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The density functional theory (DFT) at the B3LYP/631G (d) basis set level was performed on three
phenanthroline derivatives used as corrosion inhibitors, namely 2-mesityl-1H-imidazo[4,5-
f][1,10]phenanthroline (G), 2-(6-methylpyridin-2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (J) and 2-
(pyridine-2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (K) to investigate the correlation between
molecular structure and the corresponding inhibition efficiency (1%). The quantum chemical properties
most relevant to their potential action as corrosion inhibitors have been calculated in the neutral and
protonated forms in aqueous phase for comparison. Results obtained in this study indicate that indeed,
in acidic media, one should consider the protonated species involved because they seem to represent
better the actual experimental situation.

Keywords: Phenanthroline derivatives, statistical analysis, mild steel, corrosion inhibitors, sulphuric
acid, density functional theory (DFT).

1. INTRODUCTION

The use of acid solution during pickling and industrial cleaning leads to corrosive attack on
mild steel. The corrosion of mild steel is of fundamental academic and industrial concern that has
received a considerable amount of attention. Among efficient corrosion inhibitors use to prevent the
deterioration of mild steel are heterocyclic organic compounds consisting of a w-system and/or O, N, or
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S heteroatoms [1-10]. It is generally accepted that organic molecules inhibit corrosion by adsorption
on metal surface. Furthermore, the adsorption depends on the electronic structure of inhibiting
molecules, steric factor, aromaticity and electron density at donor site, presence of functional groups
such as —-C=0, -N=N, R-OH, etc., molecular area, molecular weight of the molecule, temperature and
electrochemical potential at the metal/solution interface [11-18].

Experimental means are useful in explaining the corrosion inhibition mechanism but they are
often expensive and time consuming since it is always based on large scale trial-and error experiments.
However, ongoing computer hardware and software advances have opened the door for powerful use
of theoretical chemistry in corrosion inhibition research [19]. Quantum chemical calculations can
complement the experimental investigations or even predict with confidence some experimentally
unknown properties. Recently, there has been increasing use of the density functional theory (DFT)
methods as a theoretical tool in elucidating the mechanism of corrosion inhibition of organic
compounds by several researchers [20-22]. The advancement in methodology and implementations has
reached a point where predicted properties of reasonable accuracy can be obtained from DFT
calculations [23]. However, despite enormous literature available on the use of DFT in understanding
the corrosion inhibition mechanism, information on the use of statistical analysis as a tool in
correlating the experimentally determined inhibition efficiencies and the calculated quantum chemical
parameters in the neutral and protonated forms is scare.

This present paper reports the correlation between observed inhibition efficiency of some
phenanthroline derivatives used as corrosion inhibitors with their calculated quantum chemical
parameters both in the neutral and in the protonated forms using statistical tool. The calculations of
global reactivity indices of the inhibitors such as the localization of frontier molecular orbitals, Exomo,
ELumo, energy gap (AE), dipole moment (D), hardness (n), softness (o), the fractions of electrons
transferred (AN), electrophilicity index (), total energy change (AEt ) and Mulliken charge
distributions together with local reactivity by means of Fukui indices using DFT at B3LYP/631G (d)
basis set level were used to explain the electron transfer mechanism between the inhibitor molecules
and the steel surface. Furthermore, statistical equations were proposed using the multiple-linear and the
non-linear regression analysis.

CHj

2-mesityl-1H-imidazo[4,5-f][1,10]phenanthroline (G)
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2-(pyridin-2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (K)

Figure 1. Names, molecular structures and the abbreviations of the inhibitors investigated.

(G)
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Figure 2. Optimized structure of G, J and K respectively (ball and stick model).

The chemical and optimized structures of the phenanthroline derivatives chosen for the study
are presented in Figs. 1 and 2 respectively.

2. EXPERIMENTAL

2.1. General considerations

All starting materials were obtained commercially as reagent grade. All air or moisture
sensitive manipulations were carried out under an atmosphere of nitrogen using standard Schlenk
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techniques. All purifications were done on silica gel column to exclude impurities and TLC glass
slides were routinely employed to monitor extents of reactions as well as the progess of silica gel
column chromatography.

2.2. Synthesis of 2-mesityl-1H-imidazo [4,5-f][1,10] phenanthroline (G)

The inhibitor (MIP) was synthesized as reported in the literature [23]. 1,10-phenanthroline-5,6-
dione (0.50 g, 2.37 mmol), mesitaldehyde (0.35 g, 2.37 mmol), ammonium acetate (3.65 g, 47.40
mmol) and glacial acetic acid (10 mL) were heated under reflux condition for 2 h followed by cooling;
diluted in 20 mL of distilled water and neutralized with concentrated aqueous ammonia solution.

The crude product was filtered off as yellow precipitate which was recrystallized from ethanol
to obtain 2-mesityl-1H-imidazo[4,5-f][1,10] phenanthroline (Scheme 1) as microcrystals (0.75 g,
Yield : 93 %).

2.3 Synthesis of 2-(6-methylpyridin-2-yl)-1H-imidazo [4,5-f][1,10] phenanthroline(J)

Phenanthroline-5,6-dione (3.00 g, 0.014 mol) and ammonium acetate (22 g, 0.29 mol) were
weighed into the reaction flask and then charged with nitrogen atmosphere. Ethanol (15 mL),
dichloromethane (15 mL), catalytic amount of glacial acetic acid (0.5 mL) and 6-methylpyridine-2-
carboxaldehyde (2.18 g, 18.01 mmol, 1.25 equivalent) were added and the mixture was refluxed for 3
h.

