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PROBING THE STRUCTURE-CORROSION INHIBITION PROPERTY
RELATIONSHIP OF PYRROLE OLIGOMERS WITH DFT CALCULATIONS

GOKHAN GECE, SEMRA BILGIC

ABSTRACT. Density functional theory (DFT) calculations on pyrrole oligomers were carried
out at the B3LYP/6-311+G(d,p) level to search the relationship between the molecular
structure and corrosion inhibition. The electronic properties such as the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) energy levels,
energy gap (LUMO-HOMO) and dipole moment were computed. It was found that these
electronic values can explain some features of the inhibition phenomena.

1. INTRODUCTION

The annual cost of corrosion and of protection against corrosion in the world is
staggering. A recent study estimates that the annual cost of corrosion in the U.S.
alone is $276 billion [1]. Protection of oxidizable metals against corrosion is one
application that has been intensively investigated [2]. Many corrosion control
methods such as coating and conversion films have been proposed, but all such
methods involve environmentally hazardous materials [3,4]. Therefore, there is a
rigorous search underway for an environmentally friendly alternative to be used in
corrosion control coatings [5,6]. One possible alternative are -electroactive
conducting polymers such as polypyrrole.

Following Deberry’s work [7] on the corrosion-protective properties of polyaniline
on stainless steel, several papers have been published describing corrosion studies of
conducting polymers on various active metals [8-10]. It has been shown that
polypyrrole coatings can prevent corrosion of oxidizable metals [11]. However, the
protection mechanism is too complex and still under debate.

Recently, quantum chemical methods have become an effective way to study the
corrosion inhibition [12] and much achievement was reached [13-15]. It is generally
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accepted that conducting polymers operate as corrosion inhibitors since they have
multiple adsorption sites in their molecular structure [16], and there appears to be no
reported work involving an adequate treatment of the quantum mechanics to
understand of the role of pyrrole oligomers in corrosion inhibition.

On the basis of the above considerations, the aim of the present work was to
investigate the underlying physical behavior for corrosion inhibition properties of
small pyrrole oligomers up to heptapyrrole as models of the polypyrrole chain by
using density functional theory (DFT) calculations.

2. COMPUTATIONAL METHODS

The calculations were performed by using the Gaussian09 program [17] with the 6-
311+G(d,p) basis set. The Becke three-parameter exchange-functional with non-local
correction provided by the Lee-Yang-Parr (B3LYP) method was used. The molecular
geometries were fully optimized. After geometry optimizations, harmonic vibrational
frequencies have been calculated at the same level. Harmonic frequency analysis indicated
that all stationary points were found to be true minima. It is very difficult to calculate
parameters directly for an entire polymer molecule due to high molecular weights. However,
oligomers can be used in such studies of polymers since all the properties depend on the
chemical structure of the polymer molecule, and all this structure is conditioned by the
oligomer structure. Therefore, in this study, oligomers composed from the central fragment
(pyrrole) were accreted symmetrically and polypyrrole was modelled as a finite chain length
of seven structural repeating units. The following quantum chemical indices were considered:
the energy of the highest occupied molecular orbital (Enomo), the energy of the lowest
unoccupied molecular orbital (Erumo), energy band gap, AE=Erumo-Enomo and dipole
moment (u).

3. RESULTS AND DISCUSSION

The optimized molecular structure for pyrrole unit as a major and a repeat constituent of
polypyrrole is depicted in Fig. 1. Experimental structural information on oligopyrroles is
scarce, much theoretical discussion of z-conjugated systems such as polypyrrole begins with
their representation as a linear, flat molecule. The important structural property of these
structures is their planarity, which is directly related to the conjugation of z bond systems.
Polypyrrole itself is planar in the solid [ 18] and gas-phase data are restricted to the microwave
results of the pyrrole monomer [19]. In all cases, the geometry is found to be planar. This
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geometry is consistent with the expectation of an uncharged n-conjugated system and with
the results obtained for the oligomer versions of these polymers [20].

