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Abstract

Quantum chemical calculations were performed on azacycloC5 to C14 amines, open chainC6 to C14 amines and phenylazacyclo
C5 to C14 amines. Inspection of the calculated parameters and corrosion inhibition efficiencies were made to observe any clear links,

which might exist between the two. Possible correlations between experimental inhibition efficiencies and parameters such as dipole moment
(µ), highest occupied (EHOMO) and lowest unoccupied (ELUMO) molecular orbitals and the differences between them, HOMO–LUMO gap
( d Neglect
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∆), as well as some structural characteristics were investigated. The models of the inhibitors were optimized with the Modifie
f Diatomic Overlap (MNDO) method. The Quantitative Structure Activity Relationship (QSAR) approach has been used and a c

ndex of some quantum chemical parameters were constructed in order to characterize the inhibition performance of the tested
he inhibition effect of polymethylene amines is closely related to orbital energies and/or energy gap and dipole moment.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Some organic compounds are effective inhibitors of acid
orrosion of a number of metals and alloys[1]. Generally, se-

ection of these inhibitors has been based on an empirical ap-
roach. Many attempts have been made to correlate inhibition
fficiency with properties of the organic molecules such as ge-
metrical dimension[2,3], cross-sectional area[3], electron
ensity on the basic nitrogen atom of heterocyclic compound

4], �-bonding between heteroatom and metal ionization po-
ential [5], electron affinity[6], negative logarithm of the
onization constant of the base, pKa [7], steric effects[8],

olecular structure[9], Hammett substituent constants[10],
ipole moments and intermolecular forces[11]. Quantitative
tructure Activity Relationship (QSAR) has been derived for
arious sets of corrosion inhibitors[12–24], as attempts to
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find consistent relationship between the variations in the
ues of molecular properties and the inhibitor activity fo
series of compounds.

Two different approaches have been used in the dev
ment of QSAR’s for corrosion inhibitors. First, the emp
cal method, each functional group in an inhibitor molec
is assumed to contribute a unique independent and ad
increment of corrosion protection. These increments
determined from the corrosion rates by correlation of
molecular fragments with inhibitor performance[23]. Sec-
ond, the semi-empirical method, quantum chemical pro
ties were correlated with inhibitor efficiencies. Determin
the descriptor parameters is a most important aspect o
approach.

Attempts have been made to predict corrosion inhib
efficiency with a number of individual parameters obtai
via various quantum chemical calculation methods as a
for studying corrosion inhibitors[14–24]. These trials wer
aimed to find possible correlations between corrosion in
tion efficiency and a number of quantum molecular prope
such as dipole moment (µ), highest occupied (EHOMO) and
013-4686/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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lowest unoccupied (ELUMO) molecular orbitals and the dif-
ferences between them (HOMO–LUMO gap) as well as some
structural parameters.

The objective of the present work is to correlate the exper-
imentally determined and calculated corrosion inhibition ef-
ficiencies of polymethylene amines using the semi-empirical
approach. Since the purpose of a QSAR is to highlight rela-
tionship between activity and structural features, we would
like to find one or more parameters, which relate these
molecule properties and their inhibitor activity. In this re-
spect, three sets of polymethylene amine compounds have
been used and their structures were optimized, as well as the
energies of their molecular orbitals, which have been calcu-

lated using the semi-empirical Modified Neglect of Diatomic
Overlap (MNDO) method. The theoretical results obtained
have been compared with experimental data previously pub-
lished[25,26].

2. Calculation method

The study was carried out using Dewar’s Linear Combi-
nations of Atomic Orbitals–Self-Consistent Field–Molecular
Orbital (LCAO–SCF–MO)[27,28] semi-empirical MNDO
method[29,30]with commercially available quantum chem-
ical software HyperChem, Release 7[31].
Fig. 1. Molecular structures of polymethylen
e amines investigated; groups A, B and C.
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Table 1
Calculated quantum chemical parameters and structural data obtained by MNDO SCF–MO method for the azacycloC5, C8 to C14 molecules (group A)

Azacyclo amine −Etot (kJ/mol) µ (D) EHOMO (eV) ELUMO (eV) ∆ (eV) C N (Å) C N C (◦)

C5 96.8 1.087 −9.987 3.052 13.039 1.468 116.9
C8 141.8 1.094 −9.871 2.991 12.862 1.467 121.0
C9 156.9 1.215 −9.752 2.977 12.729 1.465 120.4
C10 172.1 1.078 −9.663 2.970 12.633 1.460 123.1
C11 187.1 1.111 −9.906 2.974 12.880 1.470 121.3
C12 202.2 1.086 −9.895 2.992 12.887 1.469 121.8
C13 217.3 1.042 −9.979 2.950 12.929 1.470 118.8
C14 232.4 1.141 −9.942 2.928 12.870 1.471 119.0

