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Density Functional Theory (DFT) using the B3LYP functional and Quantitative Structure-Activity
Relationship QSAR studies is reported on some quinoxaline derivatives namely 3-methyl-2-phenyl
quinoxaline (MPQ), 2,3-diphenyl quinoxaline (PPQ), 3-methyl-2(2-hydroxyphenyl)quinoxaline
(MHPQ),  3-phenyl-2(2-hydroxyphenyl)quinoxaline  (PHPQ) and  3-methyl-2(3-methoxy,4-
hydroxyphenyl)quinoxaline (MMHPQ) used as corrosion inhibitors for copper in acidic medium. DFT
was utilized to model the quinoxaline---Cu interaction mechanism in order to obtain molecular
reactivity parameters (for elucidating the reactivity tendency for each of the studied quinoxaline
derivative). Some of the reactivity parameters were correlated with the experimentally determined
inhibition efficiencies using quantitative structure activity relationship (QSAR). The results show that
an optimum of three quantum chemical parameters is sufficient to correlate with experimentally
determined inhibition efficiencies. The quinoxaline---Cu interaction shows that the Cu atom binds to
the quinoxaline derivatives with the preferred geometries corresponding to cases in which the Cu atom
IS in a multi-dentate mode or geometry.

Keywords: Copper, quinoxaline derivatives; Density functional theory (DFT); Molecular properties,
corrosion inhibition mechanism, QSAR.

1. INTRODUCTION

Metal dissolution is a major industrial challenge because of the wide industrial applicability of
metal-made products such as reaction vessels in chemical industries, pipelines for fluid transportation,
machinery, chemical battery, etc. Metal dissolution may result in high productivity loss arising from
the malfunctioning of the corroded instruments and contamination of main industrial products (e.g.,
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chemical products) by the aqueous corrosion products. Several approaches have been used to prevent
metal dissolution and thereby lengthen the working time of metal-made products for industrial
utilizations. Among these approaches is the use of corrosion inhibitors which, when applied in small
quantity, adsorb on the metal surface and thereby block the interaction between the metal surface and
the corrosive medium [1, 2]. The effectiveness of corrosion inhibitors is highly determined by their
physicochemical properties (e.g., electron density, geometric factors, molecular volume, etc.,) while
the adsorption onto the metal surface is determined by the type of the metal, the nature of the inhibitor
and the electrochemical potential at the metal-solution interface [2]. Therefore, a comparison of the
physicochemical properties of compounds that have corrosion inhibition potential assists largely in the
selection of compounds with good corrosion inhibition efficiency, which could be synthesized and
their inhibition efficiency determined experimentally. The physicochemical properties of molecules are
efficiently studied by utilizing quantum chemical methods. These methods are finding wide
applicability in the investigation of compounds with promising corrosion inhibition potential less time
consuming and because they are economically less expensive as compared to experimental techniques.
Quantum chemical methods are also increasingly being utilized in the elucidation of the interaction
mechanism between corrosion inhibitor molecules and the metal surface [3].

The objective of this article is to compare and determine trends in the molecular reactivity and
selectivity parameters for selected quinoxaline derivatives and to correlate some of the quantum
chemical parameters with the experimental determined inhibition efficiency (%IE) using quantitative
structure activity relationship (QSAR). The study also intends to investigate the interaction mechanism
between each quinoxaline and a single Cu atom, as a prototype for Cu surfaces, to determine the
preferred complexes, preferred binding sites of the Cu atom and the mode of charge transfer. The
studied quinoxaline derivatives namely 3-methyl-2-phenyl quinoxaline (MPQ), 2,3-diphenyl
quinoxaline (PPQ), 3-methyl-2(2-hydroxyphenyl)quinoxaline (MHPQ), 3-phenyl-2(2-
hydroxyphenyl)quinoxaline  (PHPQ) and  3-methyl-2(3-methoxy,4-hydroxyphenyl)quinoxaline
(MMHPQ).are shown in figure 1. The presence of heteroatoms in all the selected quinoxaline
derivatives suggests that in aqueous acidic media, the inhibitors are likely to be protonated. To this
effect, the study takes into consideration both the neutral and the protonated species to determine the
preferred species (of the inhibitors) to interact with the metal surface. Moreover, the study is conducted
in vacuo and in water solution because of the importance of aqueous media in electrochemical
reactions.

These compounds have already been shown through experimental studies to have high
corrosion inhibition efficiencies for copper in nitric acid, with the order of inhibition efficiency being
MMHPQ > PPQ > MPQ > PHPQ > MHPQ [4].
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Figure 1. Schematic representation and the atom numbering for studied quinoxaline derivatives.

2. COMPUTATIONAL DETAILS

All geometry optimizations were performed by utilizing the density functional theory (DFT) at
the B3LYP functional (Becke’s Three Parameter Hybrid Functional using the Lee-Yang-Parr
correlation functional [5]). Calculations in vacuo were performed by utilizing the 6-31G(d), 6-31+(d)
and 6-311(d) basis sets to compare the effects of different basis sets on the electronic properties of the
systems. Among the chemical descriptors for which DFT/B3LYP provides good description include
the energy of the highest occupied molecular orbital (Enomo), the energy of the lowest unoccupied
molecular orbital (E_umo) and related properties such as polarizability, hardness and electronegativity
[6]. These quantities are better discussed in terms of the Koopman’s theorem [7, 8]; Electronegativity
() is the measure of the power of an electron or group of atoms to attract electrons towards itself [9]:

% = —"2 (Enomo + ELumo) 1)
Chemical hardness (n) measures the resistance of an atom to charge transfer [10]:
N = —% (Exomo — ELumo) 2

Global softness (o), describes the capacity of an atom or group of atoms to receive electrons
[10]:

6 = 1 = -2/(Exomo — ELumo) (3)

The proton affinity (PA) value was estimated using the equation.