FIGURE 1. Optimized structure of pyrrole.

It is still controversial if polypyrrole exists only in the anti form or syn form at experimental
conditions. The anti form has been found to be energetically more favorable [21], thus our
theoretical calculations were conducted on planar anti structures of the pyrrole oligomers
(Fig. 2). The geometrical parameters of the anti form of pyrrole are reported in Table 1
together with the experimental planar anti structure in the solid for comparison. In our case
the structural parameters obtained by B3LYP/6-311+G(d,p) method are in the reasonable
agreement with the relevant experimental results. It should be noted that in the case of the
lowest molecular symmetries the results of calculations are closer to the experimental ones.
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FIGURE 2. Optimized structures for (a) bipyrrole, (b) terpyrrole, (c) quarterpyrrole, (d) pentapyrrole,
(e) hexapyrrole, (f) heptapyrrole.
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TABLE 1. Optimized and experimental geometric parameters of pyrrole in the ground state.

B3LYP/6-311+G(d,p) Exp.
Bond length (A)?
N1-C2 1.374 1.370
C2-C3 1.376 1.382
C3-C4 1.424 1.417
NI1-H 1.006 0.996
C2-H 1.078 1.076
C3-H 1.077 1.077
Bond angle (°)*

C2-N1-C5 109.8 109.8
N1-C2-C3 107.7 107.7
C2-C3-C4 107.4 107.4
H-C2-C3 131.1 130.8
H-C3-C2 125.7 125.5

2 For numeration please see Fig. 1.
b Ref.[19].

According to the frontier molecular orbital theory, the formation of a transition state is due
to an interaction between the frontier orbitals (HOMO and LUMO) of reactants [22]. The
highest occupied molecular orbitals (HOMO) of the repeat units form the occupied n-band
(valence band) of the polypyrrole and the lowest unoccupied molecular orbitals (LUMO) of
the repeat unit form the n*-band (conduction band) of the polypyrrole. The energy distance
between these two bands is defined as the band gap (AE), and in neutral conjugated polymers
refers to the onset energy of the n-n* transition [23]. Accordingly, the energy of the highest
occupied molecular orbital (Exomo), the energy of the lowest unoccupied molecular orbital
(Evumo) and the energy gap (AE = Erumo-Enomo) are important electronic properties that are
related to the inhibition efficiency of polypyrrole. In the present work, these properties were
examined. It is well known that the value of Enomo is often associated with the electron
donating ability of the inhibitor molecule, higher values of Enomo indicate the greater ease of
donating electrons to the unoccupied d orbital of the metal. The value of Erumo is related to
the ability of the molecule to accept electrons, lower values of Erumo show the acceptance of
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electrons by the inhibitor molecule. Consequently, the value of AFE provides a measure for
the stability of the formed complex [12].

Fuomo, ELumo and AE data for the studied structures are summarized in Table 2. Table 3
shows the comparison of the values of AE for pyrrole, bipyrrole and polypyrrole with
experimental data [24]. From these results it appears that the Enomo level increases and the
Erumo level and the energy gap decrease with increasing chain length. This tendency also
provides evidence that resulting from the molecular structure, the higher the HOMO energy
of the polypyrrole, the greater the ease of offering electrons to unoccupied d orbitals of metal
surface. The lower the LUMO energy, the easier the acceptance of electrons from the metal
surface, which decreases HOMO-LUMO energy gap and improves the efficiency of the
polypyrrole. The plots of Ewnomo, Erumo and AE as a function of the reciprocal of inverse
chain length (CL=1/n) are given in Fig. 3. Plotting the calculated results against the inverse
chain length is a commonly applied approach to discuss the polymer properties [25,26].

TABLE 2. Energetic data for the studied structures versus to the increasing chain length (CL).