After cooling, the reaction mixture was neutralized by concentrated aqueous ammonia and the
volume was reduced under pressure. The organic components were extracted using dichloromethane
(50 mL, thrice). The organic extracts were combined, concentrated and purified on silica gel column
using ethyl acetate/petroleum ether (1:4) to elute the product. Portions containing the products were
concentrated and addition of petroleum ether gave 2-(6-methylpyridin-2-yl)-1H-imidazo[4,5-f][1,10]
phenanthroline as light yellow micro-crystals.

2.4 Synthesis of 2-(pyridin-2-yl)-1H-imidazo[4,5-f][1,10] phenanthroline(K)

The reaction flask containing phenanthroline-5,6-dione (5.00g, 0.024 mol), ammonium acetate
(37 g, 0.480 mol), glacial acetic acid as catalyst (1 mL) and 2-pyridinecarboxaldehyde (2.86 mL, 0.030
mol) were added and the mixture was refluxed for 3 hours.

After cooling, the reaction mixture was neutralized by concentrated aqueous ammonia and the
volume was reduced under reduced pressure.

The organic components were extracted using chloroform (50 mL, thrice) and the crude
mixture was purified on silica gel column using ethanol/ethylacetate/petroleum ether (1:10:10) as
eluent. The portions that contained pure products were concentrated and the precipitates were filtered,
washed with small amount of ethanol and dried to afford isolated products (2.60 g, 36.4 %).
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2.5.Material

Tests were performed on a freshly prepared sheet of mild steel of the following composition
(wt. %): 0.13% C, 0.18% Si, 0.39% Mn, 0.40% P, 0.04% S, 0.025% Cu, and bal Fe. Specimens used in
the weight loss experiment were mechanically cut into 5.0 cm x 4.0 cm x 0.8 cm dimensions, then
abraded with SiC abrasive papers 320, 400 and 600 grit respectively, washed in absolute ethanol and
acetone, dried at room temperature and stored in a moisture free dessicator before their use in
corrosion studies [2].

2.6. Solutions

The aggressive solutions, 0.5 M H,SO, were prepared by dilution of analytical grade 98%
H,SO, with distilled water. Stock solution of MIP was made in 10:1 water: methanol mixture to ensure
solubility [6]. This stock solution was used for all experimental purposes. The concentration range of
MIP prepared and used in this study was 2 uM — 10 uM.

2.7. Gravimetric measurements

The gravimetric method (weight loss) is probably the most widely used method of inhibition
assessment [4]. The simplicity and reliability of the measurement offered by the weight loss method is
such that the technique forms the baseline method of measurement in many corrosion monitoring
programmes [5]. Weight loss measurements were conducted under total immersion using 250 mL
capacity beakers containing 200 mL test solution at 303 K maintained in a thermostated water bath.
The mild steel coupons were weighed and suspended in the beaker with the help of rod and hook. The
coupons were retrieved at 2 h interval progressively for 10 h, washed thoroughly in 20% NaOH
solution containing 200 g/I of zinc dust with bristle brush, rinsed severally in deionized water, cleaned,
dried in acetone, and re-weighed [2,3]. The weight loss (in grammes), was taken as the difference in
the weight of the mild steel coupons before and after immersion in different test solutions. In order to
get good reproducibility, experiments were carried out in triplicate. In this present study, the standard
deviation values among parallel triplicate experiments were found to be smaller than 4%, indicating
good reproducibility.

The corrosion rate ,p (in mg cm™ h™ ) was calculated from the following equation [3]:

AW

=W &)

where W is the average weight loss of three mild steel sheets, S the total area of one mild steel
specimen, and t is the immersion time (10 h) . With the calculated corrosion rate, the inhibition
efficiency (%l) was calculated as follows [23] :
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Where p, and p, are the corrosion rates of the mild steel coupons in the absence and presence
of inhibitor, respectively.

2.8. Computational details

B3LYP, a version of the DFT method that uses Becke’s three parameter functional (B3) and
includes a mixture of HF with DFT exchange terms associated with the gradient corrected correlation
functional of Lee, Yang and Parr (LYP) [24], was used in this paper to carry out quantum calculations.
Then, full geometry optimization together with the vibrational analysis of the optimized structures of
the inhibitor was carried out at the B3LYP/6-31G (d) level of theory using Spartan’06 V112 program
package [25] in order to determine whether they correspond to a maximum or a minimum in the
potential energy curve. The quantum chemical parameters were calculated for molecules in neutral as
well as in the protonated form for comparison. It is well known that the phenomenon of
electrochemical corrosion occurs in liquid phase. As a result, it was necessary to include the effect of a
solvent in the computational calculations. In the Spartan 06 V112 program, SCRF methods (Self-
consistent reaction field) were used to perform calculations in aqueous solution. These methods model
the solvent as a continuum of uniform dielectric constant and the solute is placed in the cavity within
it.

