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| DFT method has been used to interpret the corrosion inhibition mechanism of pyridine on iron surfaces. The analysis of partial density of |
states and Fukui function revealed that pyridine molecules are adsorbed on iron surfaces to form a protective layer and increase ionization |
energy of surface iron atoms. The electron shift from surface iron atoms to pyridine molecules increases interaction between H* and N

| atom in pyridine molecules, but reduces the attack of H* species to iron surface. |

| Key Words: Pyridine, DFT, Corrosion inhibition.

INTRODUCTION

Organic substances containing heteroatoms such as
nitrogen and oxygen have been used intensively as corrosion
inhibitors of metals in acidic media'*. These substances are
adsorbed on the metallic surfaces and prevent their degra-
dation’. Many experimental studies have been carried out to
reveal corrosion efficiency of a series of chemical compounds.
Theoretical studies based on quantum chemical calculations
can be helpful in selecting and designing possible corrosion
inhibitor substances because these calculations can provide
qualitative, semi-qualitative useful information to better under-
standing the undergoing inhibition processes and predict a
number of molecular parameters directly related to the corro-
sion inhibitor property of any chemical compound®’. There-
fore, nitrogen-containing compounds, especially, pyridine and
its derivatives, have been studied theoretically as corrosion
inhibitors on surface of metals using DFT method in recent
years®™!!. Nevertheless, all these calculations used cluster model
for metal surfaces and the properties of cluster systems are
similar to those of nano systems, but far different from those
of real systems. As a result, the real systems could not be
characterized by obtained results.

In general, working with model of the real system, a
periodic system, faces with many difficulties. (i) The periodic
system normally has a large size, contains a lot of atoms and
thus calculations are time-consuming and need to use algorithms
with periodic boundary conditions. (ii) Effect of solvent on
periodic system must be taken into account, though most of

the previous calculations were carried out in the gaseous phase
and effect of solvent was not mentioned. (iii) Calculations for
real system, an impure metal surface, are very complicated.

In order to obtain results in good agreement with real
systems, in this work, all three above problems have been
solved. A model of Fe(001)-3 x 3 x 2 with space of 20 A, with
the simulation box (or super-cell) size of 8.6 x 8.6 x 24.3 A
and with periodic boundary conditions was employed. Each
super-cell consists of 36 atoms with four nice-atom layers
(Fig. 1). For impure system, a system containing C or O atom,
impure atom was placed in octahedral cavity, denoted as X in
Fig. 1 and closest to the pyridine molecule adsorbed on Fe(001)
surface.

EXPERIMENTAL

Computational methods: The DFT method with gradient-
corrected (GGA) functional of Perdew-Wang generalized-
gradient approximation (PW91)" and the Gaussian double-
zeta basis set has been used in all calculations. Because the
selected system is big and contains Fe atoms, electron-rich
atoms, it leads to chemical calculations at ab initio level which
are time-consuming and require how to balance between the
accuracy and speed of calculations.

To reduce computational efforts, here, only valance elec-
trons of iron were considered and the atom core was treated
by means of the pseudopotential method, the norm-conserving
pseudopotentials'®. The Brillouin zone sampling has been
applied by the Monkhorst-Pack" k-points of 2 x 2 x 1, that is
effective enough for this big system.




3118 Hoang et al.

Asian J. Chem.

TABLE-1
SOME CALCULATION RESULTS COMPARED TO EXPERIMENTAL DATA. BOND DISTANCE 1 (A),
FIRST FOUR HIGHEST FREQUENCIES v (cm™") AND LATTICE PARAMETER a, (A)

r(N-C1) r(C1-C2) v v v v

Pyridine Cal. results 1.370 1.424 3089.7 3081.0 3068.0 3048.3

Exp. data'®"” 1.340 1.390 3094.2 3086.9 3072.8 3042.4

L)

Fe crystal Cal. results 2.9976 Calculated with Monkhorst-Pack k-points of 8 x 8 x 8

Exp. data'® 2.8664

TABLE-2
CHARGE AND FUKUI FUNCTION FOR RADICAL ATTACK (MULLIKEN)

Atom N Cl C2 C3 H1 H2 H3
Charge -0.370 0.006 -0.119 -0.098 0.113 0.123 0.118
Fukui function 0.134 0.082 0.071 0.073 0.098 0.098 0.096
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Fig. 1.

Model of Fe(001)-3 x 3 x 2 and pyridine (or one super-cell).
Salvation effects of water have been taken into account by the
conductor-like Screening Model (COSMO)'?

