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Relationship between chemical structure parameters
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The adsorption of aromatic molecules with planar structure diminishes the corrosion rate of mild steel in acidic
medium. Benzimidazole (BI), 2-aminobenzimidazole and 2-merkaptobenzimidazole are studied as-corrosion inhibitors

(CD in 1 M hydrochloric acid.

The effect of molecular structure upon the adsorption step in the total electrochemical process is tracked out.
Conclusions about the mechanism of adsorption on account of potentiostatic current-time curves taken after Cl injecting

in the pre-electrode space are drawn.

Calculations by the semi-empirical quantum methods — AM1 and PM3 — for the determination of chemical structure
parameters of a molecule in gaseous phase are done, such as total energy, energy of the HOMO, energy of the LUMO,
partial charge of hetero-atoms, dipole moment, area of adsorbed molecule.

The values of these parameters are compared to the experimental values of degree of protection, obtained through
gravimetric and polarization curves techniques in 1 M hydrochloric acid and fixed inhibitor concentration.

On the basis of these results, conclusions are drawn about the molecular structure — inhibition efficiency relationship
of the compounds studied. The best inhibitor studied is 2-aminobenzimidazole.
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INTRODUCTION

Corrosion is one of the major factors determining
the durability of materials. Despite their limited
corrosion resistance iron and mild steel remain still
widely used as engineering materials. Inhibitors of
corrosion (CI) are used for their protection. So for
instance, the dissolution rate during cleaning,
pickling and scaling etching is quite high in acid
medium and its suppression may be achieved by
organic compounds containing p. electrons and/or
hetero-atoms (i.e. S, N and O). Recently, the effect
of functional groups and concentration of some N-
and S-containing organic compounds such as substi-
tuted benzimidazoles on the corrosion of iron and
mild steel has been studied [1-3]. These molecules
can be adsorbed onto the metal surface through
negatively charged centres that are believed to be
related to m-electrons and/or via the nitrogen or
sulphur atom directly to the surface atoms, forming
a coordinate-type bond. This phenomenon involves
donation of electrons from the filled w-orbital of the
ligand into the empty orbital of iron or vice versa
electrons from Fe — into the empty inhibitor orbital.
In this case the orientation of the inhibitor molecule
towards the metal surface is important, namely the
symmetry of the corresponding orbitals. Conse-
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quently, the protection efficiency of an organic
inhibitor does not only depend on the structural
characteristics of the inhibitor, but also on the
structure of the alloy and electrolyte environment.
The selection of a suitable inhibitor for a particular
system is a difficult task because of the selectivity
of the inhibitors and the wide variety of media.
Moreover, it is known that aromatic amines in acid-
ic medium could be protonated, which influences
their structural parameters. In the last two decades
the application of theoretical approach gives rise to
a number of studies aiming at revealing the relation-
ship between the structure of CI molecule and its
inhibitor efficiency (IE). The latter is to a great extent
facilitated from the development and availability of
computational techniques and friendly software.

The present study is aiming using semi-empirical
quantum methods and electrochemical measure-
ments to throw light upon possible correlation
between molecular properties and IE. To this end,
the relation between /E and quantum chemical para-
meters: total energy, energy of highest occupied
orbital (HOMO), energy of lowest unoccupied
orbital (LUMO), energy gap between the last two,
dipole moment and area of the adsorbed molecule is
sought.

The substances are chosen to study the effect of
substituent — an electron acceptor — on the conju-
gated electron system of BI and, hence, on the IE.
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EXPERIMENTAL
Electrochemical data

The electrochemical data concerning inhibition
efficiency from gravimetric and polarization curves
techniques were summarized from publications [1,
2]. For the sake of clarity the experimental condi-
tions are briefly reminded here. The corroding
material was mild steel with the following chemical
composition (wt.%): C 0.16; Mn 0.35; Si 0.016; P
0.01; S 0.029; Cr 0.06; Cu 0.10; Fe — balance.
Gravimetric tests were carried out using a Sartorius
analytical balance with precision of £0.1 mg. The
investigated solutions were not deaerated. The
working specimens were of a round shape to avoid
effects of edges, where high-speed corrosion occurs,
with an area of 11.3 cm’. Three specimens were
immersed in a beaker of 250 ml volume. The hydro-
chloric acid with purity pro analyze with concen-
tration 1 mol/l aerated was the aggressive medium;
the exposure time interval — 24 hours at room
temperature (20£1°C). Polarization curves were
registered using a conventional three-electrode cell.
The inhibiting efficiency, IE (%) is evaluated from
the gravimetric and polarization curves data by the
following formulae:

1E%=20"" .100
"o (1)
or
IE% = JOcorr._ Jinhcorr 100 (2)
JOcorr

where w, and w; in gm>h' are the average
corrosion rates in the absence and in the presence of
an inhibitor, jocorr and Jinm corr @re the corresponding
corrosion current densities.

