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Abstract

The interaction energies of 3,5 di-methyl pyridine (A) and 2,4 di-methyl pyridine (B) on the (1 0 0) surface of body-centered cubic (bcc)
iron were determined via a cluster model and ab initio quantum chemical calculations at density functional theory level. The obtained
energies were used to compare the inhibition behavior of these molecules for iron corrosion in hydrochloric acid solution. The iron surface
and its adsorption sites (on-top, bridge, hollow) were considered as some clusters taken from two¢lb@€yeplanes, i.e. Fg1),

Fey(2,2), and Fg(4,1). So, the process for which quantum chemical calculations was carried out consists of adsorption of molecule A
(B) on these clusters. Also for these molecules, two adsorption modes (planar adsorption (P) via pyridine ring and vertical adsorption (V)
through nitrogen atom) with three azimuthal angles (0, 45, aAp\M@ére applied. Comparison of the theoretical and previous experimental
results shows a reasonably good correlation which, in turn, supports the reliability of the method employed here.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction these parameters, a correlation between those quantities and
the corrosion behavior of similar chemical compounds can
Corrosion is an electrochemical process by which the be made. This work attempts to establish such a correlation
metallic structures are destroyed gradually through anodic for pyridine derivative.
dissolution[1]. Therefore, various attempts must be em-  Pyridine derivatives have shown inhibition effects for
ployed to prevent or retard this destructive process amongcorrosion of Armco iron in HCI agueous soluti¢s]. In a
methods under taken, application of inhibitors is one of the previous work, the present authors have made some com-
most practical and economical ones. Inhibitors are chem- parative prediction on inhibition efficiencies of molecules
ical compounds containing hetero-atoms (O, N, P,.S) of 3, 5 di-methyl pyridine and 2,4 di-methyl pyridine using
or a de-localized pair ofr electrons, through which the the isolated inhibitor mod€ll1]. In the present work, we
molecules are adsorbed on metallic surfaces and retard theitry to extend this work and develop a method which enables
degradatiorf2]. Therefore, the knowledge of the inhibition us to the direct prediction of inhibition behavior through
mechanism is important both from industrial and scientific the calculation of interaction energies of these two pyridine
points of view. In the last few decades, many experimen- derivatives Fig. 1) with the metal (iron) surface. We will
tal and theoretical investigations have been undertakenapply the cluster model and ab initio quantum chemical
with the common goal of revealing of inhibitive action of calculations at density functional theory (DFT) level to the
various series of chemical compounf8-8]. Eventually, interacting pyridine derivative—iron metal surface system.
experimental studies are straightforward, but they are often The cluster model has been applied, previously, to the ad-
time-consuming, expensive, and wearisome. Theoretical sorption of molecules on the surface of catalj$&13] In
work based on quantum chemical calculations have beenthe present calculations, two extreme orientations of the in-
proposed[3,8—10] which can predict some molecular pa- hibitor molecule relative to the iron surface are considered.
rameters directly related to the corrosion inhibition behavior These are the planar adsorption through the de-localized
of the chemical compounds. Thus, after the prediction of  electrons of the ring and vertical adsorption through the
lone pair electron of the nitrogen atom. These orientations

* Corresponding author. Tek+98 21 6022727; fax:+-98 21 6012083,  Were first considered by Ayers and Hackernfahand then
E-mail address: arshadi@sharif.edu (M.R. Arshadi). observed experimentally by othgisi—16]
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Fig. 1. Structural formula of molecules 3,5 di-methyl pyridine (a) and 2,4
di-methyl pyridine (b).
2. Theoretical studies
2.1. Cluster model
According to the cluster model, the interaction of the

corrosion inhibitor molecule with the metal surface is con-
sidered locally. Thus, the quantum chemical study is re-

stricted to the calculation of interaction energies between
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Fig. 3. Schematic diagrams of iron clusters for the on-top adsorption
model: (a) Fe(1); (b) Fe(5,4); (c) Fas(9,4) iron clusters.

Beyond these, although, it is expected that larger clusters
give better results, in practice computational hardware re-
stricts us in cluster size selection.