To confirm the selected computational methods are good
enough, some additional calculations have been done (Table-1).
The calculation results are in good agreement with the experi-
mental data and therefore reveal that the selected parameters
as well as computational methods are well accepted to be used
for the system.

RESULTS AND DISCUSSION

Electronic structures of pyridine and Fe(001): Under-
standing the properties and electron structures of pyridine and
Fe(001) helps us to analyze and investigate mechanism of
corrosion inhibition easily and clearly. All our calculations
were carried out with the presence of water molecules as solvent
molecules.

Pyridine: The Fukui function is defined as the
derivative of the electron density, p(r), with respect to the total
number of electrons of the system, N, under a constant external

potential, v(r).
dp(r)
f(r)y=| —=
(r) [ aN jv(r)

It has been used with great success in many applications
to chemical reactivity and site selectivity studies®**. Table-2
shows obviously that value of Fukui function of N atom in
pyridine molecule is much greater than that of other atoms.
This means that N atom in pyridine molecule has the highest
reactivity. The results are in good agreement with other studies'®.
When pyridine molecules are adsorbed on iron surface, orien-
tation of N...Fe is more favour.

19,20

The partial density of states, which is the components of
the total density of states and shows the energy content of
individual orbitals, is defined as:

ger=3 <xj \Z (r))‘zé(ei —¢)

where, €; is the Kohn-Sham eigen value corresponding to the
Kohn-Sham orbital y;i(r) and 8(g;-€) is delta Dirac function,
%X, is the angular momentum component at each orbital such
as s, p or d. Results of partial density of state analysis of p
states for pyridine are illustrated in Fig. 2.

Fig. 2 shows that partial density of states of N atom reaches
maximum value at Fermi level, the highest occupied molecular
orbital (HOMO). This means that electrons having highest
energy have the highest probability to be at N atom. In addition,
density state of un-occupied p (located over Fermi level) of N
atom is greater than that of C atoms leading to the highest
reactivity of N atom in pyridine.
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Fig. 2. Partial density of states of p states for N and C atoms in pyridine

Fig. 3 shows the energy band of Fe bulk (a) Fe(001) b.

Fe(001) thin film: Fig. 4 confirms that for iron, a group d
metal, state of d-orbitals is more important than that of p and
s orbitals. At region adjacent and under Fermi level, electrons
are mainly filled in d state band, whilst at high energy level p
state forms unoccupied energy band over Fermi level.

Mechanism of corrosion inhibition of metal and inter-
action between pyridine and iron on surface: Literature
reveals that the corrosion inhibitory of pyridine is due to strong
interaction of pyridine molecules with surface iron atoms
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TABLE-3
CHARGES OF ATOMS IN PYRIDINE MOLECULE AFTER ABSORPTION,
DISTANCE (d), OF N---Fe), ABSORPTION ENERGY, E,; (kJ/mol)

N Cl C2 C3

Fe C (Fe) O (Fe) d/A E,./ kJ mol”

Py -0.370 0.006 -0.119 -0.098
Py-Fe -0.421 -0.063 -0.195 -0.183
Py-Fe(C) -0.439 -0.040 -0.194 -0.184
Py-Fe(O) -0.430 -0.038 -0.192 -0.184

0.154
0.150 0.115
0.274

2.054
2.014
-0.520 1.993

-198.663
-217.470
-209.984
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Fig. 3. Construction of energy band of Fe bulk (a) and Fe(001) (b).
Transformation of Fe from a bulk (3D system, symmetry group
IM-3M) to Fe(001) (2D system, symmetry group P4/NMM) changes
energy band (Fig. 3), however, conductivity of iron is hardly
changed. This is proved by the absence of band gap in both cases

forming a stable barrier to protect Fe surface from oxidative
species®**, H*. From our point of view, however, there is no
study that considers nature of bonds between pyridine and
surface iron atoms. As our results mentioned above, when
pyridine molecules are adsorbed on Fe(001) surface, orientation
of N---Fe is priority. Calculation results of charges on atoms in
pyridine molecule are given in Table-3, in which, pyridines
adsorbed on pure Fe, impure Fe containing C or O are denoted
as Py-Fe, Py-Fe(C) and Py-Fe(O), respectively.
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Fig. 4. Partial density of states of p and d states for Fe atoms in Fe(001)

Table-3 reveals that the interaction between surface Fe
atoms and pyridine molecules occurs vigorously in aqueous
media of water. This strong interaction is proved by negative
value of adsorbed energies corresponding to chemical adsor-
ption*.

