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Abstract: Some mono azo naphthylamine dyes are optimized by using HF, B3LYP and M062X with 6-
31G(d) level in gas phase. The best level is found as HF/6-31G(d) level in gas phase. A well agreement
between experimental results and calculated results is found. Contour diagram of frontier molecu lar orbitals,
MEP maps, MEP contours, NBO analyses and Fukui functions are calculated and examined in detail to
foresee the corrosion protection mechanism. Regression and matrix analyses are used to derive the new
theoretical formula. Experimental and theoretical formula are compared with each other and well agreement
is calculated among of them.
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* Investigations of anti-corrosive properties are performed by using HF, B3LYP and M062X methods.

» HF/6-31G(d) is found as the best calculation level and it is taken into consideration in other calculations
* Corrosion protection mechanism is predicted by using MEP maps, MEP contours, Fukui functions and
contourdiagram of FMOs.

* New theoretical formula is derived by multi-linear regression analyses and matrix solution.
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1. Introduction

Corrosion means the gradual destruction of
materials by chemical and/or electrochemical
reaction with their environment [1-3]. Controlling
and stopping corrosion is so important for
industries. Corrosion affects people and industries
and their environment. Investigations of anti-
corrosive properties, therefore, are important and
will continue throughout human life. Large
investments are made in this regard and many
experiments are carried out. Inhibitors are used in
corrosion prevention and their efficiency ranking
can be learned by experimental or computational
methods [4-12]. Computational research has many
advantages and gives important results to
experimental  works. There are a lot of
computational research over corrosion in literature.

Selected mono azo naphthylamine dyes have
been synthesized by Mabrouk et al. in 2011 and
their corrosion inhibition efficiencies have been
investigated toward aluminum in 2M HCI solutions
[13]. In their study, weight loss, thermometry and
galvanostatic polarization techniques have been
used. In this study, mentioned inhibitors are
investigated via computational methods. HF,
B3LYP and MO062X methods are used with 6-
31G(d) basis set in calculations. Fully
optimizations are carried out and some quantum
chemical descriptors are determined. These
descriptors are energy of the highest occupied
molecular orbital (EHOMO), energy of the lowest
unoccupied molecular orbital (ELUMO), energy
gap among frontier molecular orbitals (EGap),
chemical hardness (1), chemical softness (o),
absolute electronegativity (), electrophilicity index
(o) and (N). These
descriptors are often used in foreseeing the
inhibition efficiency ranking on inhibitors or
reactivity ranking of chemicals. These parameters
are calculated from results of optimized structures
in each level. Then, experimental inhibition
efficiency ranking is compared with calculated
results. In this way, the best calculation level is
determined. This level is used in the prediction of
corrosion mechanism and in the derivation of
theoretical formula. In the determination of
corrosion mechanism, molecular electrostatic
potential (MEP) map, MEP contour, contour
diagram of HOMO and LUMO, natural bond

nucleophilicity  index

orbital (NBO) analyses and Fukui functions are
used. Additionally, the most compatible descriptors
are determined by regression analyses.

2. Method

Computational investigations of mono azo
naphthylamine dyes were performed via Gaussian
package program which are Gauss View 5.0.8 [14],
Gaussian 09 1A32W-G09RevA.02 [15] and
Gaussian 09 AML64-G09RevD.01 [16]. Pre-
calculations were done by personal computers and
full calculations were carried out via Linux server
in TUBITAK TR-Grid from TURKEY.
Additionally, ChemBioDraw  Ultra  \ersion
(13.0.0.3015) program was used in preparation of
some figures [17]. Hartree-Fock (HF) [18] and
hybrid density functional theory (DFT) functionals,
B3LYP [19] and M062X [20] methods, was used in
calculation with 6-31G(d) basis set. No imaginary
frequency was observed in results of calculation.
Mentioned quantum chemical descriptors are via
Eq. (1) - (9) [21-28]. In calculation of these
parameters, Koopmans theorem was taken into
account [29]. Fukui functions for nucleophilic

attack (fk+), electrophilic attack (fk') and radicalic

attack (fko) are calculated [30]. For a systemof N

electron, fully optimizations are performed at the
same level of theory for corresponding systems of
(N +1) and (N — 1) electron. The natural population
analysis yields to Px(N — 1), Px(N) and Pk(N + 1);
the population for all k atoms.
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3. Results and discussion

3.1. Optimized Geometry

Investigated inhibitors are optimized at HF/6-
31G(d), B3LYP/6-31G(d) and MO062X/6-31G(d)
levels in gas phase. Schematic and optimized
structures of studied inhibitors are given in Fig. 1.
Calculated quantumchemical descriptors are given
in Table 1 at HF/6-31G(d), B3LYP/6-31G(d) and
MO062X/6-31G(d) levels.