A full optimization of all geometrical variables without
any symmetry constraint was performed at the Restricted
Hartree–Fock (RHF) level[32,33]. It develops the molec-
ular orbitals on a valence basis set and also, calculates elec-
tronic properties, optimized geometries and total energy of
the molecules. Molecular structures were optimized to a gra-
dient <0.01 in the vacuum phase. As an optimization proce-
dure, the built-in Polak–Ribiere algorithm was used[34].

3. Results and discussion

The series of the molecules containing 5–14 methylene
groups (Fig. 1) were classified in three groups (A–C). These
include azacyclo C5 to C14 amines (group A), open chain

C6 to C14 amines (group B) and phenylazacycloC5 to
C14 amines (group C). Group classification was carried out

according to their structural similarities.
Molecules were tested chemically and electrochemically,

and are believed to be responsible for corrosion inhibition
of iron and/or steel in acid solution[25,26,35–38]. It was
observed by Hackerman et al.[25,26], that markedly high
inhibition efficiency was achieved using medium-sized poly-
methylene amines with 9–12 methylene groups. The exper-
imental inhibitor efficiency (Ei ) was calculated after polar-

ization measurements[25,26]by a measure of corrosion rate
improvement, Eq.(1):

Ei = CRo − CR

CRo × 100 (1)

where CRo and CR are corrosion rates in uninhibited and
inhibited system, respectively.

Following the theoretical analysis procedure mentioned
above, a total of 18-amine compounds were studied,Fig. 1.
Some of the key quantum chemical parameters were com-
puted using the MNDO method. These are mainly the ener-
gies of the highest occupied (EHOMO) and lowest unoccupied
(ELUMO) molecular orbitals and dipole moment (µ). Total
energy (Etot) was obtained after geometric optimization with
respect to the all nuclear coordinates,Tables 1–3. Calculated
interatomic C N distance and CN C angle of polymethy-
lene amines were further explored as an attempt to explain
the apparent maximum obtained for corrosion inhibition in
the presence of these compounds (Table 1).

Table 1 shows the calculated quantum and structural
data for azacyclo molecules (group A). The experimen-
tal inhibition efficiency is found to increase in the order
of C14 > C13 > C10 > C12 > C11 > C9 > C8 > C5
azacyclo amines[25]. In the case of azacyclo amines it
was speculated that high inhibitor efficiency was caused by
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able 2
alculated quantum chemical parameters obtained by MNDO SCF–M

pen chain amine −Etot (kJ/mol) µ (D)

OC6 114.5 1.029
OC8 144.7 1.020
OC10 174.9 1.005
OC12 205.0 1.001
OC14 235.2 1.014

able 3
alculated quantum chemical parameters obtained by MNDO SCF–M

henylazacyclo amine −Etot (kJ/mol) µ (D)

PC5 176.0 0.57
PC8 221.2 0.06
PC10 251.3 0.02
PC12 281.5 0.73
PC14 311.7 0.05
thod for the open chainC6 to C14 amines (group B)

EHOMO (eV) ELUMO (eV) ∆ (eV)

−10.017 2.984 13.00
−10.024 2.917 12.94
−10.021 2.887 12.90
−10.023 2.878 12.90
−10.047 2.865 12.91

thod for the phenylazacycloC5, C8 to C14 molecules (group C)

EHOMO (eV) ELUMO (eV) ∆ (eV)

−9.270 0.246 9.516
−9.226 0.287 9.513
−9.007 0.291 9.299
−9.201 0.222 9.422
−9.068 0.291 9.359
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donation of the unshared�-electron pair on its nitrogen atom
to the metal. This, in turn, was thought to be related to the
C N C angle, i.e. large CN C angle provides sp2 hybrid
orbital geometry on the N-atom producing higher�-electron
bonding possibility between the nitrogen and the metal sur-
face atoms[25]. Both, experimental and calculated parame-
ters can be described according to the following basis:

(i) Nitrogen–carbon (NC) bond distances in this group of
compounds are in range from 1.465 to 1.471Å with the
exception of ( C10) where the bond length of 1.460Å is
the shortest (Table 1). However, corresponding CN C
angle ranges from 116.9◦ to 123.1◦, with the largest
one is in case of azacyclo amineC10 (123.1◦). This
confirms the earlier speculation about changing CN C
angle from sp3 to sp2 hybrid geometry introducing�-
electron characters to theC10 ring, which enhance its
inhibitor efficiency more than the other compounds in
group A.

