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investigated by ab initio MP2 calculations in agueous phase. Heteroatoms have a significant role in the corrosion inhibition performance
of the studied systems. The geometry parameter shows that the decrease of bond length corresponds to the increase of heteroatom covalent
ius. It was revealed that phosphorus more easily donates its electrons to iron than other heteroatoms. Quantum parameters such as high
occupied molecular orbital energies (Eyomo) and the fraction of electrons transferred (AN) have a linear relationship with inhibition
efficiencies (IE %). Analysis of second order interaction energies showed the highest back-donation contribution of metal to phosphorus.
Theoretical calculations shows that corrosion inhibition increases in the sequence of oxygen < nitrogen < sulfur < phosphorus.

-
The corrosion inhibition efficiency of diaza-15-crown-5 (N) and its heterocyclic analogs containing O, S, and P atoms were |
Keywords: Crown ether, Corrosion inhibition, Heteroatom, MP2 calculation. |

INTRODUCTION adding a Tl:-clectrma] multiple bonds, in order to meet the
criteria for efficient corrosion inhibition. Furthermore, crown

Corrosion is a process that destroys the structure of less
noble metals and alloys and that causes high economic losses
if not prevented [1]. One method of corrosion prevention is to
apply organic inhibitors to metal surfaces [2-9]. The main advan-
tages of organic inhibitors are that they are environmentally
frien@¥ and highly efficient. The most efficient organic inhibitors
have electronegative functional groups such as oxygen, nitrogen,
sulfur, phosphorus and m-electrons in their molecular frame-
works [10,11]. These functional and mt-electron groups facilitate
interaction between organic inhibitors and metal surfaces via
a coordinate covalent bond (chemical adsorption) or an electro-
static interaction (physical adsorption) [12]. The formation of
a complex between the molecular inhibitor and the metal

ethers are environ-mentally friendly and non-toxic, making
them suitable as green coremn inhibitors.

Quantum mechanical theoretical studies have examined
extensively the interaction of crown ethers with some metals.
Such studies have included the effect of macrocyclic ring size,
heteroatoms, electron donating and withdrawing substitution
in the metal ion/crown ether interaction [20-23]. The quantum
chemical approach has also been used toinvestigate the corrosion
inhibition characteristics of many organic inhibitors [24-29].
In this paqn, the influence of heteroatom types on the corrosion
inhibitor performance of dibenzo-diaza-15-crown-5 and its
heterocyclic analogs is investigated.

creates a uniform thin film layer on the metal surface thus COMPUTATIONAL METHODS
preventing contact between metal and corrosive medium [13].
Major research efforts have beendevoted to several organic The geometries of crown ether were determined by second

inhibitors [14-19]. However, only a few studies have been order Mupller-Plesset perturbation theory. For reducing of
conducted to investigate lmle of crown ethers as organic computational effort, single iron cluster (the simplest possible
corrosion inhi-bitors. The @3bperties of crown ethers can be form of acluster) was selected. This study used the LANL2DZ
easily modified by adding heteroatoms (O, N, S, and P), and basis set with effective core potential, including 10 electrons
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in the core for iron and leaving 16 valence electrons. r the
crown ether atom, the 6-31G(d) basis set was used. The solvent
effects were included using the polarized continuum model
(PCM) as implemented in the Gaussian code, bec@$e corrosion
dominantly occurred in an aqueous environment. The dielectric
was taken as 78.4. Inemploying
the PCM model, structure re-optimization in the presence of
solvent was fof to have a minor influence on energetic levels,
and therefore single-point calculations on gas-phase geome-
tries are sufficient for such measurements [20.21,23,29]. All
calculations, including the quantum chemical parame(@gs, were
performed using the Gaussian 03 package [30]. The quantum
chemical parameters, such as energy of the highest occupied
molecular orbital (Enomo), energy of the lowest unoccupied
molecular orbital (Eruwo), ionization potential (I), electron
affinity (A), absolute electronegativity (), hardness (n),
softness (o), fraction of electrons transferred (AN), total energy
charge (Er) and corrosion inhibitor (IE %) efficiencies were
calculated from previously reported equations [22-24].

constant for the water solv

RESULTS AND DISCUSSION

Dibenzo-diaza- 15-crown-5 (N) and its heleroqc analogs
containing O, S, P heteroatoms were investigated as depicted
in Scheme-I. Fig. 1 shows the structure of optimized geometries
of dibenzo-diaza-15-crown-5 andgs heterocyclic analogs cont-
aining O, 8§, and P heteroatoms calculated by MP2/6-31G(d)
level of theory. The structure optimization was conducted by
Cs conformational selection. The studied coa()unds are planar
and show no significant structural changes due to th@ddition
of heteroatoms. The presence of benzene ring makes molecule
rigid and leads to a small number of conformational isomers;
as aresult, the computational effort was also reduced.