PA = Eprot + EH2o — Enon-prot + — EHzox (4)

where Eprot and Enon-prot are the total energies of the protonated and the non-protonated (neutral)

inhibitors respectively, Enoo is the total energy of a water molecule and Epso- IS the total energy of the
hydronium ion.
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The calculations for the complexes were performed using the B3LYP/6-31G(d) because it
provides fair estimate of the binding energies involving Cu [11]. The interaction energy between the
inhibitor and the Cu atom was estimated using the equation;

Einter = Einnibitor--cu — Ecu — Einnibitor (5)

where Einnibitor..cu 1S the total energy of the optimized complex, Ec, is the total energy of the
isolated Cu and Einipitor IS the total energy of the isolated inhibitor. The greater the computed value, the
stronger is the affinity of copper atom to bind to the inhibitor molecule. However, because of geometry
flexibility of the quinoxaline derivatives, it is necessary to estimate the deformation energy (i.e.,
energy due to changes in the geometry of the inhibitor on complexation with Cu) and subtract it from
the Einer in order to obtain the binding energy (Ep) between the inhibitor and the Cu atom. The
deformation energy was estimated as the energy difference between the total energy of the inhibitor in
the complex (Ei, comp) and the total energy of the corresponding isolated optimized inhibitor molecule

(Ei-Opt)! i'e'l
Eder = Ei,comp - Ei opt (6)

where E; comp IS estimated by running a single point calculation on the geometry of the inhibitor
in the complex molecule. In this way, the inhibitor-metal binding energy (Ep) is estimated as the
energy difference between the interaction energy and the deformation energy

Eb = Einter — Edet (7)

All calculations were performed by utilizing the Spartan 10 V1.01 program [12]. Calculations
in water solution were performed by utilizing the SM8 model [13]. Schematic structures were drawn
using the ChemOffice package in the UltraChem 2010 version and the optimized structures were
drawn using the Spartan 10 VV1.01 program.

3. RESULTS AND DISCUSSION

3.1. Reactivity parameters

The optimized geometries of the studied quinoxaline derivatives and their protonated species
are shown in figure. 2 while the HOMO and the LUMO together with their corresponding densities are
presented in figure. 3. These molecular orbitals have a crucial role in determining the reactivity of
molecules and have direct influence in the adsorption of the inhibitors onto the metal surface [14]. The
regions of the molecule on which the HOMO is distributed indicate the sites which have the highest
tendency to interact with the metal surface. In MPQ, the HOMO is delocalized throughout the three
rings but has maxima on C6, C12 and C13; in PPQ, the HOMO is delocalized throughout the molecule
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with maxima on C1-C2, C6-C7, C4-C9, C11-C12, C13-C14 and C20-C21 regions; in MHPQ,
PHPQ and MM{HPQ, the HOMO is only localized on the ring at C1 and has maxima on C11-C12 and

C15—C16 regions.

The LUMO indicates regions which have the highest tendency to accept electrons. In the
investigated quinoxaline derivatives, the LUMO is spread only on the quinoxaline moiety and has an
anti-bonding character on N atoms. The LUMO density suggests that the

a) Neutral species of the quinoxaline derivatives

MPQ MHPQ

PHPQ MMHPQ

b) Protonated species of the quinoxaline derivatives

MPQ MHPQ

PHPQ MMHPQ

Figure 2. Optimized lowest energy conformers of the neutral (a) and protonated species of the studied
quinoxaline derivatives. B3LYP/6-31G(d,p results in vacuo.
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Figure 3. The HOMO, the LUMO and the corresponding densities for the studied quinoxaline
derivatives (B3LYP/6-31G(d,p results in vacuo). The blue color indicates the regions with the
highest HOMO or LUMO density.

C1-C2 regions and the N1 and N2 atoms are the centers with the highest tendency to accept
electrons from electron rich species.

The quantum chemical parameters describing the reactivity of the studied molecule are
reported in Table 1. The energy of the HOMO (Enomo) provides information about the tendency of the
molecule to donate electrons. The molecule with the highest Eqomo Vvalue often has the highest
tendency to donate electrons [15]. The Eyomo values shown in table 1 suggest that the tendency to
donate electrons is in the order; MPQ < PPQ < MHPQ < PHPQ < MM{HPQ. The E umo Values
provide information on the tendency of the molecule to accept electrons. A low Eymo value suggests
that the molecule has a high tendency to accept electrons from an electron rich species. The order of
the ELumo Vvalues for the studied molecules is such that MMHPQ < MPQ < PPQ < MHPQ < PHPQ.
The AE values (i.e., the energy difference between Enomo and ELumo) provide information about the
reactivity of molecules. The smaller AE value corresponds to high reactivity and show a high tendency
to adsorb onto the metal surface [16]. The values of AE for the studied compounds suggests that the
reactivity tendency follows the order; MPQ < PPQ < MMHPQ < MHPQ < PHPQ, indicating that
PHPQ has the least tendency to reactivity.
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Table 1. Quantum chemical parameters® for the calculated quinoxaline derivatives

B3LYP/6-31G(d) results in vacuo for neutral species

MPQ -6.28 -1.81 4.47 2.24 0.45 0.45 240 3.22 60 68.33
PPQ -6.06 -1.89 4.17 2.09 0.48 0.38 305 4.62 65 72.08
MHPQ -5.78 -2.12 3.66 1.83 0.55 1.62 245 2.83 60 53.00
PHPQ -5.74 -2.16 3.58 1.79 0.56 1.75 311 4.25 66 63.70
MMHPQ -5.57 -1.72 3.85 1.93 0.52 2.61 274 2.71 63 81.48