Adsorption was studied registering the potentio-
static current-time curves of the steel electrode kept
at a constant potential when inhibitor was injecting
in the pre-electrode space. The inhibitors used were
commercially available substances i.e. benzimid-
azole, BI, 2-aminobenzimidazole, NBI, and 2-mer-
kaptobensimidazole, SHI. Their structural formulae
and the abbreviations used in the paper are
presented in Fig. 1.

Method of calculation

Molecular orbital theory (MO theory) is one of
the approaches to study the metal-inhibitor inter-
action. It has been shown that the most important
interaction between two molecules is the one
occurring between the HOMO (highest occupied
MO) of the first molecule and the LUMO (lowest

unoccupied MO) of the second, because it will
results in the largest drop of energy [4].

Quantum calculations were carried out for the
lowest state in vacuum of the neutral inhibitor
molecules and cations using Restricted Hartree-
Fock (RHF) level; and AM1 and PM3 semi-empi-
rical SCF-MO methods incorporated in HyperChem
v.7 package for Windows [5]. Calculations were
performed on an Intel Pentium 1.5 GHz computer.
First geometry optimization was done. HyperChem
started with a set of Cartesian coordinates for the
molecule/cation and tried to find a new set of coor-
dinates with a local minimum potential energy.
Then static values were calculated. The following
quantum chemical properties were considered:
potential energy (Eil), dipole moment (p), HOMO
energy, LUMO energy, net atomic charges of the
hetero-atoms . in the calculated structures — q N(1)
for the “pyrole” nitrogen and q N(2) for the
“pyridine” nitrogen, surface area of adsorbed
molecule S,4 (assuming parallel orientation to the
metal surface), surface area of the solvated molecule
Sqoty (solvent probe radius 1.4 A). The values of the
frontier orbitals of the inhibitor cations were calcu-
lated because they are the species in solution coming
in contact with iron metal. Solvating energies were
neglected.

HOMO and LUMO values for iron were taken
from the literature [6, 7], cited in [8], as ionization
potential and electron affinity, respectively.
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Fig. 1. Structural formulae and abbreviations used of the
inhibitor studied.

RESULTS AND DISCUSSION

According to polarization measurements [2], the
inhibitors studied affect both the metal ionization
and the hydrogen evolution reactions, i.e. they are of
mixed type. The inhibition action is due to the
adsorption of the planar inhibitor molecule on the
metal surface forming a bond between the lone
electron pair of a heteroatom and/or with m-elec-
tronic cloud of 6-member ring, thereby reducing the
corrosive attack. The 5-member ring contains two
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nitrogen atoms. N (1) or “pyrolic”, whose unshared
electron pair participates in p-electron sextet and N
(3) or “pyridin”, whose unshared electron pair is
free and can coordinate a proton, transforming a
molecule into a cation in acidic media.

To throw light on the type of interaction between
iron and the inhibitors by a molecular orbital
approach, the experimental results of IE% are
summarized in Tables 1 and 2 together with some
quantum chemical parameters obtained with AM1
and PM3 methods, respectively. As one can see
comparing the data in the two tables there are
differences in the corresponding structure properties
due to the different parameterization, although both
methods neglect the differential overlap. Typically,
non-bonding interactions are less repulsive in PM3
than in AMI.

A comparison with literature data could be done
only for neutral BI and it appears quite fair — Eyomo
=8.988 eV and £ ymo = 0.068 eV [3].

The data for cations, as is expected, differ from
these for neutral molecules. The values of the total
energy, the molecular weight or S,4s and the inhi-
bitor efficiency do not change in parallel, which is
an indication that the inhibition is not related to
physisorption of the inhibitor on the metal surface.
There is also no direct relationship between the [E%
and the Eyomo calculated by AMI1. However, there
is a similarity in the change of Epomo and Eiymo,
calculated by PM3, on the one side, and the IE%, on

the other.

The rationalization of this behaviour is possible
in the light of the theory of the frontier orbitals, in
which Eyomo and Erymo are related to chemical
interaction of two species. The condition for the
reaction and its mechanism hang from the difference
AE = Erumo(l) — Enomo(Il) and also from the
symmetry of the frontier orbitals. In Table 3 the
values of AE for the atomic iron—inhibitor molecule
interaction are presented.