(ii) Generally, amines may offer electrons to unoccupied d-
orbitals of iron and accept the electrons from d-orbitals
of iron by using antibonding orbital, to form feedback
bonds. Following theEHOMO from Table 1looks appar-
ently easier for the molecule to offer electrons to un-
occupied d-orbitals of iron and in that case the higher
inhibition efficiency is expected. Also, lower values of
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is expected) but C14 much higherµ-value than C10
and higher experimental inhibition efficiency found.

As a consequence, azacycloundecane (C10) with low
dipole moment, lowELUMO and the lowest energy gap
(∆ =ELUMO −EHOMO), Table 1, explain its best inhibition
efficiency at all concentration range. Pronounced inhibitor
efficiency of C13 and C14 at low concentrations com-
pared to C10 could be explained by their higher volume.
When inhibition takes place then few molecules of them can
cover more corrosion sites on the iron surface than other,
smaller molecules.

The selection of parameters is an important step in theo-
retical study. The relationship between the parameter(s) and
activity should be strong, and therefore efficiency predictions
will be more promising. In case of corrosion studies, the lack
of a simple correlation between either of these parameters and
the inhibition efficiencies reflects in the oversimplification by
implicit assumptions regarding the corrosion system.

Computer modeling at a quantum mechanical level is used
in corrosion studies. Quantum mechanics based computa-
tional methods use molecular orbitals[40]. A number of
satisfactory correlations have been recorded by other inves-
tigators[16–24]between the inhibition efficiency of various
inhibitors used and some selected quantum chemical param-
eters.
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theELUMO means straightforward acceptance of e
trons from d-orbitals of iron that also has an effec
the higher efficiency. The low LUMO energy forC10
(but higher than C11 and C12,Table 1) can be used a
one of the parameters for the explanation of its goo
hibitor performance. Composite index of more than
parameter is required to explain the enhanced inhi
efficiency[25].

iii) Azacyclo amines from C10 to C14 are in sma
range of efficiency[25] but inhibiting effect of C13
and C14 perhaps slightly better thanC10. One o
the main reasons for that effect maybe their poor
ubility, i.e. highest concentration for theC13 and

C14 obtained was 1× 10−2 and 3× 10−2 M, respec
tively, comparing to other compounds investigate
the concentration range up to 7× 10−2 M [25].The in-
consistency in the order of inhibition efficiency b
tween C10 and both, C13 and C14 azacyclo
amines can be attributed to their low solubility. In
presence of interface (as it is metal surface), the
sorption of organic molecule is influenced by its so
bility [39]. At concentrations < 10−2 M, the efficiency
of C13 and C14 compounds are higher thanC10
due to its poor solubility. As the concentration increa
(>3× 10−2 M, when solutions of C13 and C14 are
saturated) C10 has the highest inhibition efficiency
group A.

iv) Some irregularity appeared in case of correlation
dipole moment (µ) with inhibitor efficiency. Azacyclo

C13 has the lowest dipole moment (higher efficie
An attempt to correlate some quantum chemical pa
ters calculated from MNDO method with experimenta
ibition efficiencies shows that there is no simple rela
r direct trend relationship can be derived with the inh

ion performance of this class of inhibitors. The difficulty
btaining a direct relation between quantum chemical pa
ters and corrosion inhibition efficiency provides confir

ion to the complex nature of interactions that are invo
n the corrosion inhibition process. Therefore, there cou

composite index of more than one parameter, which m
ffect the inhibition efficiency of the molecules. In that ca
relation may exist between the composite index and the

osion inhibition efficiency for a particular molecule. Th
or a given study, parameters have been selected relev
he activity for the series of molecules under investigatio

The linear model approximates inhibitor efficiency (Ei ) as
n Eq.(2):

i = AxjCi + B (2)

hereA andB are the regression coefficients determine
egression analysis;xj a quantum chemical index charac
stic for the moleculej; Ci denotes the experiment’s conc
ration.

The non-linear model (LKP) proposed by Lukovits
l. [41] for the study of interaction of corrosion inhibito
ith metal surface in acidic solutions has been used in
ork. The non-linear model[41] is based on the Lan
uir adsorption isotherm, where the surface coveragθ)

haracterizes the adsorption of molecule. Coverage b
ibitor molecules is one of the primary causes of corro
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inhibition [16,41]. Applied assumption thatθi ≈Ei look rea-
sonable, although almost linear function exists betweenθi
andEi [16].