B3LYP/6-311G(d) results in vacuo for neutral species

MPQ -6.53 -2.06 4.47 2.24 0.45 0.46 239 3.22 60 68.33
PPQ -6.31 -2.14 4.17 2.09 0.48 0.43 305 4.62 65 72.08
MHPQ -6.05 -2.36 3.69 1.85 0.54 1.61 245 2.83 60 53.00
PHPQ -6.00 -2.40 3.60 1.80 0.56 1.75 310 4.23 66 63.70
MMHPQ -5.80 -1.97 3.83 1.92 0.52 2.74 273 2.71 63 81.48

B3LYP/6-31+G(d) results in vacuo for neutral species

MPQ -6.58 -2.14 4.44 2.22 0.45 0.51 240 3.22 60 68.33
PPQ -6.36 -2.22 4.14 2.07 0.48 0.41 305 4.62 65 72.08
MHPQ -6.14 -2.45 3.69 1.85 0.54 1.65 246 2.83 60 53.00
PHPQ -6.10 -2.48 3.62 1.81 0.55 1.79 311 4.23 66 63.70
MMHPQ -5.92 -2.07 3.85 1.93 0.52 2.69 273 2.71 63 81.48

B3LYP/6-31G(d) results in vacuo for protonated species

MPQ-p -10.42  -6.75 3.67 1.84 0.54 2.97 242 2.85 60 68.33
PPQ-p -9.51 -6.57 2.94 1.47 0.68 5.29 307 4.25 66 72.08
MHPQ-p -9.12 -6.94 2.18 1.09 0.92 7.32 248 2.46 61 53.00
PHPQ-p -8.92 -6.72 2.2 1.10 0.91 6.45 311 4.23 66 63.70
MMHPQ-p -9.24 -6.46 2.78 1.39 0.72 291 276 2.34 63 81.48

B3LYP/6-31G(d) results in water solution for neutral species

MPQ-aq -6.45 -2.07 4.38 2.19 0.46 0.67 240 3.22 60 68.33
PPQ-aq ° 305 4.62 65 72.08
MHPQ-aq -6.02 -2.26 3.76 1.88 0.53 2.26 246 2.83 60 53.00
PHPQ-aq ¢ 311 4.23 66 63.70
MMHPQ- -5.73 -2.03 3.7 1.85 0.54 3.49 273 2.71 63 81.48
aq

% AE is the energy difference between Epomo and E ymo; p is the dipole moment in Debye;
MYV is the molecular volume in A% pol is the polarization; n is the hardness; o is the global softness;
HBC is the hydrogen bond donor acceptor capability. All energy values are in eV.

® the average experimental percent inhibition efficiency (ave %IE) was estimated from table 9
in [3] for the case in which no KCI, KBr and KI was added.

° On optimization in water solution, the calculation stop before convergence is achieve
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The molecular volume (MV) provides information about the surface coverage of the metal by
the inhibitor molecule. The compound that has large MV value has the highest surface coverage and
hence might give greater protection of the metal surface. The MV values of the studied molecules are
in the order; MPQ < MHPQ < MM{HPQ < PPQ < PHPQ.

Table 2. Mulliken atomic charges (e) on the selected atoms of the studied compounds (B3LYP/6-
31G(d,p) results in vacuo)

C1l 0.183 0.190 0.277 0.280 0.183
C2 0282 0190 0.282 0.181 0.280
N3 —0.524 -0.533 -0.521 -0.523 -0.525
C4 0272 0281 0268 0.272 0.271
C5 —0.154 -0.156 -0.153 -0.154 -0.155
C6 -0.136 -0.136 -0.135 -0.135 -0.137
C7 —0.136 -0.136 -0.136 —-0.136 -0.136
C8 -0.156 -0.156 -0.161 -0.160 -0.157
C9 0285 0.281 0.318 0.312 0.286
N10 -0.536 -0.533 -0.662 —0.654 -0.540
Ci1 0.092 0.084 0.045 0.042 0.087
Cl2 -0.145 -0.148 0.307 0.304 -0.157
012 —0.653 —0.656

Ci13 -0.137 -0.138 -0.165 -0.166 -0.177
Cl4 0123 -0.123 -0.127 -0.127 0.311

014 —0.648
Cl15 -0.137 -0.137 -0.146 —0.145 0.340
015 —0.553

Cl6 -0.166 -0.153 -0.190 -0.183 -0.248
Cl7 0525 0.084 0531 0.077 -0.526

C18 —0.148 —0.147
C19 —0.138 —0.137
C20 —0.123 —0.123
Cc21 —0.137 —0.136
C22 —0.153 —0.148

3.2. Selectivity/reactivity parameters

Selectivity parameters indicate the regions (of a molecule) that are likely to interact with the
metal surface. These parameters include the Mulliken atomic charges, the condensed Fukui functions,
and the local softness indices. The atom with the highest negative partial atomic charge interacts
strongly with the metal surface through a donor-acceptor type of interaction because it represents the
site with the highest electron density [17]. Table 2 reports the Mulliken atomic charges on the atoms of
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the studied compounds. In all the compounds, the highest negative charge is on the heteroatoms mainly
because these atoms have lone pair of electrons. These lone pair of electrons could be donated to the
vacant s or partially filled d orbitals of the metal and thereby facilitate the adsorption of the inhibitor
on the metal surface. MHPQ, PHPQ and MM{HPQ have more heteroatoms than MPQ and PPQ
because of the presence of the O atoms in these compounds. Therefore, MHPQ, PHPQ and MMHPQ
have higher charge density and would interact with the metal surface at more sites than MPQ and PPQ.
MMHPQ with the highest number of heteroatoms has the highest sites for adsorption onto the metal
surface. This many explain the preference of MMHPQ as corrosion inhibitor among the compounds as
reported earlier in literature [4].