There is no doubt that the recent progress in DFT has provided a very useful tool for
understanding molecular properties and for describing the behaviour of atoms in molecules. DFT
methods have become very popular in the last decade due to their accuracy and less computational
time. Density functional theory has been found to be successful in providing insights into the chemical

reactivity and selectivity, in terms of global parameters such as electronegativity (y), hardness (n) and
softness (o), and local ones such as the Fukui function (f(r)) and local softness (s(r)). Thus, for an

N-electron system with total electronic energy (E) and an external potential (v(r)); chemical potential

(p) known as the negative of electronegativity (y), has been defined as the first derivative of the E with
respect N at v(r) [26]:

oE
==X, N

Hardness (n) has been defined within the DFT as the second derivative of the E with respect N
at v(r) property which measures both the stability and reactivity of a molecule [27]:

0°E 0
7 =[ J =(a—ﬁ] @)
oN v(r) v(r)
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where E is the electronic energy, N is the number of electrons, and v(r) is the external potential due to

the nuclei and p is chemical potential.
The number of transferred electrons (AN) from the inhibitor molecule to the metal surface can

be calculated by using the following equation [28]:

_ Xre — Xinn 5
[2(17e, +17¢.)] ©

where y. and y,, denote the absolute electronegativity of iron and the inhibitor molecule,
respectively; 7., and 7, denote the absolute hardness of iron and the inhibitor molecule,

respectively.
I and A are related in turn to Eqomo and E umo using the equations below [29]:

I =—E om0 (6)
A=—-Eiumo )

These quantities are related to electron affinity (A) and ionization potential (I) using the
equation below:

I+ A E.umo + Eromo
= y = — 8
X 5 y4 5 (8)
I-A ELUMO B EHOMO
=, = — 9
n 5 n 5 9)

Recently, a new global chemical reactivity parameter has been introduced and is called an
electrophilicity index (). It is defined as [30]:

w=L"_ (10)

This was proposed as a measure of the electrophilic power of a molecule. Global softness can
also be defined as [31]:

(11)

o=—
n
It is also important to consider the situation corresponding to a molecule that is going to receive

a certain amount of charge at some center and is going to back-donate a certain amount of charge
through the same center or another one. To describe the energy change associated with these two
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processes, the second order simple charge transfer formula was regarded as a two-parameter
expression, in which the donation and back-donation processes are differentiated through the use of the
values of the chemical potential for each case, while the hardness is fixed to the value of
n=(u" — ) in both situations. Thus, according to the simple charge transfer model for donation and
back-donation of charges proposed recently by Gomez et al., [32], when a molecule receives a certain
amount of charge, AN";

AE* = /" AN +%U(AN+)2 (12)
while when a molecule back-donates a certain amount of charge, AN ", then:

- I | \2
AE™ = 11~ AN +577(AN ) (13)

If the total energy change is approximated by the sum of the contributions of Egs. (12) and
(13), and assuming that the amount of charge back-donation is equal to the amount of charge received,
AN~ =-AN", then;

AE, =AE* +AE™ = (u* — 17 )AN" + (AN *)? (14)

The most favorable situation corresponds to the case when the total energy change becomes a
minimum with respect to AN, which implies that AN " =-(x" — 1 )/2n and that;

AE; =—(u" —p7)* 1 4n=-nl4 (15)

The local reactivity of the inhibitors was analyzed through an evaluation of the Fukui indices
[33]. These are measurements of the chemical reactivity, as well as an indication of the reactive
regions and the nucleophilic and electrophilic behavior of the molecule. The regions of a molecule
where the Fukui function is large are chemically softer than the regions where the Fukui function is
small, and by invoking the HSAB principle in a local sense, one may establish the behavior of the
different sites with respect to hard or soft reagents. The Fukui function f(r) is defined as the first
derivative of the electronic density p(r) with respect to the number of electrons N at a constant external
potential v(r). Thus, using a scheme of finite difference approximations from Mulliken population
analysis of atoms in the inhibitors and depending on the direction of electron transfer we have [34-36]:

f =0, (N+2)—q,(N) (for nucleophilic attack) (16)

fo =0, (N)—-q,(N-1) (for electrophilic attack) (17)
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fo _qk(N +1)—q, (N -1
K 2

(for radical attack) (18)

where ¢, is the gross charge of atom k in the molecule i.e. the electron density at a point r in

space around the molecule. N corresponds to the number of electrons in the molecule. N+1
corresponds to an anion, with an electron added to the LUMO of the neutral molecule; N-1
corresponds to the cation with an electron removed from the HOMO of the neutral molecule. All
calculations were 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. (16) -
(18).

3. RESULTS AND DISCUSSION

Experimentally, the order of the inhibition efficiencies of these inhibitors studied is K<J < G
(Table 1).

Table 1. Experimental Inhibition efficiency obtained from gravimetric measurements at 303 K.

