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ABSTRACT

Two piperidin derivatives namely 5-(1,3-benzodiebgl)-1-(piperidin-1-yl)penta-2,4-dien-1-one (pipee: P1)
and 5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)peen-1-one (piperanine: P2) were investigated asrasion
inhibitors for mild steel using density functionddeory (DFT) at B3LYP/6-31G(d) level. Quantum cloami
parameters most relevant to their potential actias corrosion inhibitors such aspguo (highest occupied
molecular orbital energy), EEvo (lowest unoccupied molecular orbital energy), @yegap AE), dipole moment
(w), electron affinity (A), ionization potential (Iabsolute electronegativity), global hardnessyj, softness (S),
fraction of electrons transferredAN), electrophilicity index ) and back-donation AEyack-donatiod, have been
calculated and discussed. The theoretical resudtievfound to be consistent with the experimenttd deported.

Keywords: Corrosion Acid solutions; Green inhibitor; Adsorption, DFT

INTRODUCTION

The degradation of materials and their propertias tb corrosion of mild steel is a detrimental s that
produces huge economic losses resulting in mangstigations and researches [1, 2]. One of the imsimon,
effective and economic method to protect metalsinatjacorrosion is use of organic compounds (coirigin
heteroatoms having higher basicity and electrorsithetike nitrogen, oxygen and sulphur) as corrasichibitors
[3, 4]. Most efficient inhibitors are organic compwls containing electronegative functional groupd Aor Tt
electrons in triple or conjugated double bonds. Pigsicochemical properties of the inhibitor, suah the
functional group, molecular electronic structureris factors, aromaticity and electron densityhat donor atoms,
orbital character and the molecular size are ingmbrieatures that determine adsorption on the nsetédce [5, 6].
The molecular adsorption on the metallic surfac@agnly determined by the planarity and the lorez&bn pairs in
the hetero atoms [7]. The inhibition efficiencycigsely related to the molecular structure of thigbitor (number
of active adsorption centers in the molecule, thieire of metal, and the aggressive solution),dsogption abilities
[8, 9] and its electronic structure [10]. Excellentrosion inhibitors represented by organic conmasubehaving, at
the same time, on the one hand as electron donousidccupied d orbital of metal surface to form rdimate
covalent bonds, and in the other hand as accepforeelectrons from the metal surface by usirrtanti bonding
orbitals to form feedback bonds [11]. The nucletgpbéntres of inhibitor molecules are representelbbe pairs on
hetero atoms ot electrons that are readily available for sharmdorm a bond and greatly facilitate the adsorption
process over the metal surface, whose atoms agtafsophiles [12]. Hence, the effective inhibitam adsorb on
the metal surface, block the active sites on thfase and thereby reduce the corrosion rate.
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The corrosion of mild steel and iron has formedeamendous theoretical and practical area of chdmésaarch.
Quantum chemical calculations have been widely usestudy the reactivity of organic compounds [18] and
have been proved to be a powerful tool for studyiogosion inhibition mechanism [15-17]. Khaled [1&alized a
correlation between experimental efficiencies dfibitors and the results of quantum chemical cakomhs, and
constructed a composite index of some of the kegnggum chemical parameters in order to charactdhiee
inhibition performance of the tested molecules.

The advancement in methodology and implementatiasseached a point where predicted propertiesasionable
accuracy can be obtained from density functionebth (DFT) calculations [19]. The geometry of thdibitor in

its ground state, as well as the nature of theilemdar orbitals, highest occupied molecular oth{j(#OMO) and

lowest unoccupied molecular orbital (LUMO) are itveml in the properties of activity of inhibitorsh@& inhibition

property of a compound has been often correlatéu eviergy of HOMO, LUMO and HOMO-LUMO gap.

The environmental toxicity of organic corrosion iitors paved the way for the search for green asion
inhibitors as they are biodegradable, do not cartteavy metals or other toxic compounds. In thegmestudy we
will focus on two of these green corrosion inhibétthat have been characterized recently in owr&dbry [20, 21].

THEORY AND COMPUTATIONAL DETAILS

The inhibition potentials of two piperidin derivagis: 5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)p@ar?2,4-dien-1-
one (piperine: P1) and 5-(1,3-benzodioxol-5-yl)pipéridin-1-yl)pent-2-en-1-one (piperanine: P2)gure 1, have
been elucidated using quantum chemical calculatimsed on density functional theory (DFT). Hence, have
investigated the relationship between the molectitar electronic structure and the inhibition efficy of the two

studied molecules.
(@]
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5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)pentad2dien-1-one (piperine: P1)

o
O
5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)pent-2+&.-one (piperanine: P2)

Figure 1: Names, molecular structuresand the abbreviations of the inhibitorsinvestigated