Table- 1 shows selected geometrical parameters of nhibitor
interactions with Fe in aqueous phases. The bond length between
heteroatoms and Fe follows the sequence of Fe-P, Fe-S, Fe-N,
and Fe-O, being 2.422, 2.404, 2.011 and 1.976 A, respectively.
The bond-length of studied molecule is aligned with the covalent
radius of two interacting atoms (covalent radius is 1.07, 1.05,
0.71,0.66and 1.32 A for P. 8. N, O, and Fe, respectively) [31].
The size of covalent radius means that heteroatoms such as P
and S more easily donate their electrons to Fe, whereas O has

8

X HN
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Scheme-I: Molecular structure of the dibenzo-diaza-15-crown-5 (N)

the opposite behaviour due to its outer electrons being more
closely held around the radius. Hence, heteroatoms P and S
are predicted to contribute more to increasing the efficiency
of corrosion inhibitors.

The effectiveness of corrosion inhibitors depends not only
on spatial molecular slruc“lcs but also on the nature of mole-
cular electronic structures. The high occupied molecular orbital
(HOMO) and low unoccup molecular orbital (LUMO) energies
related to the reactivity of dibenzo-diaza-15-crown-5 ether and
its heterocyclic analogs are reported in Table-2. The interaction
between Exomo and Ep o of reacting species lead to the transition
of electrons within molecules [32].

The transition of electrons, including donation and accep-
tance, are measured by the energy value of molecular orbitals.
The HOMO energy indicates the tendency of molecules towards
the donation of electrons. It is found that crown ethers with P
rgies than those with
Oand N heteroatoms. Therefore, they are more intenton donf@ing
electrons than crown ethers with O and N heteroatoms. This
trend can be used as a preliminary prediction that dibenzo-15-
crown-5 with P and § heteroatoms will have higher corrosion
inhibition efficiency.

Another important parameter for evaluating the efficiency
of corrosion inhibitors is the value of separation energy, AE
(Erumo— Enomo). The smaller AE value, the more reactive the
inhibitor molecules are and more easily they are adsorbed onto
the metal surface. Table-2 shows that crown ether containing
P heteroatom has the smallest AE and the largest Enomo. It 1s
predicted that adding a P heteroatom to inhibitor framework
will lead to the maximum corrosion inhibition efficiency.

and S heteroatoms have higher HOMO

TABLE-1
SELECTED GEOMETRICAL PARAMETERS OF Fe-DIBENZO-DIAZA-15-CROWN-5 (N)
AND ITS HETEROCYCLIC ANALOGS IN AQUEOUS PHASE

Oxygen (0) Nitrogen (N) Phosphor (P) Sulfur (S)
Bond Bond Bond Bond
Bond length (A) Bond length (A) Bond length (A) Hond length (A)
Cl10-C11 1.522 Cl10-C11 1514 C10-C11 1.459 C10-C11 1.466
C10-Fe52 1.897 Cl10-Fe54 1909 Cl10-Fe53 2.090 C10-Fe52 2.106
Cl1-Fe52 2.007 Cl1-Fe54 2005 Cl1-Fe53 2.009 Cl1-Fe52 1.982
Cl12-Fe52 2.555 Cl2-Fe54 2.529 Cl2-Fe53 2.825 Cl12-Fe52 2.763
C17-Fe52 2.687 Cl17-Fe54 2.687 C17-Fe53 2.208 Cl17-Fe52 2.208
020-Fe52 2.926 020-Fe54 2.822 020-Fe53 2.822 020-Fe52 2.822
Fe52-054 1.976 Fe54- N54 2011 Fe53-P54 2.422 Fe52-854 2.404
Angle {A) Bond angle {A) Angle {}?\) Bond angle {}?\) Angle (}?\) Bond angle {}?\) Angle {}?\) Bond angle {}?\)
Cl0-Fe52-054 98.441 Cl10-Fe54-N21 88.041 Cl10-Fe53-P21 91.809 Cl10-Fe52-821 95.105
Cl1-Fe52-054 72.726 Cl11-Fe54-N21 72.833 C11-Fe53-P21 T74.559 C11-Fe52-821 T6.747
020-C10-Fe52 120.823 020-C10-Fe54 114.147 020-C10-Fe53 130.246 020-C10-Fe52 131.88
Cl10-Fe52-Cl11 45.802 Cl10-Fe54-C11 45.435 C10-Fe53-C11 41.640 Cl0-Fe52-C11 41.8930




Vol. 31, No. 2 (gl‘})

ab initio Study of Corrosion Inhibition Performance of Dibenzo-diaza-15-crown-3 305

; “shebs 3,

J‘g.