Inhibitor Concentrations Inhibition efficiency (1%)
G i 2x10°M 52.0
4x10°M 60.0

6x10° M 69.0

8 x 10°Mm 75.0

10 x 10%m 87.0

J i 2x10°%M 39.0
4x10°M 50.0

6x10° M 57.0

8 x 10°M 60.0

10 x 10%m 72.0

K i 2x10°%M 30.0
4x10°M 40.0

6x10° M 51.0

8 x10°M 60.0

10 x 10%m 71.0

It is predictable from the molecular structure of the studied inhibitors that 2-mesityl-1H-
imidazo[4,5-f][1,10]phenanthroline (G) will have the highest inhibition efficiency. This is due to the
presence, apart from the phenanthroline and imidazole moeity, of three methyl groups (-CH3) attached
to the aromatic ring in the molecule which can donate electrons thus increasing the reactivity of the
molecule onto the steel surface. This is expected to overshadow the presence of aditional pyridine rings
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on K and J. The adsorption of these inhibitors on steel surface may take place in the following ways
[37]: (i) the inhibitor molecules may be adsorbed via donor-acceptor interactions between the n-
electrons of the aromatic rings and unshared electron pairs of the heteroatoms to form a bond with the
vacant d-orbitals of the metal surface (chemisorption). (ii) In acidic media, the N heteroatoms are
readily protonated, which might adsorb onto the metallic surface via the negatively charged acid anion
(SO4?) (physisorption). Thus physical and chemical adsorption will lead to the formation of protective
films of the inhibitor molecules onto the steel surface. From the foregoing, it was pertinent to compute
all the quantum chemical parameters both in the neutral forms and in the protonated forms in aqueous
phase for comparison.

3.1. Quantum chemical study of neutral inhibitors

According to the frontier molecular orbital theory (FMO), the chemical reactivity is a function
of interaction between HOMO and LUMO levels of the reacting species [38]. Enomo IS @ quantum
chemical parameter which is often associated with the electron donating ability of the molecule. High
value of Epomo is likely to indicate a tendency of the molecule to donate electrons to appropraite
acceptor molecule of low empty molecular orbital energy [39]. Therefore, the energy of the lowest
unoccupied molecular orbital, E_ymo, indicates the ability of the molecule to accept electrons [40]. So,
the lower the value of E_ymo, the more probable the molecule would accept electrons. Thus the
binding ability of the inhibitor to the metal surface increases with increasing of the HOMO and
decreasing of the LUMO energy values. All the quantum chemical parameters/descriptors for the
neutral form of the inhibitors are given in Tables 2.

Table 2. The calculated quantum chemical parameters for G, J, K in the neutral form obtained using
DFT at the B3LYP/6-31G (d) basis set in aqueous phase.

Quantum chemical properties G J K
Total energy (au) -1068.25 -1005.68 -966.75
Exomo (EV) -5.72 -5.58 -5.64
ELumo (eV) -1.32 -1.56 -1.62
AE (eV) 4.40 4.02 4.02
Dipole moment (D) 5.64 6.04 5.56
Molecular weight (amu) 338.41 311.34 297.32
Molecular area (A?) 365.40 323.10 302.70
Molecular volume (A% 354.01 311.64 293.25
lonization potential (1) (eV) 5.72 5.58 5.64
Electron affinity (A) (eV) 1.32 1.56 1.62
Electronegativity (y) 3.02 3.57 3.63
Hardness (1) 2.20 2.01 2.01
Softness (o) 0.45 0.49 0.49
Fraction of electrons transferred (AN)  0.90 0.85 0.84
Neucleophilicity (@) 2.07 3.15 3.26
AET -0.55 -0.50 -0.50
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According to Table 2, the total energy values which shows how stable the molecules are follow
the trend K < J < G, which is the same order with the experimentally determined inhibition efficiency.
The values of Exomo follow the order; G > K > J which does not correlate with the experimantally
determine inhibition efficiency. The values of E_ymo follow the order; G < J < K which deviates with
the order of inhibition efficiency obtained experimentally.

The separation energy, AE = (ELumo — EHomo), 1S an important parameter and it is a function of
reactivity of the inhibitor molecule towards the adsorption on metallic surface. As AE decreases, the
reactivity of the molecule increases leading to increase in the inhibition efficiency of the molecule
[41]. The calculations from Table 2 show the decreasing trend for the property: G <J < K, which does
not follow the same order of inhibition efficiency obtained for the inhibitors.

It is shown from the calculations that there was no obvious correlation between the values of
the dipole moment with the trend of inhibition efficiency obtained experimentally. There is lack of
agreement in the literature on the correlation between the dipole moment and inhibition efficiency [42,
43]. The B3LYP/6-31G (d) calculations showed an obvious correlation between the molecular weight,
molecular volume and molecular area of the molecules and the inhibition efficiency. The inhibition
efficiency increases as the molecular weight, molecular volume and the molecular area increases due
to the increase of the contact area between molecule and surface. It is clear from Table 2 that G has the
highest molecular weight, molecular volume and molecular area which probably increases it
adsorption on the metal surface and increases the inhibition efficiency.

Absolute hardness, 7 and softness, o are important properties to measure the molecular
stability and reactivity. A hard molecule has a large energy gap and a soft molecule has a small energy
gap. Soft molecules are more reactive than hard ones because they could easily offer electrons to an
acceptor. For the simplest transfer of electrons, adsorption could occur at the part of the molecule
where o, which is a local property, has the highest value [44]. In a corrosion system, the inhibitor acts
as a Lewis base while the metal acts as a Lewis acid. Bulk metals are soft acids and thus soft base
inhibitors are most effective for acidic corrosion of these metals. It is shown from the calculations that
G has the highest hardness and the lowest softness which deviates from the expected trend from the
experimental inhibition efficiency obtained. Normally, the inhibitor with the least value of global
hardness (hence the highest value of global softness) is expected to have the highest inhibition
efficiency [45].