Table 3. Local selectivity parameters (i.e., the condensed Fukui functions and the local softness
parameters) for the studied quinoxaline derivatives (B3LYP/6-31G(d,p) results in vacuo).

a) The condensed Fukui Functions on the selected atoms of the studied compounds

If 1 If If If ] If 1 If ] If It If If

C1 0.034 0.048 0.027 0.034 0.020 0.059 0.02 0.047 0.018 0.046
C2 0.018 0.020 0.027 0.034 0.018 0.019 0.025 0.028 0.016 0.022
N3 0.035 0.078 0.021 0.081 0.028 0.078 0.023 0.080 0.027 0.080
C4 0.021 0.013 0.023 0.008 0.019 0.009 0.019 0.007 0.017 0.011
C5 0.024 0.033 0.011 0.034 0.011 0.032 0.009 0.033 0.012 0.034
C6 0.039 0.019 0.019 0.013 0.024 0.018 0.018 0.014 0.025 0.018
C7 0.006 0.009 0.019 0.013 0.010 0.010 0.013 0.012 0.006 0.010
C8 0.035 0.037 0.011 0.034 0.015 0.035 0.011 0.033 0.019 0.037
C9 0.021 0.005 0.023 0.008 0.019 0.008 0.020 0.009 0.013 0.005
N10  0.028 0.082 0.021 0.081 0.003 0.057 0.000 0.058 0.016 0.082
Cl1 0.014 0.002 0.005 0.004 0.044 0.009 0.037 0.007 0.023 0.005
C12  0.027 0.011 0.016 0.006 0.034 0.018 0.029 0.014 0.033 0.010
012 0.104 0.029 0.085 0.025

Ci3 0.010 0.004 0.010 0.002 0.031 0.010 0.021 0.008 0.023 0.005
C14  0.040 0.023 0.028 0.015 0.016 0.020 0.017 0.015 0.040 0.033

014 0.085 0.029
C15 0.012 0.004 0.005 0.003 0.049 0.004 0.031 0.003 0.049 0.019
015 0.038 0.011

Cl6  0.026 0.012 0.013 0.006 0.011 0.017 0.012 0.011 0.029 0.017
C17 0.011 0.170 0.005 0.004 0.013 0.011 0.006 0.007 0.011 0.009

C18 0.016 0.006 0.009 0.004
C19 0.010 0.002 0.006 0.002
C20 0.028 0.015 0.017 0.012
Cc21 0.005 0.003 0.004 0.002

C22 0.013 0.006 0.001 0.001
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b) Local softness parameters on the selected atoms of the studied compounds

s 5T s b sl Bl Js] 5T s] sl

C1l 0.015 0.022 0.013 0.016 0.011 0.032 0.011 0.026 0.009 0.024
C2 0.008 0.009 0.013 0.016 0.010 0.010 0.014 0.016 0.008 0.011
N3 0.016 0.035 0.010 0.039 0.015 0.043 0.013 0.045 0.014 0.042
C4 0.009 0.006 0.011 0.004 0.010 0.005 0.011 0.004 0.009 0.006
C5 0.011 0.015 0.005 0.016 0.006 0.018 0.005 0.018 0.006 0.018
C6 0.018 0.009 0.009 0.006 0.013 0.010 0.010 0.008 0.013 0.009
C7 0.003 0.004 0.009 0.006 0.006 0.006 0.007 0.007 0.003 0.005
C8 0.016 0.017 0.005 0.016 0.008 0.019 0.006 0.018 0.010 0.019
C9 0.009 0.002 0.011 0.004 0.010 0.004 0.011 0.005 0.007 0.003
N10 0.013 0.037 0.010 0.039 0.002 0.031 0.000 0.032 0.008 0.043
Cl1 0.006 9E04 0.002 0.002 0.024 0.005 0.021 0.004 0.012 0.003
C12 0.012 0.005 0.008 0.003 0.019 0.010 0.016 0.008 0.017 0.005
012 0.057 0.016 0.048 0.014

C13 0.005 0.002 0.005 0.001 0.017 0.006 0.012 0.004 0.012 0.003
Cl4 0.018 0.010 0.013 0.007 0.009 0.011 0.010 0.008 0.021 0.017
014 0.044 0.015
C15 0.005 0.002 0.002 0.001 0.027 0.002 0.017 0.002 0.025 0.010
015 0.020 0.006
C16 0.012 0.005 0.006 0.003 0.006 0.009 0.007 0.006 0.015 0.009
C17 0.005 0.077 0.002 0.002 0.007 0.006 0.003 0.004 0.006 0.005
C18 0.008 0.003 0.005 0.002

C19 0.005 0.003 0.001

C20 0.013 0.007 0.010 0.007

c21 0.002 0.001 0.002 0.001

C22 0.006 0.003

8722

The Fukui functions indicate the regions on the inhibitor molecule on which nucleophilic and
electrophilic reactions are likely to occur. These functions are generally expressed using the finite
difference approximation as follows [18]:

fr= qn+1) - ON

f"=dv — gy

for nucleophilic attack

for electrophilic attack

(8)

9)

where qn-1), q and gqn-1) are the charges of the atoms on the anionic, neutral and cationic
systems respectively. The preferred site for nucleophilic attack is the atom in the molecule where the
value of f * is the highest while the preferred site for electrophilic attack is the atom in the molecule
where f = has the highest value. The calculated values of the Fukui functions for the non-hydrogen
atoms are reported in Table 3a. The value of f ¥ is highest on N3 and N10 in all the compounds
indicating that these atoms are likely to be engaged in a nucleophilic attack on the inhibitor. These
results agree with the analysis of the LUMO which indicated that each N atom has an anti-bonding
orbital and is therefore electron deficient. The value of f ~ is highest on C1, C6, C8 and C14 in MPQ;
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C1, C2, C14 and C20 in PPQ; C11, C12 and O12 in MHPQ and PHPQ; C14, O14 and C15 in
MM:HPQ. These results also correlate well with the analysis of the HOMO density discussed earlier.