ﬂh&

o" 9 0%’ o‘.o

p I okl s

o° 0
E Ea ae‘%% ‘ w “~Q“§

N-HOMO

? ‘ﬂ%%‘

w 2, *ciow

N—LUMO
? 9
“ 9' %‘ F)

* S
;

°g%s°

2
v,
9

P-LUMO
J 9
233923 o
0%’
9 | -‘J
L

s S-HOMO SIUMO
4 Fl 4 4 4
. 2 “J?‘.'}#‘ - 2 °3%209%9° » 2 820%39° 4
:O‘. oy ‘IJ s ‘O. %%J
9 Q.
" ‘J ? 5 _J\.“u "t ? o % 2
J J‘.z qé e 9 9 Q‘J 9
e 9 J 4
o) 0-HOMO O-LUMO

Fig. 1. Optimized structures and HOMO and LUMO orbitals of the studied free molecules, determined using MP2/6-31G(d) level of theory

TABLE-2
QUANTUM CHEMn&L PARAMETERS FOR DIBENZO-DIAZA-15-CROWN-5 (N) AND ITS HETEROCYCLIC
ANALOGS IN AQUEOUS PHASES, DETERMINED USING MP2/6-31G(d) LEVEL OF THEORY

Enomo

& = AE@EV)  1(eV) AeY) % (V) n(eV) G (V) AN E.
N 84094 37619 12.1713 84094 37619 23237 6.0856 0.1643 03842 -1.5214
P -8.2401 36577  11.8979 82401 36577 22912 5.9489 0.1681 03957  -1.4872
s 83846 35265 119112 83846 35260 24290 5.9556 0.1679 03837  -1.4889
0 84344 37519 12,1864 84344 37519 23413 6.0932 0.1641 03823  -1.5232

gard-soft-acid-basc (HSAB) properties can be used to
predict the bonding tendencies between inhibitors and metal
atoms. On the other hand, frontier molecular orbital controls
interaction conn)ls [32]. In general, HSAB rule is that hard
acids are prone to interact with hard bases and soft acids prefer
to interact with soft bases. Metal atoms are known to be soft
bases and so soft base inhibitors are more effective for inter-
acting with metal atoms. Large HOMO-LUMO energy gap is
a characteristic of hard molecules, whereas small HOMO-LUMO
energy gap is a characteristic of soft molecules. The molecules

lh the smallest energy gap (AE) and the greatest softness (o)
value have the highest inhibitor efficiency. From Tab

can be observed that P heteroatom has the highest ¢ value,
and the scqucn: of soft properties as well as reactivity is O
<N < S < P. Table-2 also shows the value of hardness (1)
properties of the inhibitors. The value of hardness proper-
ties is inversely proportional to the l]ilC of softness. This
shows that molecule with the lowest global hardness (the
highest value of global softness) is the best inhibitor and vice-
versd.
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The number of electrons transferred (AN) is also depicted
in Table-2. Based on Lukovits's study [33], if AN value < 3.6,
the efficiency of the inhibitor will increase due its donating of
electrons to the metal surface. The greater the value of AN, the
greater the ability of inhibitor to donate electifgis to the metal
surface. This shows that P heteroatom has the highest fraction

of electrons transferred, and this is associated with the highest
inhibitor efficiency, whereas O has the least fraction and this
is associated with the least inhibitor efficiency. Table-2 also
shofl the total energy charge (Er) value of <0. This indicates
that transfer of charge occurring from the inhibitor to metal atom
will be followed by back donations. However, it needs to be

Fe-O
Fig. 2. Opt

Fe-O HOMO

Fe-N LUMO

o
LA,

Fe-P LUMO

Fe-O LUMO
zed structures and HOMO and LUMO orbitals of the studied Fe-inhibitors, determined using MP2/6-31G(d) LANL2DZ ECP
and 6-31G(d) level of theory
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noted that the Er value cannot be used to predict that back-
donation is going to occur; Er < (1 is only established if both
processes oceur. The calculation of total energ}ﬂlzu‘ge shows
that P heteroatom has the largest Er value, so 1t is predicted
that P has the highest corrosion inhibitor efficiency. This trend 1s
linear, with the value of back-donation from examining the value
of the second order interaction energy presented in Table-3.
Figs. 1 and 2 show the frontier molecular orbital visuali-
zation of dibenzo-diaza-15-crown-15 and its heterocyclignalogs
and Fe-inhibitors calculated by LANL2DZ ECP and 6-31G(d)
levels of theory. They indicate that HOMO of these crown ether
compounds matches with the heteroatom in which the electron
density accumulates on the heteroatom site. As expected, the
heteroatoms have a significant contribution to interaction with
metal surfaces. The correlation between the Eyomo. cleclm
transferred and binding energy with inhibition efficiencies 1s
depicted in Fig. 3. A linear correlation has been identified between
Euomo and inhibition efficiency, electrons transferred and inhi-
bitigJefficiency of r* = 0.9985 and 0.9726, respectively.