The number of electrons transferred (AN) was also calculated and tabulated in Table 2. Values
of AN show that the inhibition efficiency resulting from electron donation agrees with Lukovits’s study
[28]. If AN < 3.6, the inhibition efficiency increases by increasing electron-donating ability of these
inhibitors to donate electrons to the metal surface and it increases in the following order: K < J < G.
The results indicate that AN values correlates strongly with experimental inhibition efficiencies. Thus,
the highest fraction of electrons transferred is associated with the best inhibitor (G), while the least
fraction is associated with the inhibitor that has the least inhibition efficiency (K).

The electrophilicity index, @, which shows the ability of the inhibitor molecules to accept
electrons follow the trend: G <J < K. Thus, G exhibits the lowest value of electrophilicity (Table 2)
which confirms its lowest capacity to accept electrons. Thus, there is no correlation between this
property and inhibition efficiency.
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The calculations from Table 2 indicate that 1 > 0 (n = hardness), AEt < 0 (as also obtained in
this study). This result implies that the charge transfer to a molecule followed by back-donation from
the molecule is energetically favorable. Similar observation has been reported [32]. However, it is
important to note that Eq. (13) does not predict that a back-donation process is going to occur; it only
establishes that if both processes occur (charge transfer to the molecule and back-donation from the
molecule), the energy change is directly proportional to the hardness of the molecule. In this context,
Eq. (13) may be useful for a family of similar molecules (like the one in this study), which are known
to back-donate the charge they receive, because then the stabilization will increase as the hardness
increases among the members of the family, given that they are interacting with the same metal
surface. If it is assumed that the inhibition efficiency (I %) should increase when there is a better
adsorption of the molecule on the metal surface, then the (1%) should increase when the stabilization
energy that results from the interaction between the metal surface and inhibitor increases. Thus, taking
into account that the interaction of this type of molecules with the metal surfaces occurs, in general,
through donation and back-donation, then according to Eq.(13), the total energy change values
calculated (Table 2) is in the order G < J = K which does not support the order obtained for the
inhibition efficiencies.

3.2. Quantum chemical study of protonated inhibitors

Organic inhibitors under investigation have a great tendency to be protonated in acidic medium
due to the presence of several N atoms. This is confirmed from the calculations which show the great
stability of protonated inhibitors (high negative total energies Table 3).

Table 3. The calculated quantum chemical parameters for G, J, K in the protonated form obtained
using DFT at the B3LYP/6-31G (d) basis set in aqueous phase.

Quantum chemical properties € J K
Total energy (au) -1068.63 -1006.07 -996.75
Enowmo (eV) -9.50 -9.52 -9.60
ELumo (eV) -5.86 -6.20 -6.29
AE (eV) 3.64 3.32 3.30
Dipole moment (D) 3.89 6.25 8.90
Molecular weight (amu) 339.42 312.34 298.32
Molecular area (A%) 368.95 327.30 306.94
Molecular volume (A% 357.26 315.12 296.76
lonization potential (1) (eV) 9.50 9.52 9.60
Electron affinity (A) (eV) 5.86 6.20 6.29
Electronegativity (y) 7.68 7.86 7.95
Hardness (1) 1.82 1.66 1.65
Softness (o) 0.55 0.60 0.60
Fraction of electrons transferred (AN)  -0.186 -0.260 -0.280
Neucleophilicity (@) 16.20 18.61 18.20
AET -0.45 -0.42 -0.41
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It is shown from the optimized structures of the investigated inhibitors, that there is one or
more active center on the inhibitor for protonation.

Comparison of quantum chemical calculations for protonated and neutral inhibitors indicates
that there is a clear correlation between most of the quantum chemical parameters/descriptor in the
protonated form and the corrosion inhibiting effect of the inhibitors than in the neutral form (Table 3).

Most of the quantum chemical parameters/descriptors calculated in the protonated form such as
total energy, Enomo, molecular weight, molecular area, molecular volume, hardness, softness, fraction
of electrons transferred and total energy change, were in accordance with the order of inhibition
efficiency obtained experimentally: K < J < G.  However, there was lack of correlation between
quantum chemical parameters such as E umo, separation energy, AE = (ELumo — Enomo), dipole
moment and electrophilicity index with the order of inhibition efficiency obtained experimentally.
These results demonstrate that in acid medium, the protonated form of the inhibitors should make a
higher contribution to the corrosion inhibiting effect of the inhibitors on mild steel.

(G)

Q)
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(K)

Figure 3a. The highest occupied molecular orbital (HOMO) of G, J and K respectively using DFT at
the B3LYP/6-31G (d) basis set level in the neutral form.
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(K)

Figure 3b. The lowest unoccupied molecular orbital (LUMO) of G, J and K respectively using DFT at
the B3LYP/6-31G (d) basis set level in the neutral form.
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(K)

Figure 4a. The highest occupied molecular orbital (HOMO) of G, J and K respectively using DFT at
the B3LYP/6-31G (d) basis set level in the protonated form.
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(K)

Figure 4b. The lowest unoccupied molecular orbital (LUMO) of G, J and K respectively using DFT at
the B3LYP/6-31G (d) basis set level in the protonated form.

Figures 3 and 4 show the HOMO and LUMO orbital contributions for the neutral and
protonated species of the studied molecules respectively. For molecule G, The HOMO densities were
concentrated on both the phenanthroline and the imidazole rings in the neutral form while the
protonated form has the HOMO mainly in the phenanthroline ring. For the LUMO distributions of
molecule G, the reverse is the case. In the case of molecules J and K, both the HOMO and the LUMO
distributions were partition throughout the entire molecules in both the neutral and the protonated
forms.