Analysis result (Fig. 5) indicates that there is a change in
electron structures of iron surface when pyridine molecules
were adsorbed. This change only occurs when there is a
chemical change and confirms the existence of chemical
interaction between Fe and N of pyridine molecule. On the
other hand, when pyridine molecules are adsorbed on surface
of iron, states of unoccupied d of iron, located over Fermi
level, appear with higher state density value corresponding to
a decrease of d electron density of iron due to the conservation
of states. This is a shift of electron from d orbital of Fe to N
atom [and O atom on Py-Fe(O) system].

When electron density on d orbital of Fe decreases, the
removal of the next electron becomes much more difficult,
namely, ionization energy of Py-Fe systems where pyridine
molecules are adsorbed is larger than that of Fe systems where
no pyridine molecule is adsorbed. The difference in ionization
energy of Fe and Py-Fe systems is also proved by calculation
result in Table-4.

Ionization energies of systems were calculated as follows:

Fe(X) (X =C, O impure system) - e — Fe", AE, =1 (1)
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TABLE-4
IONIZATION ENERGY (kJ mol") OF DIFFERENT SYSTEMS: PYRIDINE, Fe, Fe(C), Fe(O), Py-Fe, Py-Fe(C)
AND Py-Fe(O). THE PRESENCE OF WATER MOLECULES WAS INVOLVED IN ALL CALCULATIONS

Pyridine Fe Fe(C)

Fe(O) Py-Fe Py-Fe(C) Py-Fe(0)

I 475.491 335.289 335.208

334.977 349.524 350.496 350.086

‘Fermi level

b
=3

—— Py-Fe(0})
—— Py-Fe(C)
—— Py-Fe

Fe
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g
T

Energjy (eV)

Fig. 5. Partial density of states of d states for Fe bound to N in Fe, Py-Fe,
Py-Fe(C) and Py-Fe(O)

H"+e > H,AE, =0 2)

From (1) and (2) we have:

Fe(X) (X =C, O impure system) + H* — [Fe(X)]"+ H, AE =1

The calculated values of ionization of Py-Fe systems are
relatively higher than those of Fe systems (=15 kJ mol") with
the molecular ratio of adsorbed pyridine molecule to Fe atoms
is 1: 36. This difference indicates that the reactivity of H" with
Py-Fe systems is much lower than the reactivity of H* with Fe
systems. Especially, for impure Fe system (Fe contains impurity
of C or O atoms), adsorption of pyridine molecules on Fe surface
becomes easier. This is proved by a larger negative value of
adsorption energies and a shortening of N---Fe bond from 2.054
A for Py-Fe to 2.014 A for Py-Fe(C) and to 1.993 A for
Py-Fe(O). This result has an importantly practical significance
as iron materials is always impure iron containing some other
elements such as C or O or S...etc. Therefore, pyridine indeed
exhibits good corrosion inhibition for steel.

In generation, interactions between N of pyridine mole-
cules and H* depend on the negative charge on N atom. For N
atom, which has a lager negative charge, its interaction with
H" is easier. This reduces the attack of H* on Fe surface. When
pyridine molecules are adsorbed, negative charges on C and
N atom increase. The negative charge on N atom increases
gradually from Py-Fe to Py-Fe(O) system and reaches the highest
value at Py-Fe(C) system (Table-4). As electronegativity of O
atom is much higher than that of C atom, therefore electrons
are attracted to O atom site leading to lower negative charge
on N atom of Py-Fe(O) system in comparison to negative
charge on N atom of Py-Fe(C) system.

Overall, mechanism of corrosion inhibition of pyridine
on Fe can be said that pyridine molecules interact vigorously
with surface Fe to form a stably protective layer and a system
with higher ionization in comparison to original system due

to a decrease in electron density on d orbital of Fe. The electron
shift from iron to pyridine molecules causes a significant
increase in negative charge on N atom. This leads to the fact
that H* species interacts with N atom of adsorbed pyridine
molecules more vigorously instead of reacting with Fe atoms.

Conclusion

In this study, theoretical model closed to real system was
employed with periodic boundary conditions and effects of
solvent molecules. Therefore, obtained results could be good
for practical work. Mechanism of corrosion inhibition of
pyridine on different Fe systems was interpreted. Our study
proved that pyridine prevents corrosion better for impure iron.
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