Structure Enomo (eV) Erumo (V)  AE(EL-En) (eV) CL (1/n)
Pyrrole -5.946 -0.085 5.861 1
Bipyrrole -5.098 -0.378 4.720 0.50
Terpyrrole -4.782 -0.390 4.392 0.33
Quarterpyrrole -4.676 -0.814 3.862 0.25
Pentapyrole -4.573 -0.928 3.645 0.20
Hexapyrrole -4.507 -1.004 3.503 0.16
Heptapyrrole -4.432 -1.096 3.336 0.14

In order to calculate the effects of Enomo, ELumo and AE variables on the CL (1/n), a first-
order design model was used according to the results given in Table 2. The general form of
the first-order model in & independent variables X;,Xo,..., Xk is

k 3.1
Y:ﬁO+ZIBiXi+€

i=1
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Where Y is an observable dependent variable, f,,51, ..., fi are the unknown parameters and &
is a random error term [27]. In this study, CL (1/n) is taken as a dependent variable and
Enomo, Erumo and AE are considered as independent variables.

TABLE 3. Comparison of the AE values for pyrrole, bipyrrole and polypyrrole.

Structures B3LYP/6-311+G(d,p) Exp.?
Pyrrole 5.86 5.97
Bipyrrole 4.72 4.35
Polypyrrole 3.34 3.00
aRef.[24].

The parameters of the model in equation (3.1) are estimated from the calculated results by
applying the least squares method in Minitab 14 statistical software. Firstly, the effects of
Enomo, Erumo and AE on the CL (1/n) are calculated individually. Then the relationship
between all the independent variables and CL (1/n) is probed. The predicted models are given
in the following equations:

CL = —2.44 — 0.577Eyomo (R% = 99.9 %) (3.2)

CL = 0.841 + 0.705E, 5,0 (R® = 79.2%) (3.3)

CL=-1.04+0336AE (R%=95.9 %) (3.4)

CL = —2.46 — 0.581E};0m0 — 0.0053E,yp0  (R? 3.5)
=99.9 %)

The obtained equations (3.3) and (3.4) show that Erumo and AE values increase with
increasing values of CL (1/n). Conversely, an increase in Exomo values causes a significant
decrease in CL (1/n) as in equation (3.2). In order to gain a better understanding of the results,
the predicted models (3.2)-(3.4) are presented in Fig. 3. The slope of the line shows the
negative correlation between the CL (1/n) and Enomo variables in Fig. 3(a). It can be seen
from the Fig. 3(b) and Fig. 3(c) that there is a positive correlation between the CL (1/7) and
independent variables.

When the effects of all independent variables are taken into consideration, the equation (3.5)
gives a good predicted model. The AE has been neglected in this predicted model due to the
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multicollinearity of AE with the Enomo and Erumo. Besides, the coefficient of Erumo is too
small, -0.0053, to explain the variation on CL (1/r). It can be said that the coefficient of
determination, R, is sufficient enough to explain the effect of Exomo on CL (1/n) for the
models given in equations (3.2) and (3.5).

-1,0 -0,5 0,0

1,0
0,9
0,8
0,7

0,61

CL

0,51
0,4
0,31

0,2

0,1+
-6,0 45,4} -4,8 4 5 6
EH EL EL-EH

(a) b) ©)
FIGURE. 3. Predicted models of equations (3.2) - (3.4).

The observed and predicted values of CL (1/n) which are obtained using predicted model
equations (3.2)-(3.5) are presented in Fig. 4. As can be seen, there is a good agreement
between predicted values of equation (3.2), Pre2 CL, and observed data points, CL (1/n).
Also, equation (3.5) gives good agreement with observed CL (1/n). The regression analysis
shows that the Enomo is the most efficient variable on the CL (1/n).
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FIGURE 4. Relationship between experimental and predicted values of equations (3.2) - (3.5).