n order to investigate the correlation of the quantum
chemical parameters with corrosion inhibitor performance, the
calculated inhibition efficiencies for the studied system have
been determined @ing the formula previously reported by
Obayes et al. [34]. The calculated inhibition efficiency values
are depicted in Table-3. The results show that the presence of

100.5

100.0

99.5

99.0

98.5

Inhibition efficiency (%)

97.5 T T T T

-8.35 -8.30 -8.25 -8.20

0O, N. S, and P heteroatoms on the framework of dibenzo crown
ether increases inhibition efficiency in the following sequence
O <N <8 <P. The same trend has also been reported by other
researchers [8]. The addition of a single P atom to the frame-
work of crown ether led to an increase in the corrosion inhi-
bition efficiency of 1.97 % and the addition of single O atoms
led to a 0.19 % decrease in corrosion inhibition efficiency.
These results are positively correlated with an increase in the
energy E2 values of interactions between Fe and inhibitors.
Furthermore, the second order interaction energies indicate
that back-donation has a significant role in the studied systems.
fRlected maximum back-donation from NBO calculations
shows that the P heteroatom has the highest value, of 14.77
keal mol, followed by §, O, and N, at 5.91, 1.52, and 1.01
kcal mol”, respectively. These trends are in accordance with
the quantum parame@irs as well as with the efficiency of
corrosion inhibitors of dibenzo-diaza-15-crown-5 and its
heterocyclic analogs.
Conclusion

An f.-bain"o MP2 method has been used to calculate the
efficiency of corrosion inhibition of the dibenzo-diaza-15-
crown-5 (N) and itsatcmcyclic analogs containing O, S and
P atoms. Quantum parameters such as the highest occupied
molecular orbital Epomo, the lowest unoccupied molecular

100.5

100.0 A

995 o

99.0 A

985 o

Inhibition efficiency (%)

97.5 T T T
0.395

0.400
AN

[o]
Fig. 3. Correlation between Enowmo, the number of electrons transferred AN and corrosion inhibition efficiency IE % of the studied systems

TABLE-3
SELECTED VALUES OF THE MAXIMUM SECOND-ORDER INTERACTION ENERGIES (E2), THE MAXIMUM BACK-DONATING
INTERACTION ENERGIES (E*2), BINDING ENERGIES (AE,) AND THE CORROSION INHIBITION EFFICIENCY (IE, %)

Maximum donation NBO ﬂm_Ez'] Back donation NBO M'E*.Zl AE, “ﬁcal IF (&%)
nor Acceptor (kcal mol”) Donor Acceptor (kcal mol”) mol’)

(DN21  LP*(3)Fe54 6595

Fe-N LP(1)N21 RY*(4)Fe54 1.95 LP*(4)Fe54 RY#(1)N21 1.01 -304.55 08.00
EBLN21  RY*(3)Fesd 3.18
LP(1)P55 LP*(4)Fe53 53.38

Fe-P LP(1)P55 RY*(4)Fe53 4.80 LP*(4)Fe53 RY*(1)P5 1477 -330.41 99.97
LP(1)P55 RY*(4)Fe53 5.56
LP(2)854 LP*(4)Fe52 40.59

Fe-S LP(1)854 RY*(4)Fe52 248 LP*(4)Fe52 RY*(1)S54 5.91 -304.21 98.28
LP(1)854 RY*(3)Fe52 543
LP(2)054 LP*(4)Fe52 51.12

Fe-O LP(1)O54 LP*(4)Fe52 3.05 LP*(3)Fe52 RY*(1)054 1.52 -297.07 97.71
LP(2)054 RY*(3)Fe52 2.02
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orbitals Erumo, 1onization potential, electron affinity, absolute
electronegativity, hardness, softness, fraction of electron trans-
ferred, total energy charge are used to explain the phenomena
of corrosion efficiency inhibitors. For the systems under consi-
deration, the calculation results indicate that quantum parameters
have a linear correlation with corrosion inhibition efficien
The calculated corrosion inhibition efficiency of crown etheris
in accordance with the calculation of binding energy and second
order interaction energy. The highest corrosion inhibitor effici-
ency 1s generated by P heteroatom and the lowest by O hetero-
atom. Furthermore, it is found that back-donation contributes
further to binding, resulting in P heteroatoms having the highest
efficiency in terms of corrosion inhibition.
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