The local reactivity of molecules is often analyzed in terms of the local softness index s, which
is defined as the product of the Fukui function and the global softness, . It is expressed using the
equation [19];

s = (fY)*o (10)
s =(f)*o (11)

and the results, reported in Table 3b show that the local softness values predict similar sites for
nucleophilic and electrophilic attack as the condensed Fukui functions.

3.3 Results of the calculations in vacuo for the protonated species

In aqueous acid environment, inhibitor molecules that have heteroatoms are likely to be
protonated. Protonation is greater on N atoms than on O atoms because the former has the least
tendency to hold on its lone pair of electrons while the later has the highest tendency. Since all the
quinoxaline molecules have N atoms, they are all likely to be protonated in aqueous acid medium. The
protonated species of the compounds also have a tendency to adsorb onto the metal surface, and
therefore it is interesting to investigate their properties and compare them with the properties of the
neutral species. Due to the symmetric nature of the molecular structure of PPQ only the protonation at
N10 was investigated for other compounds (e.g., MPQ, and MMHPQ) the protonation at N3 and N10
was investigated separately to determine the preferred site for protonation. The preferred site for
protonation was determined by comparing the total energy of the calculated protonated species for
each compound. The species with the lowest total energy corresponded to the species with the
preferred protonation site. The calculated protonated species for the quinoxaline compounds are shown
in figure. 2. The results show that in MPQ and MMHPQ, the preferred site for protonation is N10 (i.e.,
the site closer to the phenyl substituent group). The discussion on protonated species in the next
paragraphs concerns only the preferred protonated forms of the studied compounds.

An interesting quantity to consider is the extent of protonation because it is an indicator of the
tendency of a given molecule to be protonated. The extent of protonation is measured by the proton
affinity (PA). A high value of PA indicates that the molecule has a high tendency to be protonated. The
calculated PA values (kcal/mol) for the quinoxaline protonated species is 64.333 for MPQ, 65.725 for
PPQ, 58.031 for MHPQ, 62.047 for PHPQ and 68.782 for MMHPQ, which indicates that MPQ has
the least tendency for protonation while MM{HPQ has the highest tendency for protonation in aqueous
acidic environment.

A comparison of the quantum chemical reactivity parameters for protonated species and the
neutral species indicates the relative tendency of the two species to interact with the metal surface. The
quantum chemical parameters of the protonated species are also reported in Table 1. Eqomo Of the
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protonated species is 3.18-4.80eV lower than that of the neutral species, indicating that the tendency
of the protonated species to donate electrons to the metal surface is less than that of the neutral species.
ELumo of the protonated species is 4.74-5.62eV lower than that of the neutral species indicating that
protonation increases the electron accepting ability of the inhibitors. The dipole moment is always
larger for the protonated species than for the neutral species, indicating that the interaction between the
metal surface and the protonated species involves more electrostatic interactions than the interaction
between the neutral species the metal surface. The logP values for the protonated species are always
smaller than that of the corresponding neutral species, suggesting that the protonated species are less
hydrophobic than the neutral species. The results obtained indicate that the corrosion inhibition
effectiveness of neutral species is higher than that of protonated species.

3.4. Results of the calculations in water solution for the neutral species

The investigation of the molecular properties of corrosion inhibitors needs to take into
consideration solvent effects because molecular properties of a given molecule may differ between
aqueous solution (in which most electrochemical reactions are conducted) and vacuum medium. An
interesting parameter to consider is the free energy of solvation (AGsy) because it provides
information on the extent of molecular solvation. Different compounds are affected to varying degrees
by solvent molecules and the free energy of solvation provides information about the relative tendency
of the inhibitors to remain in solution. A high AGsgy Value for an inhibitor indicates that its molecules
are highly solvated. Compounds that have great tendency to be solvated are often not good corrosion
inhibitors because they interact more strongly with solvent molecules than with the metal surface [20].
The AGsoy Values (kcal/mol) for the investigated quinoxaline compounds are —6.941 for MPQ, —8.401
for MHPQ, and -11.611 for MMHPQ, which indicates that the solvation energy decreases with the
increase in the number of polar substituent groups.

A comparison of the molecular properties of the studied compounds between the results in
vacuo and the results in water solution provide information about the influence of the solvent effects
on the molecular properties. The values of the molecular properties in water solution, reported in Table
1, suggest that the Efomo , ELumo and the dipole moment values are not significantly different from the
results in vacuo, implying that solvent effects have minimal influence on the molecular properties of
quinoxaline derivatives.

3.5. Quantitative structure activity relationship (QSAR)

A combination of several quantum chemical parameters to form a composite index, which
could be correlated to the experimental inhibition efficiency, often provides valuable information on
the relationship between quantum chemical parameters and experimental inhibition efficiency (%IE).
Usually, a correlation between quantum chemical parameters and the observed inhibition efficiency is
investigated by means of quantitative structure activity relationship (QSAR) approach in which
relevant mathematical equations are utilised to relate the quantum chemical parameter to the observed
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inhibition efficiency of an inhibitor. The experimental determination of the inhibition efficiency of the
studied quinoxalines has also confirmed that the adsorption of inhibitors follows Langmuir adsorption
isotherm [4]. Therefore, it is reasonable to employ the linear and the non-linear mathematical models
proposed by Lukovits et al [21, 22] in order to correlate the observed inhibition efficiency to the
calculated quantum chemical parameters. The linear model has the form

IEtheor = AX;i Ci + B (12)

where A and B are the regression coefficients determined through regression analysis, X; is a
quantum chemical index characteristic of the molecule i, C; is the experimental concentration of the
inhibitor. The non-linear model has the form

(AX; +B)*C,

*100 13
1+(AX, +B)*C, (13)

IEtheor =

where A and B are constants obtained by regression analysis; X; is a quantum chemical index
characteristic for the molecule; C; is the inhibitor concentration in mM.