Thus, unoccupied d orbitals of Fe atom can accept electrons from inhibitor molecule both in the
neutral and protonated species to form a coordinate bond. Also the inhibitor molecule can accept
electrons from Fe atom with its anti-bonding orbitals to form back-donating bond.

These donation and back-donation processes strengthen the adsorption of these inhibitors onto
the mild steel surface

3.3. Mulliken atomic charges and Fukui functions

The use of Mulliken population analysis to estimate the adsorption centers of inhibitors has
been widely reported and it is mostly used for the calculation of the charge distribution over the whole
skeleton of the molecule [46].

There is a general consensus by several authors that the more negatively charged heteroatom is,
the more is its ability to adsorb on the metal surface through a donor-acceptor type reaction [2, 3, 5].
The Mulliken charge distributions of the studied compounds together with the calculated Fukui indices
are presented in Tables 4-6. The parameters were calculated for the heteroatoms only for simplicity.



Int. J. Electrochem. Sci., Vol. 6, 2011 5667

Table 4. Calculated Mulliken atomic charges and Fukui functions for heteroatoms of G using DFT at
the B3LYP/6-31G (d) basis set.

N1 -0483 -0469 -0.535 0.014 0.052
N2 -0489 -0475 -0.528 0.014 0.039
N3  -055 -0.574 -0.571 -0.019 0.016
N4 -0.732 -0.760 -0.733 -0.028 0.001

Table 5. Calculated Mulliken atomic charges and Fukui functions for heteroatoms of J using DFT at
the B3LYP/6-31G (d) basis set.

N1 -0475 -0457 -0486 0.018 0.011
N2 -0482 -0465 -0.500 0.017 0.018
N3  -0592 -0567 -0.630 0.025 0.038
N4  -0588 -0.582 -0.623 0.006 0.035
NS -0.769 -0.764 -0.793  0.005 0.024

Table 6. Calculated Mulliken atomic charges andFukui functions for heteroatoms of K using DFT at
the B3LYP/6-31G (d) basis set.

The tables show that all the nitrogen atoms have high negative charge densities implying that
the most probable reactive site for the adsorption of these inhibitors on mild steel surface is located on
these atoms.

For a finite system such as an inhibitor molecule, when the molecule is accepting electrons one
has f,”, the index for nucleophilic attack; when the molecule is donating electrons, one has f, , the

index for electrophilic attack. It is possible to observe from Tables 4-6 that N4, N3, N5; N3, N4, N5;
and N1, N2, N3 are the most susceptible sites for electrophilic attacks for K, J and G molecules
respectively. These sites present the highest values of f, . On the other hand N3, N1, N2; N3, N1, N2;

N1, N2 are the most susceptible sites for nucleophilic attacks for K, J and G respectively. These sites
have the highest values of f,". These results confirm the possibility of donation and back-donation of

electrons between the inhibitors and the mild steel.
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3.4. Quantitative structure and activity relationship (QSAR) consideration

In this investigation, quantitative structure and activity relationship (QSAR) has also been used
to correlate the inhibition efficiency of the studied inhibitors and their molecular structure for both the
neutral and protonated species. An attempt to correlate the quantum chemical parameters with the
average experimental inhibition efficiencies showed that no simple relation or no direct trend
relationship can be derived with the inhibition performance of these inhibitors. This is due to the
complex interactions that are involved in the corrosion protection. Though a number of satisfactory
correlations have been reported by other investigators [47-49] between the inhibition efficiency of
various inhibitors used and some quantum chemical parameters, a composite index and a combination
of more than one parameter [50, 51] has been used to perform QSAR which might affect the inhibition
efficiency of the studied molecules. Consequently, a relation may exist between the composite index
and the average corrosion inhibition efficiency for a particular inhibitor molecule. Therefore, in the
present study, mathematical models were tentatively fitted to the experimental values of the inhibition
efficiency, 1%. The objectives were:

(1) To obtain equations useful in predicting 1% from the concentrations of the inhibitors and
their quantum chemical parameters.

(2) To provide theoretical explanations for the effects of the different variables studied.

The first model investigated is an empirical linear model expressed as:

1 (%) =B;X1 +ByXp +...... 4+ By X, (19)

where B; are constants obtained by regression analysis; X; are the independent variables
consisting of quantum chemical values (Enomo, ELumo, AE, and D) and the inhibitor concentration (C;,
HM).

The experimental results were fitted to the empirical model of Eq. (19) by forward multiple
linear-regression with switching, using the software package NCSS [52]. The size of the selected
subset of independent variables was limited to include only the variables that are significant at the 0.05
level.

The estimated equations when using the quantum chemical values of the neutral and protonated
molecules are:

Neutral: |%=439(I:| _19'26EHOMO+51'27ELUMO (20)
R?=0.9983 SSE=89.30

Protonated: 1% =4.370C; +14.32AE —2.674D (21)
R?=0.9986 SSE=77.27

where R? is the coefficient of determination, and SSE is the sum of squared errors defined as:

2
SSE:ZU Yoexp erimental — | Yoestimated) (22)
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Equations (20 and 21) produce close estimates of 1%, Eqg. 21 being slightly better. Both
equations are useful in predicting the inhibition efficiency. Fig. 5 is a plot of the estimated versus the
experimental 1% values and it can be seen that the estimates are close to the experimental values. An
inspection of the residual plots (not shown) did not suggest obvious deviation from homoscedasticity
(constant variance). The normal probability plot of the regression residuals of Eq. 21 is shown in Fig.
6. The residuals seem to be normally distributed judging by their approximate linearity and by being
enclosed inside the 95% confidence interval.