Regardless to above restriction, the clusters can be con-

the molecule and metallic atoms upon which the adsorption Structed systematically as follows. For on-top adsorption site

is directly taking place. As this model has been applied to
(100) planes of body-centered cubic (bcc) iron crystal lat-

tice [8-10], the selected clusters, here, also involve fractures

of (100).Fig. 2illustrates schematically the distribution of
iron atoms in the bcc crystal lattice through two layers of

(Fig. 3):

1. Fg(1); single atom cluster (the simplest possible form
for a cluster).

2. Fey(5,4); two-layered nine-atom cluster, the first layer
has five and the second layer has four atoms.

(100) planes. The distance of the closest adjacent atoms is3. Fg 5(9,4); two-layered 13-atom cluster, the first layer has

2.8664 A and the two planes are separated by 1.4337R
From Fig. 2 it is observed that three different adsorption
sites can be imagined as:

1. O: on-top adsorption site; the inhibitor lies directly on
top of the iron atom and interacts with it.

2. B: two-fold bridge adsorption site; the adsorption occurs
via the center of two adjacent atoms and the inhibitor
bridges them. This center has ayGsymmetry.

3. H: four-fold hollow adsorption site; the adsorption site
with C4y symmetry. The inhibitor is adsorbed on the cen-

ter of the four-adjacent atom square on the iron surface.

In this case, the position of inhibitors relative to the sec-
ond (100) layer is on top.

Fig. 2. On-top view of iron atoms in the bcc crystal lattice with O, B,
and H sites.

9 and the second layer has 4 atoms.

Similarly, the imagined clusters for B and H adsorption
sites are, respectively, K@), Fe(2,2), Fa4(8,6),... and
Fes;(4,1), Fe(4,5), and Fg(14,9),...

2.2. Calculation method

As transition metal systems are electron-rich, their
quantum chemical calculations at ab initio level are very
time-consuming and huge. Furthermore, they encounter
some difficulties with convergence problems. Among quan-
tum chemical methods, the DFT has some merit (one
of which is the inclusion of the relativistic effect as an
electron correlation terms). Recently, a hybrid version
of DFT and Hartree—Fock (HF) methods, i.e. B3LYP,
has been introducefll8,19] Briefly, this method uses a
Becke’'s 3-parameter functional (B3) and includes a mix-
ture of HF with DFT exchange terms associated with the
gradient-corrected correlation functional of Lee et[a0].
Although the three semi-empirical parameters are fitted
to produce thermo-chemistry of a set of small organic
molecules, but it has been shown that performs exception-
ally well on transition metal systems as well, and has much
less convergence problems than those commonly found for
pure DFT methods.

For reducing of computational efforts, here, only valance
electrons of iron were considered and the others treated by
means of the pseudo-potential method. So, for iron atoms,
the eighteen inner shell electrons which are less effect on
the chemical bond formation 4,525, 2p°, 3, 3p° core
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Table 2
. . . . The adsorption energy differencesE in a.u.) of molecules B and A for

O O O modes P and V: adsorption centers O, B and H; azimuthal angles 0, 45
and 90
(a) (b) . (C). . Mode AE
. Lo . . (e} B H
Fig. 4. Applied iron clusters for the evaluation of on-top (a), bridge (b),
and hollow (c) sites. o° 0° 9r 0° 45°
. ) ) \% 0.00137 0.02158 -0.01237 —0.00049 0.00339
electrons) were substituted by an effective core potential of p —0.00187 —0.00423 —0.00383 —0.00125 —0.05032

Hay and Wad{21]. In this paper, the LANL1 version of

this which includes the scalar, mass velocity and Darwin

relativistic effect§22] is used. The eight remaining electrons ~ From the data presentedTable 1 it can be deduced that

of iron in the valance layer ($d 45 shell electrons) are  the interaction energies have more negative values and the

described explicitly with a single-exponent minimal basis minimum distances of the adsorbed molecule are smaller

set. Other atoms in iron—inhibitor systems were treated by afor vertical adsorption. Such results can be contributed to

STO-3G basis sd23]. the fact that the V mode is more likely to have a chemical

All calculations were performed with the aid of Gaus- nature, i.e. some kind of electron sharing is involved in this

sian98 computer cod§®4] working on 1800 MHz dual pro-  case. The values okE, the difference between adsorption

