Table 1, however, such a concentration increase at the
electrochemical interface does not affect the corrosion
potential of copper for an inhibitor concentration up to
10�3 mol l�1 (Table 1); with corrosion inhibition pro-
ceeding mainly by a mixed mechanism. When the addi-
tive concentration changes to 10�2 mol l�1, further
corrosion inhibition comes together with a displacement
of the corrosion potential of copper in the positive
direction, suggesting a passivation process is occurring
and associated to the formation of CuBTA [1–8]. Taking
into consideration the E–pH diagram for the Cu–
BTAH–Cl�–H2O [13] and the low value of the acidity
constant in Eq.16, it is unlikely that the source of BTA�

Fig. 8 The efficiency of corrosion inhibition and Hammett param-
eter relationship for different concentration of benzotriazole and its
derivatives
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species is derived from the equilibrium in Eq. 16. Con-
sidering this, an increase of the BTAH form is though to
influence preferentially the equilibrium in Eq. 17, which
described the reaction between the unsubstituted ben-
zotriazole and the CuCl2

� complex [12, 13]. The electron
charge transfer reaction involving the formation of the
complex (Eq. 18) occurs rapidly to allow the copper
surface to be in quasi equilibrium with the applied
electrode potential [12, 13, 40]

Cuþ 2Cl� ! CuCl�2 þ e� ð18Þ

With respect to the equilibrium in Eq. 17, it has been
suggested that the required condition for the formation
of a passivating layer of Cu–BTA is a concentration of

BTAH in the bulk of the solution, which is greater than
that of CuCl2

� at the outer Helmhotz plane [48]. The
previous condition is determined by the equilibrium in
Eq. 15, where the concentration of BTAH in the solu-
tion bulk depends on the acidity constant of benzo-
triazole and on the concentration of the additive. From
this analysis, the higher acidity constant of 5-chloro-
benzotriazole, with respect to that of the unsubstituted
benzotriazole, predicts an increase of the 5-chloro
BTAH concentration in the solution bulk and therefore,
a displacement of the equilibrium in Eq. 13 to the right.
The initial concentration of CuCl2

� is probably below
10�6 mol l�1 [47], however, this is expected to increase
with the resting time before the anodic polarization is

Table 2 The bonding energy descriptor (DE) for H2-BTA
+, 5-CH3-H2BTA

+ and 5-Cl-H2BTA
+ . EH

+=�0.415472 Hartrees

Substituent in position 5 E (Hartrees) 5-X-H2BTA (acid) E (Hartrees) 5-X-HBTA (conjugated based) DE (Hartrees) DE (kcal)

–H �396.2086299 �395.7661744 �0.0269835 �16.93
–CH3 �435.5169452 �435.0723292 �0.029144 �18.29
–Cl �855.7694232 �855.3383789 �0.0155723 �9.77

Table 3 The charge analysis descriptor (DqN) for H2-BTA
+, 5-CH3-H2BTA

+ and 5-Cl-H2BTA
+

Substituent
in position 5

qN(net charge) 5-X-H2BTA r(N-H)=normal qN (net charge) 5-X-H2BTA r(N2-H)=50 Å DqN

–H N1 �0.53 �0.31 �0.22
N2 �0.16 �0.06 �0.10
N3 �0.21 �0.13 �0.08

–CH3 N1 �0.53 �0.36 �0.17
N2 �0.17 �0.02 �0.15
N3 �0.22 �0.16 �0.06

–Cl N1 �0.51 �0.39 �0.12
N2 �0.15 0.02 �0.17
N3 �0.19 �0.17 �0.02

Fig. 9 fk
+ condensed Fukui indexes for 2H-benzotriazole calcu-

lated by the frozen core approximation. N1, N2 and N3,
correspond to those included in Fig. 1

Fig. 10 fk
+ condensed Fukui indexes for 5-CH3-2H-benzotriazole

calculated by the frozen core approximation. N1, N2 and N3
correspond to those included in Fig. 1
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applied and with increasing the potential [13]. Further,
the slow scan rate, 0.1 mV s�, allows precipitation of
CuBTA to be detected [13, 49].

In the case of benzotriazole and 5-methyl benzo-
triazole, the main species to interact with copper is the
fully protonated, BTAH2

+. The inability of benzotriaz-
ole to form Cu–BTA at low pH, even for a total activity
of 10�2, has been extensively discussed by Desmond and
Tromans [12, 13]. From Table 2, the electron-donor
characteristic of the methyl group reduces further the
possibility of benzotriazole to form Cu–BTA, which is
reflected as an increase of the bonding energies of the
hydrogen atom to N2 (Table 2). Therefore, the inhibit-
ing action of benzotriazole and 5-methyl benzotriazole
on copper corrosion is mainly associated with the
physisorption of the fully protonated forms BTAH2

+ on
the copper surface.

Conclusions

1. Benzotriazole and its derivatives inhibit copper cor-
rosion in acid medium and the inhibition efficiency is
dependent on the additive concentration, the greater
the additive concentration, the higher the corrosion
inhibition.

2. The organic compounds are physisorpted on the
metal surface, following a Langmuir behaviour, with
adsorption free energies between 3.9 kcal mol�1 and
5.9 kcal mol�1.

3. In the concentration range 10�5–10�3 mol l�1 all the
additives follow a cathodic type behaviour, displacing
the corrosion potential of copper in the negative
direction.

4. At a concentration of 10�2 mol l�1 a substituent ef-
fect on the corrosion IE appears, and a change from
cathodic to anodic inhibition is revealed. From the-
oretical calculations, this is associated with the elec-
tron acceptor characteristic of chloro, increasing the

acidity of benzotriazole and facilitating the formation
of CuBTA.
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