X 0

Estimated %

ab |- ¢ Protonated
X Neulral

. ox

30 40 a0 (1] Fil a0 a0
Experimental /%

Figure 5. A plot of the 1% values obtained from experiments versus 1% values predicted from
Equations 20 and 21.
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Figure 6. Normal probability plot of the residuals of fitting the experimental results to Eq. 21.
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Another essential step in regression analysis is testing for multicollinearity. To test whether the
selected independent variables are mutually interrelated or not, the correlation coefficients of variables
and their relevant variance inflation factor (VIF) values were calculated. The outcomes showed that
Eq. (20 and 21) cleared up the possibility. The calculation results for variables used in Eq. 21 are listed
in Table 7.

Table 7. Correlation Matrix for the independent variables, and the variance inflation factor (VIF) and
condition number (CN) of variables from Equation 21.

Ci AE D Ehomo ELumo 1% VIF CN
Ci 1.0000 0.0000 0.0000 0.0000 0.0000 0.8427  0.9983 1.000
AE 0.0000 1.0000 -0.8754 0.6934 0.9892 0.5068 0.0247 1.875
D 0.0000 -0.8754 1.0000  -0.9553 -0.9369 -0.5006 0.7964  15.049

Ehomo  0.0000 0.6934  -0.9553 1.0000 0.7916  0.4363 - -
ELumo  0.0000 09892 -0.9369 0.7916 1.0000 0.5186 - -
1% 0.8427 0.5068  -0.5006 0.4363 05186  1.0000 - -

Similar results (not shown) were obtained for Eq. 20. It can be seen in Table 7 that the values
of some of the candidate independent variables are highly correlated; D has correlation coefficients of -
0.9553 and -0.9369 with Eyomo and ELumo, respectively. Also, the correlation of AE with E_ymo iS
0.9892. If any pair of these highly correlated variables is present in the model, their muticollinearity
makes them redundant, and consequently, makes it difficult to assess partial effects of each
independant variable. The selected independent variables in Eq. 21 are C;, AE, and D and all their
intercorellations are less than 0.9. Moreover, all calculated VIF values are less than 10 and condition
number (CN) values less than 100, thus corroborating the absence of multicolliniarity in the empirical
model of Eg. 21.

Both models of Eq. (20 and 21) passed the basic tests of regression analysis, so besides being
useful for predicting 1% values, theoretical conclusions can also be attempted for the effects of the
independent variables in these models. The first thing to notice is the remarkable agreement in the
coefficient of C; in the two models, 4.390 and 4.370 for neutral and protonated quantum values,
respectively. Eq. 20 states that 1% = f (C;, Enomo, ELumo) While Eq 21 suggests that %l = f (C;, AE, D)
and at face value this would seem like a discrepancy. However, examining the values in Table 7 shows
that the correlation between AE and E_ymo is 0.9892, almost a perfect linear correlation. Similarly the
correlation between D and Enowmo 1S -0.9553. The fact that Eq. 21 is a function of (C;, AE, D) is a result
of the mathematical method of variable selection. It is well known that in many cases, especially when
some independent variables are highly correlated, the set of variables selected by forward multiple
regression is not necessarily the same as backward multiple regression. Moreover, the algorithm of
simple forward or backward regression may choose a set of variables that are not the same choice of
stepwise regression. In other words, the present calculations leading to Eq. 21 selected the variables
that best improved the probability function as the steps of the algorithm were executed.
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To illustrate, the data used for building the model of Eq. 21 were fitted, by simple multiple
regression, to a linear model using only the same variables in Eq. 20, the following equation was
obtained:

Protonated: 1% =4.387C; —33.14E,0m0 + 46.48E, umo (23)
R?=0.9982 SSE=95.92

It was found, therefore, that replacing the variables AE and D with Egomo and ELymo resulted
in a very small loss in the accuracy of estimates reflected in decreasing R® from 0.9986 to 0.9982 for
the models of Eq. (21 and 23), respectively. This is not surprising because the two sets of variables are
highly correlated as mentioned earlier, meaning that they can be used in the model interchangeably
with little effect on the outcome of the equation. Accordingly, it can be concluded that, in the present
family of inhibitors, 1% can be accurately predicted from a knowledge of either (Ci, Enomo, ELumo) Or
(Ci, AE, D).

Besides the linear model of Eq. (19), there is also a nonlinear model that is commonly applied
in corrosion inhibition studies. This nonlinear model was first proposed by Lukovits et al. [53] for the
interaction of corrosion inhibitors with metal surfaces in acidic solutions. It has a theoretical derivation
based on Langmuir adsorption isotherm, and is expressed as:

(AX; +B)C;

I(%):1+(AXi 1 B)C;

100 (24)

where A and B are constants obtained by regression analysis; X; a quantum chemical index
(Enomo, ELumo, AE, D) characteristic for the molecule; C; is the inhibitor concentration in uM.