Enomo, ELumo, pol (linear regression equation) Enomo,

a5

ELumo, pol (non-linear regression equation)

S

ve, % IE
|

55 55

S0 55 0] &5 70 75 a0 85 50 ] 60 ] 70 75 20 5

Pred(Ave, BIE Pred{Ave. %IE]

Figure 4. Representative plot of correlation between the theoretically estimated %IE and
experimentally obtained %IE [The items above each plot indicates the quantum chemical
parameters used to form the composite index. The quantum chemical properties are obtained
from B3LYP/6-31G(d,p) results].

Equations (11) and (12) were utilized to correlate the composite index of the quantum chemical
parameters with the experimental inhibition efficiency of the studied quinoxalines. The results show
that an optimum of three quantum chemical parameters is sufficient to produce a good correlation with
experimentally determined inhibition efficiency. Combinations of the quantum chemical parameters
that provide the best correlation with experimental inhibition efficiencies are reported in Table 4
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together with the equations for the prediction of theoretical inhibition efficiencies and the
corresponding R?, SSE and RMSE values.

Table 4. A pair of quantum chemical parameters utilized to derive the linear and the non-linear
multiple regression equation that correlates the theoretically estimated and the experimentally
determined inhibition efficiencies. The R? value, the SSE and the RMSE values are also
reported. The quantum chemical parameters were obtained from the in vacuo results calculated

using the B3LYP/6-31G(d) method.

Quantum Derived QSAR equation
parameters
Linear model
Enomo: ELumo, %IE = 87.5*Eyomo™*Ci + 876.7*E ymo™*C; + 0.991 4179  2.044
pol 30.1*pol*C; + 87.4
Enomo: ELumo, %IE = 99.6*Eromo*Ci + 893.5*E ymo*C; + 2.5*MV*C; 0.981 8.465 2.910
MV +166.1
AE, n, MV %IE = 722.6*AE*C; + 233.8*u*C; + 3.8*MV*C; -185.3 0.980 8.764  2.960
Enomos ELumo, %IE = 281.7*Enomo™Ci + 978.4*E ymo™*C;i + 0.967 14567 3.817
logP 97.5*logP*C; + 260.5
Enomos ELumo, %IE = 559.5*Eomo™*Ci + 906.0*E ymo™*Ci -119.2*u*Ci 0.823  78.278 8.848
n +380.5
Non-linear
model
Enomos ELumo,  %IE = (((30.2*Eomot 101.9%E, ymo + 2.1*pol + 280.8)* 0.998 0.766  0.875
pol Ci)/ (1+ (30.2*Enomo + 101.9%E| ymo + 2.1*pol+ 280.8)*
Ci))*100
Enomo: ELumo,  %IE = (((29.7*Enomo + 102.8*E ypmo + 0.2*MV + 0.995 2176  1.475
MV 362.4)* C))/ (1+ (29.7*Enomo + 102.8*E ymo + 0.2*MV+
362.4)* C;))*100
AE, p, MV %IE = (((65.0*AE+ 24.1*u + 0.3*MV - 322.6)* C))/ (1+  0.923  34.716 5.892
(65.0*AE+ 24.1%*p + 0.3*MV - 322.6)* C;))*100
Enomos ELumo,  %IE = (((43.4*Enomo + 109.8*E ymo + 8.2*logP + 0.989 4776  2.186
logP 479.5)* C))/ (1+ (43.4*Enomo + 109.8*E | ymo + 8.2*logP
+479.5)* C;))*100

The best equation resulting from both the linear and the non-linear multiple regression
equations (plotted in figure 4) is a result of the combination of Exomo, ELumo and polarization (pol)
parameters. The linear equation resulting from such combination is of the form;

IEtheo = 87.5*Epomo™Ci + 876.7*E L umo™Ci + 30.1*pol*C; + 87.4 (14)

with R? = 0.991, SSE = 4.179 and RMSE = 2.044
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The equation suggests that a high Eqomo, ELumo and a molecular polarization results in greater
inhibition efficiency. The non-linear equation resulting from the combination of the of Enomo, ELumo
and polarization (pol) parameters has the form;

%IE = (((30-2*EHOMO+ 101.9*E umo + 2.1*p0| + 2808)*(:,)/ (1+ (30.2*EHQMQ + 101.9*E . umo +
2.1*pol+ 280.8)*C;))*100 (15)

with R? = 0.998, SSE = 0.766 and RMSE = 0.875.

Since for most of the equations in Table 4 the values of R? are reasonably high (> 0.900) while
the SSE and RMSE values are reasonably small, it is reasonable to infer that the combination of three
qguantum chemical parameters provides a good correlation between quantum chemical parameters and
experimentally determined inhibition efficiency of the studied quinoxaline inhibitors.