The energy of HOMO s significant descriptors
in explanation of anti-corrosion properties of
related molecules. The high value of its means that
inhibitor may easily coordinate to metal surface by
giving electrons. Hence, inhibition efficiency of
inhibitors increases with increasing of Enomo. The
energy value of LUMO is a descriptorwhich is used
by researcher in determination of inhibition
efficiency ranking. Tendency of coordinating
increases with the lower energy value of LUMO.
Another descriptor is energy gap between frontier
molecular orbitals. Electron mobility is important
subject in explanation of anti-corrosive properties
of inhibitors. Electron mobility increases with
decreasing of energy gap. Hence, anti-corrosive
properties of inhibitors increase with decreasing of
EGAP. In addition to these parameters, chemical
hardness and chemical softness is considerable
descriptor. Since, metallic bulks are known as
chemical soft structure. They prefer to interact with
soft molecule. Thence, the increasing of chemical
softness increases the inhibition efficiency of
molecules. Another parameter is electronegativity.
Decreasing of electronegativity implies the
increasing of anti-corrosion properties. The last

parameters are electrophilicity and nucleophilicity
indexes. Increasing of nucleophilicity index or
decreasing of electrophilicity index increases the
coordination tendency of inhibitor against metallic
surface. Therefore, it is expected that inhibition
efficiency  increases  with  increasing  of
nucleophilicity index  According to above
explanations, inhibition efficiency ranking for each

descriptor should be as follow.

According to EHomo

According to ELumo

According to Ecap

According ton and o

According toy

According to® and N

(V) > (1)) > (1) > (1) (HF)
(V) > (1) > (1) > (1) (B3LYP)
(V) > (1 > (11 > (1) (M062X)
iy > (V) > (1) > (1) (HF)
1y > (1) > (V) > () (B3LYP)
(1) > (1) > (V) > (1) (M062X)
(V) > () > (1) > (1) (HF)
)y > (1) > (V) > (1) (B3LYP)
an > > (V) > (1) (M062X)
(V) > (1) > (1) > (1) (HF)
@y > (1) > (IV) > (Il (B3LYP)
an > > (V) > (1) (M062X)

(V) > () > (1) > (1) (HF)
(V) > (1)) > (1) > (1) (B3LYP)
(V) = (1) > (1) > (1) (M0OB2X)

(V) >y > (1 > ) (HF)

(N > (V) > (1) = (1) (B3LYP)
@y > (V) > (1) > (1) (M062X)

According to above ranking the most
compatible ranking is obtained at HF/6-31G(d)
level in the gas phase. Hence, this level is taken into
account for other calculations. Additionally,
calculated general inhibition efficiency ranking is
found as follow:

(V) >y >@an >

Above ranking is in agreement with
experimental results. In addition to this result, it is
found that electron releasing group (-OCH3)
increases the inhibition efficiency of inhibitor while
electron donating group (-COOH) decreases the
inhibition efficiency of inhibitors.
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Fig. 1. Schematic and optimized structures of studied mono azo naphthylamine dyes at HF/6-31G(d) level

in gas phase.

Table 1. Calculated descriptors for inhibitor (I) — (IV) at related levels in gas phase

Inhibitors Enomo!  Erumo!  Ecar! 1t o? x o! N2
HF/6-316(d)

Inhibitor (1) -7.614 2.039 9.653 4,827 0.207 2.788 0.805 1.242
Inhibitor (1) -7.602 1.974 9.575 4,788 0.209 2.814 0.827 1.209
Inhibitor (1) -7.325 1.932 9.257 4.629 0.216 2.696 0.785 1.273
Inhibitor (1V) -7.303 1.946 9.249 4.624 0.216 2.679 0.776 1.289
B3LYP/6-31G(d)

Inhibitor (1) -5.510 -2.218 3.292 1.646 0.607 3.864 4,536 0.220
Inhibitor (II) -5.495 -2.221 3.274 1.637 0.611 3.858 4545 0.220
Inhibitor (1) -5.223 -1.887 3.337 1.668 0.599 3.555 3.787 0.264
Inhibitor (1V) -5.204 -1.890 3.314 1.657 0.604 3.547 3.797 0.263
M062X/6-31G(d)

Inhibitor (1) -6.757 -1.282 5.475 2.737 0.365 4,019 2.951 0.339
Inhibitor (1) -6.742 -1.306 5.436 2.718 0.368 4,024 2.978 0.336
Inhibitor (1) -6.518 -0.983 5.535 2.768 0.361 3.750 2.541 0.394
Inhibitor (IV) -6.497 -1.002 5.495 2.747 0.364 3.750 2.559 0.391

LineV, 2in eV!