The estimated equations when using the quantum chemical values of the neutral and of the
protonated molecules are:

(-0.5973-2.807E4 om0+ 0.4644E| Mo + 0.2757AE +0.004942D) x C; x100
1+ (=0.5973- 2.807Eyopmo + 0.4644E, o +0.2757AE +0.004942D) < C;

Neutral: 1% =

(25)

R’=0.9302 SSE=226.65

(1.402+0.2253 om0 — 0.09538E | o + 0.4833AE —0.04617D) x C; x100
1+ (1.402—0.2253E jyomo— 0.09538E | o + 0.4833AE — 0.04617D) x C;

Protonated: 1% =

(26)

R?=0.9301 SSE=226.74

The SSE of the nonlinear model is more than double the SSE of the linear models (Eqg. 23, 25,
and 26) which indicates that the linear models fit the data better.
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Figure 7. A plot of 1% values obtained from experiments versus 1% values predicted from Equations
23 and 24.

An inspection of Fig. 7 shows that Egs. 25 and 26 estimated almost identical values of 1%.
Table 8 is the asymptotic correlation matrix of parameters estimated in Eq 24, it is clear that the
parameters are very highly correlated, probably due to the multicollinearity of variables proved in
Table 7. As a result, the asymptotic confidence intervals of regression parameters, listed in Table 9, are
all wide and embrace zero, making the significance of the parameters questionable.

Table 8. Asymptotic correlation matrix of parameters estimated in Equation 24.

Ci AE D Enomo ELumo
Ci 1.0000 -0.9997 -0.9999 0.9999 0.9997
AE -0.9997 1.0000 0.9998 -0.9998 -0.9993
D -0.9999 0.9998 1.0000 -0.9999 -0.9995
Eromo 0.9999 -0.9998 -0.9999 1.0000 0.9996
ELumo 0.9997 -0.9993 -0.9995 0.9996 1.0000

Table 9. Parameters estimated in Equation 26 and their standard errors.

Parameter Parameter Asymptotic Lower Upper
Estimate Standard 90% Confidence 90% Confidence
Error Limit Limit
Ci 1.4018 2145791 -387.5146 390.3182
AE 0.2253 11.9705 -21.47087 21.92153
D 0.4832 33.4786 -60.1954 61.16197
Enomo 0.0953 35.6620 -64.54073 64.73148
ELumo 0.04617 0.6034 -1.098299 1.089065
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The defects in the nonlinear models of Eqg. (25 and 26) might be mitigated if the independent
variables were selected to be free from multicollinearity. Therefore, with the aid of values in Table 7,
the set of independent variables was selected to be (Ci, Enomo, ELumo). Another reasonable selection
would be (C;i, AE, D), and it was seen in the previous analysis of the linear models that the two sets
lead to almost the same results.

The estimated equations when using the selected set of variables (Ci, Enomo, ELumo) of the
neutral and of the protonated molecules are:

(2633+ 0'181EHOMO + 0'877ZELUMO) X CI =x100

Neutral:  1%= (27)
1+(2.633+0.1815E oMo+ 0.8772E ymo) X Ci
R%=0.9285 SSE=231.97
Protonated: 196 — (5685+ 0'2216EHOMO+0'535aELUMO)XCi =x100 (28)

1+ (5.685+.2216E om0+ 0.5358E ymo) % Ci

R?=0.9280 SSE=233.67

The R? and SSE values deteriorated very slightly when the selected set of variables, (Ci, Exomo,
ELumo), was used in modeling instead of the complete set (Ci, Enomo, ELumo, AE, D), thus providing
more evidence to corroborate that some variables are redundant. Moreover, the standard errors of
estimated parameters decreased by two orders of magnitude for the selected set of variables as shown
in Table 10, thus improving the significance of estimates. However, the goodness of fit of the linear
models is always higher than the nonlinear models investigated in the present study.

Table 10. Parameters estimated in Equation 28 and their standard errors.

Parameter Parameter Asymptotic Lower Upper
Estimate  Standard 90% Confidence 90% Confidence
Error Limit Limit
Ci 5.6846 0.8255 4.2132 7.1559
Enomo 0.2216 0.1623 -0.0676 0.5109
ELumo 0.5358 0.1467 0.2743 0.7972

4.CONCLUSIONS

2-mesityl-1H-imidazo[4,5-f][1,10]  phenanthroline  (G),  2-(6-methylpyridin-2-yl)-1H-
imidazo[4,5-f][1,10]phenanthroline (J) and 2-(pyridine-2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline
(K) have been found to be effective inhibitors for the corrosion of mild steel in acidic medium.
Quantum chemical parameters such as Exomo, ELumo, €nergy of the gap, (AE), Dipole moment (D),
hardness, softness, electrophilicity index, fraction of electrons transferred, charges etc. were calculated
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using the density functional theory at B3LYP/6-31G (d) basis set and were correlated with the
inhibition efficiencies of the inhibitors investigated. Our analysis have shown that one quantum
chemically derived parameter is not sufficient in correlating the inhibitive ability of these types of
compounds but several or a composite index of more than two or more parameters should be taken into
consideration. The multiple-linear regression analyses fitted the theoretical data well and the calculated
inhibition efficiency of the compounds studied was found to be close to their experimental corrosion
inhibition efficiencies especially in the protonated form (R* = 0.9986). The results obtained in this
study indicated that indeed, in acidic media, one should consider the protonated species involved
because they seem to represent better the actual experimental situation. The QSAR approach is
adequately sufficient to forecast the inhibitor efficiencies using the theoretical approach.
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