R? is the coefficient of determination, and SSE and RMSE are defined as

n 2
SSE = \/Z(Em - IE,,)

i=1

RMSE = \/

where IEpeq is the predicted inhibition efficiency and IE.y, is the experimental determined
inhibition efficiency, n is the number of observations (compounds) considered

n 2

(IEpred - IEexp)

=

=L

3.6. The adsorption of quinoxalines on copper surface

The adsorption of quinoxaline molecules on the metal surface (e.g., mild steel or copper surface
as indicated in [4]) involves both physical and chemical adsorption. The protonated species are
physically adsorbed on the metal surface because of their electrostatic interactions with the already
adsorbed anions (e.g., CI™ or SO47, [23]). The neutral species adsorb onto the metal surface both
physically and chemically. Physical adsorption involves the electrostatic attraction of the inhibitor onto
the metal surface whereas the chemical adsorption involves the donation of electrons by the inhibitor
molecule to the vacant s or d orbital of the metal atoms. Chemical adsorption may also involve the
metal atom donating some of its electrons in the occupied d orbitals to the LUMO of the inhibitor
molecules in a back-donation mechanism. In the case of Cu surface, the inhibitor---metal interaction
mechanism may be modelled by placing a Cu atom in the vicinity of the electron-donor centres (i.e.,
chelating or active adsorption sites) and optimizing the resulting geometry. This consideration assumes
that the metal atom chelation ability with the inhibitor is related to the corrosion inhibition efficiency
[3, 24-29]. The optimized complexes are then utilized to determine the preferred geometries and
estimate the binding energies, the inhibitor---Cu separation distances, and the charge transfer
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mechanism involved between the inhibitor and the Cu atom. Although the inhibitor---Cu interaction
energy obtained from this model does not reflect the real interaction energy between the inhibitor and
the Cu surface (which contains many Cu atoms), it is nevertheless a good model for qualitative
analysis of the type of interactions involved and a good indication of the inhibitor---Cu interaction
strength for different electron donor sites (active adsorption sites) on the inhibitor molecule.

The optimised inhibitor---Cu complexes are shown in figure. 5 together with the relative energy
of the complexes for cases where the Cu atom has more than one binding sites on the inhibitor
molecule. In complexes of structure MPQ and MMHPQ, the preferred geometries (i.e., MPQ-Cu(1)
and MMHPQ-Cu(2)) are those in which the Cu atom is in tri-dentate mode to the active adsorption
sites of the inhibitor molecule. However, this preference is not observed in the complexes of structures
MHPQ and PHPQ because, the tri-dentate geometries in structures MHPQ and PHPQ results from the
disruption of the N10---H12-O intramolecular hydrogen bond (IHB). Therefore, in MHPQ and PHPQ,
stabilisation of the complexes is determined by both the presence of the copper atom in the vicinity of
the adsorption sites as well as the presence of IHB.

complex

& - ® )
complex MPQ-Cu(1) MPQ-Cu(2)
relative energy 0.000 12.280

@

complex MHPQ-Cu(1) MHPQ-Cu(2)
relative energy 2.259 0.000
complex PHPQ-Cu(1) PHPQ-Cu(2)

relative energy 10.737 0.000
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Figure 5. The in vacuo optimized quinoxaline---Cu complexes using the B3LYP/6-31G(d,p) method.
The relative energy (kcal/mol) for different complexes of the same inhibitor molecule is
reported below the structures. The total energy (kcal/mol) of the lowest-energy complex for
each structure in which there are more than one complexes is -1461213.74 for MPQ-Cu(1), -
1508406.01 for MHPQ-Cu, -1628735.48 for PHPQ-Cu(2) and -1580278.12 for MMHPQ-

Cu(2)

The binding energies and the deformation energies for the complexes are reported in Table 5. A
comparison of the binding energies of MPQ---Cu(2), MHPQ---Cu(2) and MMHPQ---Cu(3), where the
Cu atom is in mono-dentate mode to the N atom, suggests that the Cu atom affinity is similar for the
three complexes, which implies that the affinity of the Cu atom is not determined by the substituent
group on the quinoxaline moiety.

Table 5. The inhibitor-Cu interaction energy (Eintr, kcal/mol), deformation energy (Eget, kcal/mol) and
binding energy (Ep, kcal/mol) estimated from the energies of the complexes and the
corresponding energies of the isolated inhibitor (inn, iso) and Cu. B3LYP/6-31G(d) results in
vacuo.

MPQ:---Cu(1) -2328.59407  -688.342131  -1640.17418  -2328.51631  -688.323235 -11.857 -48.795 36.937
MPQ:---Cu(2) -2328.57450  -688.342131  -1640.17418  -2328.51631  -688.340203  -1.210 -36.514 35.304
PPQ--Cu -2520.33027  -880.077981  -1640.17418  -2520.25216  -880.060619  -10.895 -49.014 38.119
MHPQ---Cu(1) -2403.79620  -763.557305 -1640.17418  -2403.73149  -763.523981 -20.911 -40.609 19.698
MHPQ:--Cu(2) -2403.79980  -763.567653  -1640.17418  -2403.74183  -763.565159  -1.565 -36.375 -34.810
PHPQ--Cu(1) -2595.54005  -955.289375  -1640.17418  -2595.46356  -955.273512  -9.954 -48.001 -38.047
PHPQ---Cu(2) -2595.55716  -955.303127  -1640.17418  -2595.47731  -955.286712  -10.301 -50.109 -39.808
MMHPQ---Cu(l) -2518.27747  -878.075528  -1640.17418  -2518.24971  -878.073123  -1.509 -17.421 -15.912
MMHPQ---Cu(2) -2518.33548  -878.082822  -1640.17418  -2518.25700  -878.064124  -11.733 -49.246 -37.513
MMHPQ---Cu(3) -2518.31505  -878.082822  -1640.17418 -2518.25700 -878.081053  -1.110 -36.426 -35.316
MMHPQ---Cu(4) -2518.27964  -878.082822  -1640.17418  -2518.25700 -878.081281  -0.968 -14.206 -13.239
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In MMHPQ---Cu(1), the Cu atom is in a bidentate mode between O14 and O15. A comparison
of MM{HPQ---Cu(1) and MMHPQ---Cu(4) suggests that the Cu affinity is 2.673 kcal/mol greater when
it binds to two O atoms simultaneously than when it binds to one O atom. In PPQ---Cu, MPQ---Cu(1)
and PHPQ:---Cu, the Cu atom is in a tri-dentate mode.