Taking into account the limitations of the Koop-
mans’ theorem, the orbital energies of the frontier
orbitals are given by the following equations [4]:
—FEnomo = IP; where IP is the ionization potential
and —FErymo = EA, where EA is the electron affinity.
The following values are taken from literature for
atomic Fe: Erymo =—0.25 ¢V [8] and Epomo = —7.81
eV [9].

From the results. above, it appears that the
possibility of reaction between the atomic iron and
the inhibitor molecule is best for the NBI-H+ (PM3
method).  This behaviour involves donation of
electron density from the HOMO orbital of the
inhibitor to the empty LUMO orbital of iron. The
higher the inhibition the lower is the energy
difference. Since the dipole moment of the inhibitor
cations (Tables 1 and 2) is larger than that of water
(1.8:D) they should displace the adsorbed water
molecules from the iron surface.

Table 1. Experimental IE% and quantum chemical (AM1) properties values.

Inhibitor BI NBI SBI BI-H+ NBI-H+ SBI-H+
Property
—E, kcal'mol™ 32083 35669 40711 30388 37354 32221
—Enomo, €V 9.00 9.04 5.55 16.0 13.10 13.39
“Eiumo, €V -0.06 1.87 2.15 8.14 452 6.13
Erumo — Enomo, €V 8.94 7.17 3.4 7.84 8.58 7.26
—q (N1) 0.249 0.208 0.203 0.353 0.303 0.343
—q (N3) 0.138 0.143 0.089 0.321 0.303 0.354
M, D 3.14 4.38 5.46 2.00 6.13 2.09
Sads» Az 352 36.0 47.4 41.6 42.8 47.4
Seot, AZ 206 212 270 218 221 278
Molecular weight 118.14 133.15 150.20 119.15 134.16 151.21
IE, % (Eqn. (1)) Cpin 0.30 0.82 0.25
IE, % (Eqn. (2)) Conax 0.59 0.89 0.86

Table 2. Experimental IE% and quantum chemical (PM3) properties values.

Inhibitor BI NBI SBI BI-H+ NBI-H+ SBI-H+
Property
-k, keal'mol™! 28721 31190 36927 28931 33037 36738
—Euomo, €V 8.89 9.15 5.88 13.63 13.28 13.11
—Erumo, €V 0.07 1.65 2.43 5.32 5.00 5.16
Erumo — Eaomo, €V 8.82 7.50 3.45 8.31 8.28 7.95
—q (N1) 0.241 0.106 0.059 0.142 0.153 0.311
—q (N3) 0.330 0.103 0.429 0.142 0.153 0.311
M, D 3.38 3.78 5.07 4.93 5.28 2.80
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Table 3. AE for the interaction atomic iron-inhibitor
molecule.

EromMo(inh) — Ernomore) —
Method Inhibitor ELUMO(Fe)s eV ELUMO(inh)» eV

AM1 BI -13.38 —2.49
NBI -13.03 —2.84

SBI -12.86 —2.65

PM3 BI-N+ —15.75 +0.33
NBI-H+ -12.85 -3.29

SBI-H+ —-13.14 —0.68

The hardness, a property defined by Pearson, is
the energy gap between the two frontier orbitals of
the reacting species. The more electronegative
species will accept electrons. A hard molecule has a
large HOMO-LUMO gap, while a soft molecule has
a small HOMO-LUMO gap.

Changes in the electron density of a chemical
system result from the mixing of suitably situated
excited-state wave functions with the ground state
wave function. The mixing coefficient is inversely
proportional to the excitation energy between the
ground state and the excited state. Therefore, soft
molecules with small gap will have their electron
density changed more easily than a hard molecule.
The inhibitors studied could be described as hard
reactants. Their electron density is hard to change
and, therefore, remain the classical electrostatic
effects, or ionic bonding.

It is useful to remind that donated electron
density must come from a definite filled orbital and
go to a definite empty orbital. Also different atoms
have different local softness and different tendencies
to react. The net charges on the atoms.  will
determine the reactive sites for ionic bonding.

Examining again the data shown in Tables 1 and
2 it is evident that the net charges on N(1) and N(3)
atoms are negative. PM3 method predicts equal
charges for the two atoms, while AM1 method for
BI-H+ and SBI-H+ calculates different values. Still
there remains a tendency for the net charges to
equalize by protonation. The inhibitor with the
smallest negative charges (NBI-H+) has the largest
IE, which is expected for negatively charged iron
surface in 1 M HCI.

Further, the symmetry of the orbitals was
examined. 3D HOMO orbitals of the three inhibitors
studied are represented in Fig. 2. It mainly consists
of 2p, orbital of N(1) and/or N(3) atom. A favour-
able space orientation is expected by this orbital and
both 3dy, and 3dy,-y» orbitals of the Fe atom.