Cessors. energies of molecules B and A are givenTiable 2for two
adsorption modes (V and P) and three adsorption sites (O,
B, and H). Negative signs of thAE values indicate that

3. Results and discussion molecule B interacts stronger with the iron surface, thus B is
expected to protect the surface better than A against corro-

The geometry of inhibitor molecules A and B were op- sion. Furthermore, from the resultsTdble 2 the following

timized via the B3LYP/ 6-31G** method. The calculation points can be deduced:

of the interaction energies between these molecules and

surface sites were based on the clusterg(Be Fe(2,2), 1. In all cases given in this table, the P adsorption mode

and Fg(4,1) represented ifig. 4 The electronic energies is more favorable for molecule B, i.AE = Ejnt(B) —

of these isolated iron clusters as well as molecules A and  Eint(A) is negative.

B (Eiso, iron cluster @Nd Eiso_inhibitor molecule fespectively) were 2. In most cases studied, molecule B is a better inhibitor

obtained via the B3LYP/LANL1MB method. By a simi- than A, i.e. B has a more negati®,; value, which is

lar method, the total interaction energies of the inhibitor ~ in accord with the experimental observati@j. In three

molecule—cluster model were calculated as a function of in-  cases, however, namely, vertical adsorption on-top site,

hibitor distance from the iron surface. These energies were  bridge site with azimuthal angle of zero, and hollow site

explored for both adsorption modes (P and V) with three  with an azimuthal angle of 45, the opposite behavior is

azimuthal angles (0, 45, and 90[25] and the minimum observed. It is probable that the steric effect, due to the
energy values are given ifable 1 presence of a methyl group at ortho position, plays a part
Table 1

Quantum chemical data for iron cluster—corrosion inhibitor systems

Systent I'min Emin® Eint® Systent I'min Emin® Eint®

OAVFe; 1.9 —345.29341 —0.09423 OAPFg 26 —345.22161 —0.02243
OBVFe 1.9 —345.29332 —0.09286 OBPFg 2.6 —345.22476 —0.02430
BAVFe4(2,2)d0 2.0 —412.34426 —0.06002 BAPFg(2,2)d0 2.3 —412.32216 —0.03792
BBVFes(2,2)d0 2.6 —412.32396 —0.03844 BBPFg2,2)d0 2.4 —412.32767 -0.04215
BAVFe4(2,2)d90 1.8 —412.35771 —0.07347 BAPFg(2,2)d90 2.4 —412.31128 —0.02704
BBVFes(2,2)d90 1.7 —412.37136 —0.08584 BBPFg2,2)d90 2.4 —412.31639 —0.03087
HAVFes(4,1)d0 26 —434.51671 —0.03548 HAPFg(4,1)d0 3.2 —434.51625 —0.03502
HBVFes(4,1)d0 2.9 —434.51848 —0.03597 HBPFg(4,1)d0 3.2 —434.51878 —0.03627
HAVFes(4,1)d45 26 —434.51906 —0.03783 HAPFg(4,1)d45 2.9 —434.45582 0.02541
HBVFes(4,1)d45 2.9 —434.51695 —0.03444 HBPFg(4,1)d45 3.3 —434.50742 —0.02491

aThe first, second, and third letters, i.e. (O, B, H), (A, B), and (P, V), stand for adsorption center, molecules identification, and adsorption modes,
respectively. Also, the term Fe,(m + n) indicates the used iron clusters and, finall§, répresents the selected value for azimuthal angle Q, 45,
and 90).
b Enmin is the energy of the iron—inhibitor system at equilibrium distance of the inhibitor molecule from the metal sugfac@he interaction of the
inhibitor molecule with the iron surface is known &g and equals t&Emin — (Einnibitor + Eiron cluste)- The quantities are given in atomic units except
the distance in Angstrém.
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in these observations. Specially, thgn values given in
Table 1confirm this fact.

4. Conclusions

Through ab initio quantum chemical calculations and
a cluster model, the interaction energies of 3,5 di-methyl
pyridine (A) and 2,4 di-methyl pyridine (B) on the (100)

iron surface were determined. These energies were utilized

to compare the corrosion inhibition behavior of these two
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