By assuming thatθi ≈Ei , the following relationship can
be obtained, Eq.(3):

Ei =
(

(Axj + B)Ci

1 + (Axj + B)Ci

)
× 100 (3)

In the non-linear method analysis, multiple regressions
were performed on inhibition efficiencies for azacyclo
amines (group A) at concentration range from 1× 10−2 to
4× 10−2 M, and Eq.(4) is obtained applicable for the all
eight compounds:

Ei = (80.1EHOMO − 673.8ELUMO + 60.1µ + 2971.3)Ci

1 + (80.1EHOMO − 673.8ELUMO + 60.1µ + 2971.3)Ci

× 100 (4)

xj is constructed as a composite index of selected quantum
chemical parameters (EHOMO, ELUMO andµ) drawn in Eq.
(4) as orbital energies and dipole moment. The standard de-
viations of the regression coefficients are±1.5,±11.3,±6.8
and±20.9, respectively.

It is evident for azacyclo amines that participation of quan-
tum parameters as frontier orbitals and dipole moment mainly
a de-
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Fig. 2. Calculated vs. experimental inhibitor efficiencies for open-chain
amines; group B.

ciency as open chain amines following the increasing number
of carbons[26].

Very high inhibitor activity obtained for phenylazacyclo
amines[26], group C, comparing to the other two groups is
expected because the presence of bifunctional inhibitor cen-
ters in the molecule, i.e. nitrogen atom and aromatic group. In
addition, very low calculated quantum parameter values for
energy gap and dipole moment comparing to those from the
groups A and B, expect to affect on their high inhibitor per-
formance (Table 3andFig. 3). Using the non-linear method
analysis, Eq.(6) was obtained:

Ei = (532.6EHOMO + 778.87ELUMO − 63.531µ + 5031)Ci

1 + (532.6EHOMO + 778.87ELUMO − 63.531µ + 5031)Ci

× 100 (6)

F cyclo
a

ffect on inhibitor efficiency. Besides, some other factors
ived from competitive adsorption or surface nature as
s solubility constant might be the reason for getting b
elationships.

In case of the group B, which includes symmetricC6 to
C14 open-chain amines (Fig. 1), the order of inhibition effi
iency is found to increase with increasing the C-num
rom C14 > C12 > C10 > C8 > to C6 [25]. Table 2
hows the quantum chemical parameters calculated fo
roup by MNDO method.

Decreasing trend in orbital energies, i.e.EHOMO and
LUMO, as well as dipole moment influence on the effect
ess of these compound established by increased C-
imilar to azacyclo amines, solubility problem makes
eptylamine ( C14) the most effective inhibitor at very lo
oncentrations. Over again, poor solubility is one of
easons for making hard to follow and predict its inhib
fficiency.

The same approximation method was applied to calc
he composite index in case of group B, as in Eq.(5):

i = (−748.4∆ − 2816.4µ + 12660.2)Ci

1 + (−748.4∆ − 2816.4µ + 12660.2)Ci
× 100 (5)

alculated efficiencies,Ecalcd(%), for concentration range
nhibitor 1× 10−2 to 4× 10−2 M, illustrate good correlatio
ith experimental efficienciesEexp (%) (R2 = 0.93; standar
eviations are±10.1,±27.6 and±30.5, respectively) as it
resented inFig. 2.

Group C includes phenylazacyclo amines fromC5 to
C14 ring (Fig. 1), and shows the same order of inhibitor e
ig. 3. Calculated vs. experimental inhibitor efficiencies for phenylaza
mines; group C.
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Graph with relatively high value of correlation coefficient
(R2 = 0.95; standard deviation are±15.7,±10.2,±1.3 and
±32.4, respectively) shows regression line, which is less
likely based purely on chance.

Despite of good correlations obtained between experimen-
tal and calculated inhibitor efficiencies the oversimplification
of the metal-inhibitor system by implicit assumptions of cor-
rosion system is present in theoretical work, still neglecting
some other important factors as solubility constant, compet-
itive adsorption and surface nature that might be the reason
for getting better correlation.

4. Conclusion

A comparison of the inhibition effectiveness within three
groups of molecules indicates that the inhibition effect of
polymethylene amines is closely related to orbital energies
and/or energy gap and dipole moment. A composite in-
dex of more than one quantum chemical parameter should
be considered to characterize the inhibition activity of the
molecules.

The quantum mechanical approach may well be able
to foretell molecule structures that are better for corrosion
inhibition purposes if it is taken into account that (i) the
effect depends only on the inhibitor molecule properties
a er
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