Table 6 reports the inhibitor---Cu distance separation, the spin density and the electronic
configuration of Cu atom in the isolated state and in the various complexes. The spin density and the
electronic configuration of the isolated Cu atom indicate that there are four unpaired electrons in the 3d
orbitals with the same spin orientation. Upon formation of the inhibitor---Cu complexes, the spin
density on Cu atom decreases while the electronic configuration of Cu show those 3d orbitals have an
increase in electron occupancy, suggesting that, while interacting with the metal atom, the inhibitor
molecule has donated electrons to the partially filled 3d orbital of the metal atom. The decrease in the
spin density suggests that the added electrons have opposite spin to the spin of the unpaired electron
that was present in the Cu atom. The transfer of negative charge (electrons) from the inhibitor
molecule to the metal surface amounts to adsorption of the inhibitor molecule on the metal surface by
the formation of a chemical bond (i.e., chemisorption process). The spin density and the electronic
configuration of the Cu atom depend also to some extent on the coordination structure of the
complexes.

MHPQ--Cu (1) PHPQ--Cu(1) PHPQ--Cu(2)
MMHPQ---Cu(1) MMHPQ--Cu(2) MMHPQ--CU(3)  MMHPQ--Cu(d)

Figure 6. The single occupied molecular orbital (SOMO) for the calculated complexes of quinoxaline
derivatives and Cu atom (B3LYP/6-31G(d) results in vacuo).
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To better understand the nature of the bonding between the inhibitor and the metal atom, it is
important to analyze the occupied molecular orbital of the isolated inhibitor molecule and of the
corresponding inhibitor---Cu complex. Figure 6 shows the single occupied molecular orbital (SOMO)
for each complex. Few examples suffice to illustrate the trend: in PPQ--Cu, MPQ---Cu(1) and
MMHPQ---Cu(2), the electron density of the SOMO is shared by N10, C11, C12 and Cu atoms; in
MPQ---Cu(2), MMHPQ---Cu(1), MMHPQ---Cu(3) and MMHPQ---Cu(4), it is strongly localised on the
Cu atom, suggesting that there is weak interaction between the inhibitor molecule and the Cu atom.

Table 6. The inhibitor---Cu separation distances (A), spin density and electronic configuration of the
Cu atom in the complexes ®.

MPQ--Cu(1) N10---Cu  1.897 0.381699 [core]4S(0.62)3d(9.59)4p(0.11)
Cll--Cu 2410
Cl2---Cu 1969
MPQ---Cu(2) N3---Cu 1.836 0.692748 [core]4S(1.08)3d(9.55)4p(0.10)55(0.01)
PPQ---Cu N10---Cu  1.897 0.350895 [core]4S(0.60)3d(9.59)4p(0.11)
Cll.--Cu 2372
Cl2---Cu 1968
MHPQ--Cu(l)  C8--Cu 2.045 0.257125 [core]4S(0.55)3d(9.56)4p(0.09)
C9--Cu 2.090
N10---Cu  2.010
012---Cu 1990
MHPQ--Cu(2)  N3---Cu 1.832 0.624736 [core]4S(1.02)3d(9.55)4p(0.09)55(0.01)
PHPQ--Cu(1) N10---Cu  1.802 0.161902 [core]4S(0.60)3d(9.56)4p(0.09)
C1--Cu 2.375
012---Cu 1906
PHPQ--Cu(2) N3----Cu 1.893 0.290703 [core]4S(0.56)3d(9.60)4p(0.10)
C18---Cu  2.334
C19---Cu 1968
MMHPQ--Cu(l) O14--Cu  1.946 0.928438 [core]4S(1.43)3d(9.47)4p(0.09)
015--Cu  2.305
MMHPQ--Cu(2) N10---Cu  1.898 0.377881 [core]4S(0.62)3d(9.59)4p(0.11)
Cll-Cu 2403
Cl2--Cu 1968
MMHPQ--Cu(3) N3---Cu 1.840 0.724735 [core]4S(L.11)3d(9.56)4p(0.10)55(0.01)
MMHPQ--Cu(4) O14---Cu 1933 0.941114 [core]4S(1.47)3d(9.46)4p(0.06)

a

[core]4S(0.98)3d(4.02)

, for the isolated Cu atom, the spin density is 1 and the electronic configuration is
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4. CONCLUSIONS

DFT studies on the geometries of selected quinoxaline derivatives were performed to obtain
their molecular reactivity and selectivity parameters and to correlate some of the parameters to the
experimentally determined inhibition efficiencies. The interaction mechanism between the inhibitors
and Cu atom was also investigated to understand the nature of bonding.

o The results confirm that all the quinoxaline derivatives have high corrosion inhibition
potential. MM{HPQ has the highest potential to adsorb on the metal surface because it has the highest
number of electron donor centers.

o Some of the quantum chemical parameters correlate well with the experimentally
determined inhibition efficiencies of the studied quinoxaline inhibitors.
o The closeness of the electron donor centers in the selected quinoxaline derivatives also

enhances the adsorption of the inhibitor on the metal surface because a single metal atom can receive
electrons from two or more donor centers simultaneously.

o The preferred complexes are those in which the Cu atom is in multi-dentate mode to the
studied inhibitor molecules.
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