It has been reported that the adsorption of CI” on
iron increases its softness [10]. This means that the
HOMO-LUMO gap of iron should decrease upon
adsorption of chlorides. The bond between the iron
surface covered by chloride ions and the inhibitor

molecules will have to the same extent a covalent
character. The electronic charge density on the N-
atoms, calculated by PM3, increases diminishing the
IE% of SBI-H+. Dipole moments, as vector sum
from x,y,z components (y — the largest one), give
some idea for the orientation of cations towards the
negative charged iron surface. Assuming a parallel
orientation of the inhibitor molecule, the blocked
surface area is estimated and cited in Table 1 as Syqs.

SBI-H+

Fig. 2. 3D-representation of the HOMO-orbitals of the
inhibitors studied.

The last property — the Sy, — is calculated by the
program and gives a notion of the dimensions of the
hydrated cations entering the double layer. The both
parameters seem not to play a decisive role in
inhibition, because they predict the largest effect for
the SBI-H+, which is not the case.

The knowledge of the adsorption step could be
helpful in elucidation of the inhibition process. The
kinetics of adsorption of the inhibitors was studied
registering potentiostatic—current-time curves at
various potentials vs standard hydrogen electrode
Esyg after injecting (in ¢ = 0) inhibitor in the pre-
electrode space. In Fig. 3 are shown the corres-
ponding curves for the inhibitors studied. The inhi-
bitor effect can be clearly seen as current density
drop.

In 1 M HCI solution the corrosion process
proceeds in the absence and in the presence of
inhibitor with the discharge of the hydrogen ions as
a rate determining step. Reshetnikov et al. [11]
developed a method to evaluate the factors affecting
the adsorption step in the overall inhibition process.

Generally two main factors are considered — (i)
the geometric factor [12] affects the adsorption,
proceeding through a blocking mechanism and (ii)
the electronic one accounts for the interactions of
the adsorbed molecule with the metal surface
leading to a coordination type bonding; the latter
influences the double layer potential. It is assumed
that no discharge of H' takes place on the occupied
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by the inhibitor surface, while the rate of the
discharge remains unchanged in the presence of
inhibitor on the bare surface. Therefore, the authors
described the diminishing of the current after
inhibitor injecting in case of pure surface blocking
with the following equation:

j=jo(1-9,) 3)

where j, is the current prior the inhibitor injecting
and 6 the degree of electrode surface coverage by
the inhibitor species. In case of pure energetic effect
the corresponding equation is

J=Joexp(-k}), “4)

where | is the changed potential by the adsorption
and k’ is a constant. Assuming the y’; proportional
to @ one obtains:

J = joexp(- k), (5)

where k is a constant. The next step was the substi-
tution of 4 in Eqns. (3) and (5) with the expressions
for adsorption isotherms on surfaces — homogeneous
(H) and inhomogeneous — two cases: distribution of
adsorption centres vs energy (i) uniform (UI) and
(i1) - exponential (EI). Finally, to distinguish among
the different cases the following equations were
proposed:

- For the type of the surface by a purely blocking
mechanism on homogeneous surface (H)

lnj / ] 0= k2t ’

on uniformly inhomogeneous (UI)

InAj=ks +kglnt

on exponentially inhomogeneous (EI)

J—Jo =40 =ky +kylnt,

- For inhibition mechanism through y’;-effect

on homogeneous surface (H):

Inj,/ j=ko+kylnt,

on uniformly inhomogeneous (UI)

Inj/j,=ks+kglnt,

on exponentially inhomogeneous (EI)

Inlnj/ j, =k +k,lInt,

In the above treatment the interaction of the
adsorbed species was neglected, that limits its vali-
dity. The results of the graphical analyses, shown
elsewhere [13], are summarized in Table 4.

At low concentration, BI preferably blocks the
surface, its cations being adsorbed most probably
upon sites with nearly uniform heat of adsorption.
One might suppose also that no interactions exist
between the adsorbed species. At high concentra-
tions the inhibition mechanism changes. Nearly the
same is the case with SBI. While the first inhibitor

304

remains a poor inhibitor at all concentrations, SBI,
probably due to strong lateral interactions, pro-
nounced stronger at high concentrations, results in
IE close to 88%. The parameters Eome, AE and p
discussed previously support such an explanation
for IE of the studied inhibitors.
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Fig. 3. Potentiostatic current density — time curves after
injecting inhibitors with concentration in mol/I:

a. BL curve 1 - 2x107%; curve 2 - 4x10° (potential Egyg =
~0.38 V); 17 - 2x10°%; curve 2° - 2x10 (Egye =—0.43 V);
b. NBI, curve 1 - 8x107; curve 2 - 9x107° (Egyg =
—0.32V); ¢) SBI, curve 1 - 8x107; curve 2 - 1x107
(Esue =—0.32'V);

Table 4. Prevailing mechanism of inhibition, type of
metal surface and degree of protection IE, % (abbrevia-
tions are explained in the text).