Table 2. Calculated quantum chemical descriptors of inhibitor (I) — (IV) at HF/6-31G(d) level in

aqua

Inhibitors Enomo? ELumo!  Esar! 1t o’ x o' N2
Inhibitor (1) -7.913 1.668 9582 4791  0.209 3.122 1.018 0.983
Inhibitor (II) -7.763 1.310 9.074 4537 0.220 3.226 1.147 0.872
Inhibitor (1) -7.662 1.522 9.184 4,592 0.218 3.070 1.026 0.974
Inhibitor (V) -7.596 1.597 9193 4597 0.218 3.000 0.979 1.022

LineV, 2in eVv?
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3.2. Optimization of Inhibitors in Aqua

Investigated compounds are re-optimized at
HF/6-31G(d) level in aqua. Related quantum
chemical descriptors are re-calculated and given in
Table 2.

In terms of quantum chemical descriptors in
Table 2, inhibition efficiency ranking of related
compounds should be given as follow:

(V) >y >y >
(m >n >3av) >
z(an > >av) >
an >@am >av) >
(V) >y > >
(v) > >y >

According to EHomo
According to ELumo
According to Ecar
According tom and o
According toy
According to ® and N

Results in aqua show that these calculations are
inadequate in explanation of the anti-corrosion
properties. It is determined that computational
investigations in water is not appropriate for our
studied molecules.

3.3. Prediction of Corrosion Mechanism

The most important stage in corrosion research
is determination of corrosion mechanism. If
mechanism is determined close to truth, it may be
easier to recommend the inhibition efficiency and
the anti-corrosive molecules. The first one is
contour diagram of frontier molecular orbital and
they are represented in Fig. 2.

HOMO LUMO
[ o - - i -
-4.159x1072 +4.159x107 -4.380x1072 +4.380x107
%9
ﬁ
Inhibitor (I) 3
@
2 4]
4
- R |
-4.155x1072 +4.155x1072 -4.312x1072 +4.312x1072

A 9

Inhibitor (IT)
2
- o |
-2.677x1072 +2.677x1072 -2.739x1072 +2.739x1072
Inhibitor (IIT) .
Inhibitor (IV)

Fig. 2. Contour diagram of frontier molecular orbitals of related compounds at HF/6-31G(d) level in gas

phase.
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According to Fig. 2, if molecule gives electrons to
the metal surface, they belong to HOMO and these
electrons are mainly delocalized on the molecule
surface. These results showed that  electrons have
a significant effect on corrosion protection.
Additionally, electron density at HOMO of
inhibitor (III) and (IV) is more than those of
inhibitor (I) and (I1). It is expected that corrosion
inhibition efficiency of (111) and (IV) is better than
those of inhibitor (I) and (ll). As for the contour
diagram of LUMO, if studied compounds accept
electron from metal, these electrons will be mainly
delocalized on the structure. The other part to be
examined is MEP maps and contours. They
calculated at HF/6-31G(d) level in gas phase and
represented in Fig. 3.

According to Fig. 3, the reactivity of heteroatoms is
not as much as expected. Because there are not so
many red or yellow regions in the environment of
heteroatoms. Additionally, it is easily seen that the
steric effects are dominant in the environment of
heteroatoms. In determination of corrosion
mechanism, molecular structure is so important. If

MEP Maps

-8.697x1072

Inhibitor (I)

optimized structures are examined in detail,
molecular planarity in inhibitor (lII) and (IV) is
more than those of others. It is understood that
surface area among related inhibitors and metal is
more than those of others. Also, inhibition
efficiencies of inhibitor (Ill) and (IV) are better
than those of inhibitor (I) and (II). The other
important stage is the determination of corrosion
mechanism is NBO analyses. The stabilization
energy of the second order perturbation theory is
mainly associated with delocalization. Lower
stabilization energy is mean that better inhibition
efficiency. The lowest stabilization energy is
calculated as -506.27, -2057.92, -530.24 and -
453.69 kcal mol! for inhibitor (I) — (IV),
respectively. According to these results, it is
expected that inhibitor (IV) is the best corrosion
inhibitor. The last one is Fukui functions for
electrophilic, nucleophilic and radicalic attacks.
Fukui functions are calculated at HF/6-31G(d) level
in gas phase via using Eq. (10) — (12) and they are
given in Table 3 for heteroatoms.