To determine the type of interaction between iron and the studied structures by a molecular
approach, the energy differences of frontier orbitals of iron and pyrrole derivatives are
considered in Table 4. The energies of HOMO and LUMO of iron were taken from the
literature [28] equal to -7.81 and -0.25 eV, respectively. Since the gap of Erumowe) -
Enomoolypyrrole) has much less value compared to, Erumoolypyrrole) - EHoMo(Fe), there is a strong
possibility of electrons from polypyrrole to be given to iron, further strengthening the
adsorption.

TABLE 4. HOMO-LUMO gap for the interaction of iron — polypyrrole.

Enowmo (eV) Erumo (eV) AE (eV)
polypyrrole -4.43 -1.09 6.722 4.18b
iron -7.81 -0.25

2 ELumo polypyrrole = EnoMo Fe

® ELumo Fe = EHOMO polypyrrole
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The polarity of a molecule is well known to be important far various physicochemical
properties and the most often used quantity to describe the polarity is the dipole moment (u)
of the molecule [29]. Pyrrole has a medium polarity with an experimental gas-phase dipole
moment of 1.74 D [19]. In order to compare the polarization of pyrrole quantitatively with
those of oligomers, the dipole moments («) were calculated by 6-311+G(d,p) DFT method.
To validate the accuracy of the obtained values, the data from the literature [19,30,31] were
also given in Table 5.

TABLE 5. Dipole moments (u/Debye) of the studied structures.

HF/6-31G(d) | MP2/6-31G(d) | B3LYP/6-31G(d) | B3LYP/6-311+G(d,p) | Exp.
Pyrrole 1.90° 1.98%/1.84° 1.912 1.88 1.74¢
Bipyrrole 1.80* 1.812 0.85
Terpyrrole 2.28
Quarterpyrrole 1.59
Pentapyrrole 2.32
Hexapyrrole 2.61
Polypyrrole 1.84
aRef. [30].
b Ref. [31].
°Ref. [19].

The dipole moment is essential in the transfer process of inhibitors to the metal surface and
its effect on corrosion inhibition is an ambiguous issue. Some researchers assert the
contributions of higher dipole moments to the physical adsorption of inhibitory acting
molecules [32,33] while some affirm the effect of the lowest dipole moments [34,35]. As can
be seen from Table 5, there is an irregularity in the values of dipole moment. Nevertheless,
this irregular change proves the fact that the adsorption might not be arisen from the
intermolecular electrostatic force.
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There is also a dicrepancy in the literature for the calculated dipole moment (p) values of
pyrrole by ab initio methods. Millefiori and Alparone [30] reported the overestimation of
dipole moment by a somewhat greater amount (14%) in MP2/6-31G* calculations, while
Seio et al. [31] overestimated it by 5-6%. HF/6-31G* and B3LYP/6-31G* calculations also
overestimate the dipole moment (x) by 9-10%. It is evident that the theoretical data suffer
from the lack of diffuse functions in the basis set and the difference is probably due to the
use of basis set in which the exponents of the d-polarization functions were reduced to 0.25
to improve the accuracy of the dispersion attractions.

4. CONCLUSION

The calculations provide a theoretical explanation to some extent for the evaluation of
corrosion inhibition efficiency of polypyrrole. It is found that the inhibiting action of pyrrole
oligomers depends strongly on the electronic structure of the molecules and corrosion
inhibition efficiency has certain relationships to the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO) energy levels, and the energy
gap (LUMO-HOMO).

OzET

Pirol oligomerlerinde yogunluk fonksiyonel teorisi (DFT) hesaplamalari, molekiiler yap1 ve
korozyon inhibisyonu arasindaki iliskiyi arastirmak i¢in B3LYP/6-311+G(d,p) seviyesinde
yapilmistir. En yiiksek dolu molekiiler orbital (HOMO), en diisiik bos molekiiler orbital
(LUMO) enerji seviyeleri, enerji boslugu (LUMO-HOMO) ve dipol moment gibi elektronik
ozellikler hesaplanmustir. Bu elektronik degerlerin inhibisyon olayinin bazi dzelliklerini
aciklayabildigi bulunmustur.
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