Inhibitor Cuin IE, % Crnax IE, %
BI 0, H 30 w1, Ul 59
NBI w1, Ul 82 w1, El 89
SH 0, El 25 w1, UL 86
CONCLUSIONS

The inhibition action of three benzimidazoles
was studied with electrochemical techniques and by
quantum mechanical calculations. The increasing
inhibitor efficiency in series BI < SBI < NBI was
explained by the structural characteristics of the
inhibitor cations, showing undoubtedly that the best
of them — NBI-H+ — is chemisorbed to a higher
degree on the iron surface through the donation of
electron density to the vacant Fe d-orbital(s).
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BPB3KA MEXIY ITAPAMETPU HA XUMWYHATA CTPYKTYPA
N CTEIIEHTA HA KOPO3NOHHA 3AIIINTA HA HAKOU A30JIN

Amn. K. ITonosa, M. C. MaukoBa, An. I'. /[>xam0oBa, An. I{BeranoBa*, CB. H. PaitueBa

Xumurxomexuonozuuen u memanypeuier yuusepcumem, oyi. ,,Kn. Oxpuocku“ Ne 8, 1756 Coghus

IMocrermia Ha 12 HoemBpu 2007 r., IlpepaGorena na 5 deBpyapu 2008 T.
(Pestome)

AzcopOuusita Ha apoOMaTHH MOJIEKYJIU C TUIaHapHA CTPYKTypa HaMmalsiBa CKOPOCTTa Ha KOPO3Ms Ha MEKa CTOMaHa B
Kucesa cpeza. M3cneaBanu ca Karo KOpO3MOHHU MHXMOUTOpU OeH3umuaazon (BI), 2-aMmuHoOeH31MMu1a3011 U 2-MepKar-
ToOeH3nMHIa30 B 1 M coslHa KuceauHa.

[Ipocneneno e BIMSHUETO HAa MOJIEKyJIHAaTa CTPYKTypa BBPXY aJCOPOIMOHHHS CTaauii B OOLIMS KOPO3HOHEH
npouec. HampaBeHu ca 3akimodeHus 3a MeXaHH3Ma Ha a1copOlys Bb3 OCHOBA Ha MOTEHIMOCTATHYHH TOK-TIOTEHIIHAAI
KPHBH, CHETH CJIE]] BbBEKAAHE HA HHXUOUTOP B IPHUEIEKTPOJHOTO ITPOCTPAHCTBO.

HamnpaBenu ca u3unciieHUs Ype3 TOTyEeMIIMPHYHN KBAaHTOBOXUMUYHA Metonu — AMI1 u [IM3 — 3a ompenensHe Ha
CJICIHUTE TTapaMeTPpH Ha XMMHUYHATA CTPYKTypa Ha MOJIEKYJ1a B Ta3000pa3HO ChCTOSHHUE — 00Ia €HEpTHsl, EHEPTUHUTE Ha
Haii-Bucokata 3aera (HOMO) u Ha Haii-Huckara He3aeta (LUMO) opOurtanu, mapuuajieH 3apsj Ha XeTepOoaTOMUTE,
JWIIOJIEH MOMEHT, IUIOII Ha aacopOupaHara Moiekyna. CTOMHOCTHTE Ha Te3W MapaMeTpu ca CPaBHEHH ChC CTOHHOC-
THTE Ha ONUTHO ONpeAeneHaTa B 1 M coiHa KuCennuHa W 3a1ajieHa KOHLEHTpaLysd Ha HHXUOUTOpa CTeNeH Ha 3alluTa,
MOJIYUYCHHU YPE3 'PaBUMCTPUYHHN U3CJICABAHUA U 110 METOJa HAa NOJIAPHU3AIIMOHHUTEC KPUBH.

Ha 06a3ara Ha Te3u pe3yiTaTH ca HAIpaBEHHU 3aKIIOYCHUS 32 Bpb3KaTa MEXIy MOJISKYJIHaTa CTPYKTypa U CTENeHTa
Ha 3alllMTa Ha U3CJIeIBAaHUTE ChequHeHNs. Hail-1o0pu mHXONTOpHM CBOIicTBa MMa 2-aMHHOOEH3UMHIA301a.
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