MEP Contours

+8.697x1072

A
.
e =
2093,
"‘ﬁ.'ﬁ"
o i

>

—
+7.639x1072

+8.706x102

Fig. 3. MEP maps and contours of investigated chemicals at HF/6-31G(d) level in vacuum.
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Table 3. Calculated condensed Fukui functions for heteroatomin mentioned molecules

Inhibitors Atoms Pk(N+1) P(N) P(N-1) fk+ f ko f,
N1 7.434 7.191 7.105 0.24292 0.16463 0.08634
5 N2 7.397 7.129 6.738 0.26769 0.329545 0.39140
s~ o1 8.735 8.737 8.748 -0.00218 -0.00693 -0.01167
% ~ 02 8.789 8.771 8.765 0.01749 0.01178 0.00607
= 03 8.748 8.681 8.683 0.06744 0.03251 -0.00242
o4 8.756 8.782 8.761 -0.02524 -0.00225 0.02074
N1 7.426 7.190 7.109 0.23628 0.15884 0.08140
s N2 7.407 7.143 6.744 0.26375 0.33169 0.39963
S o1 8.726 8.726 8.747 0.00018 -0.01036 -0.0209
% = 02 8.769 8.745 8.734 0.02369 0.01757 0.01145
= 03 8.750 8.681 8.685 0.06873 0.03268 -0.00337
04 8.756 8.782 8.761 -0.02591 -0.00241 0.02109
N1 1.476 7.224 7.107 0.25161 0.18440 0.11719
§ - N2 7.348 7.134 6.755 0.21450 0.296435 0.37837
S = 01 8.732 8.718 8.746 0.01448 -0.00699 -0.02847
'E = 02 8.787 8.773 8.765 0.01422 0.01092 0.00762
03 8.589 8.587 8.605 0.00184 -0.00783 -0.01750
o N1 7.466 7.218 7.108 0.24792 0.17882 0.10972
S _ N2 7.361 7.147 6.762 0.21373 0.29922 0.38471
2> 01 8.723 8.710 8.745 0.01281 -0.01110 -0.03500
E = 02 8.771 8.746 8.734 0.02504 0.01843 0.01182
03 8.590 8.588 8.606 0.00178 -0.00809 -0.01797

According to Table 3, N2 atom is appropriate

for electrophilic, nucleophilic and radicalic attacks
in inhibitor (I) and () while N1, N2 ve N2 atoms
is appropriate for nucleophilic, radicalic and
electrophilic attacks, respectively in inhibitor (I11)
and (IV).
As aresult, The N1 and N2 atoms are in the interior
of themolecules and sterically crowded. Thence, it
is thought that inhibitors will protect the metal
horizontally rather than a single point. Also, due to
their planarity, inhibition efficiencies of inhibitor
(11 and (IV) are better than those of (I) and (11).
In terms of NBO analysis, inhibitor (IV) is the best
molecule in protection of metal in corrosion. All
these results are appropriate with experimental
results. The inhibitors coverthe surface ofthe metal
horizontally.

3.4. Regression Analyses and Theoretical
Formula

Regression analyses is important step in search
of harmony between experimental and calculated
results. The scatter graphs are plotted by using
experimental inhibition efficiencies and quantum
chemical parameters. These graphs are represented
in Supp. Fig. S1 — S6 for each quantum chemical
descriptors, respectively. According to these

graphs, Enomo, ELumo, Ecap and chemical softness
are the most compatible descriptors. They are used
to derived new theoretical formula for derivatives
of mono azo naphthylamine dyes. This formula is
given in Eq. (13).

%IE porix = 5504.34 X Eyouo + 5599.49 X
E,ymo — 5530.34 X Eg,p + 666.49 X 0

Eqg. (13) is obtained by regression analysis and
matrix solution.  BExperimental inhibition
efficiencies of inhibitor (I) — (IV) have been
reported as 81.08, 83.76, 87.19 and 8873,
respectively while they calculated as 81.00, 83.68,
87.11 and 88.65, respectively. The scatter graph is
plotted by using these values and represented in
Fig. 4.

90y~ 0.9001%

R*=1 ']

Experimental Results

80
80 82 84 86 88 90
Calculated Results

Fig. 4. The scattergraph between experimental
and calculated inhibition efficiencies.
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According to Fig. 4, correlation coefficient (R?)
indicates the orientation between the experimental
and calculated results. The orientation is good for
our studied molecules. The agreement between
related results can be handled by graphic slope.
Graphic slope of our graphic is calculated as
0.9991. It indicates that, there is a well agreement
between experimental and calculated results.

4. Conclusion

Studied mono azo naphthylamine compounds
are optimized at HF/6-31G(d), B3LYP/6-31G(d)
and M062X/6-31G(d) levels in gas phase. Quantum
chemical descriptors of mentioned molecules are
calculated in each level and compared with
experimental ones. The best method is determined
as HF/6-31G(d) level and this level is taken into
consideration in calculation of MEP maps, MEP
contours, HOMO and LUMO contour diagram,
NBO calculations, optimization in water and
condensed Fukui functions. All quantum chemical
parameters are compared with experimental
inhibition efficiency and compatible descriptors are
determined by regression analyses. Then, a new
theoretical formula for aluminum is derived by
matrix solution. The well agreement is calculated
between experimental and calculated inhibition
efficiencies.
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