The frontier orbital HOMO and LUMO of a chemicalegjes are very important in defining its reactiviéy good
correlation has been found between the speeds wbsion and Fovo that is often associated with the
electrondonating ability of the molecule. Surveylitdrature shows that the adsorption of the irtbibon the metal
surface can occur on the basis of donor-accept@raictions between theelectrons of the heterocyclic compound
and the vacant d-orbital of the metal surface atf2®k high value of fowo of the molecules shows its tendency to
donate electrons to appropriate acceptor moleauisslow energy empty molecular orbitals. Increasiralues of
Enomo facilitate adsorption and therefore enhance thébition efficiency, by influencing the transportogess
through the adsorbed layer. Similar relations werend between the rates of corrosion asiel (AE = Eywo —
Ehomo) [23-25]. The energy of the lowest unoccupied roolar orbital indicates the ability of the molecute
accept electrons. The lower the value qf,le, the more probable the molecule would accept rast
Consequently, concerning the value of the energyAds larger values of the energy difference will pdeviow
reactivity to a chemical species. Lower valueshefAE will render good inhibition efficiency, because tenergy
required to remove an electron from the lowest pizxli orbital will be low [26]. Another method to rcelate
inhibition efficiency with parameters of molecultructure is to calculate the fraction of electroassferred from
inhibitor to metal surface. According to Koopmatfgorem [27], Romo and Eymo Of the inhibitor molecule are
related to the ionization potential (I) and thecelen affinity (A), respectively. The ionization emtial and the
electron affinity are defined as | = n&uo and A = - Eymo, respectively. Then absolute electronegativifyand
global hardnessf of the inhibitor molecule are approximated asofek [26]:
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As hardnessn), softness (S) is a global chemical descriptorsugag the molecular stability and reactivity asd i
given by:

1
S=—
n
The chemical hardness fundamentally signifies éiséstance towards the deformation or polarizatith® electron

cloud of the atoms, ions or molecules under smattypbation of chemical reaction. A hard molecudes la large
energy gap and a soft molecule has a small enengyay].

The global electrophilicity index was introduced Bgrr [28] as a measure of energy lowering due &ximmal
electron flow between donor and acceptor and isrghy:

12

(x)zﬁ

According to the definition, this index measures tiropensity of chemical species to accept elestréngood,
more reactive, nucleophile is characterized by lowalue of U,®; and conversely a good electrophile is
characterized by a high value of @, This new reactivity index measures the stabilimain energy when the
system acquires an additional electronic chawyefrom the environment. Thus the fraction of elens transferred
from the inhibitor to metallic surfacaN, is given by [29]:

XFe — Xinh
AN = =271
Z(nFe + T]inh)
Whereye. andy;,, denote the absolute electronegativity of iron ardbitor molecule, respectivelyre and nin,
denote the absolute hardness of iron and the tohibiolecule, respectively. In order to calculdte fraction of
electrons transferred, a theoretical valuegf7.0 eV [29] andhe. = 0 by assuming that for a metallic bulk | = A
[30] because they are softer than the neutral tietdbms.

According to the simple charge transfer model fonation and back-donation of charges [31] an edeatrback-
donation process might be occurring governing titeraction between the inhibitor molecule and tkeaisurface.
The concept establishes that if both processesogamely charge transfer to the molecule and lolaciation from
the molecule, the energy change is directly propoal to the hardness of the molecule, as indicatethe
following expression.

AEpack donation = _g

The AEpack donationimplies that whem > 0 andAEpack gonation<O the charge transfer to a molecule, followedaby
backdonation from the molecule, is energeicallyofad. In this context, hence, it is possible to pare the
stabilization among inhibiting molecules, sinceréhiill be an interaction with the same metal, thers expected
that it will decrease as the hardness increases.

RESULTSAND DISCUSSION

Full geometry optimizations (Figure 2) with no ctoamts of the two molecules under study (P1 anjl w&e
performed using DFT based on Beck's three paramekehange functional and Lee-Yang—Parr nonlocal
correlation functional (B3LYP) [32-34] and the 6&"1 orbital basis sets for all atoms as implemerite@aussian

09 program [35]. This approach has been provedeta bvery powerful tool for studying corrosion initin
mechanism [15-17].
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P2
Figure 2: Optimized structures of the compounds P1 and P2 as calculated at the B3L YP/6-31G* level

The quantum chemical parameters of P1 and P2 sutteaenergies of highest occupied molecular driiigvo)
and the lowest unoccupied molecular orbitaly(l), the energy gapAE) between Eowo and Eywo, dipole
moment (1), ionization potential (1), electron affinity (Apbsolute electronegativity)( global hardness], global
electrophilicity index ), softness (S), fraction of electrons transfer(atl) and back donation energhEpacx
donation Were calculated and gathered in Table 1.

Table 1: Calculated quantum chemical parameters of the studied molecules

P1 P2
Eriomo (V) -5.270031089 -5.267309944
Evumo (eV) -1.268323174-0.670760915
AE = Bumo — Buowo (€V) | 4.001707915  4.596549034
| = -Evomo (V) 5270031089 5.267309949
A= -Eumo (V) 1.268323174 _ 0.670760915
y (eV) 3.269177132 2.969035432
1 (eV) 2.000853958  2.298274517
1 (debye) 3.6976 3.4766
w 3.421039289  2.6346722]
S 0.499786602 _ 0.435109032
AN 0.932307642  0.876954545
IE (%) 98.9 [49] 97.5 [50]

The inhibition effect of a given compound is usyastcribed to adsorption of the molecule on meatehse. There
can be physical adsorption (physisorption) and ébainadsorption (chemisorption) depending on thsoggtion
strength. When chemisorption takes place, one efrd¢lacting species acts as an electron pair dorbthee other
one act as an electron pair acceptor. The enerdiieohighest occupied molecular orbital,§ko) measures the
tendency of the molecule to donate electrons toaate acceptor molecules with low energy, emmpblecular
orbital. Increasing values of byo facilitate adsorption and therefore enhance thabition efficiency, by
influencing the transport process through the dmbrdayer. Therefore, higher values ofplo indicate better
tendency towards the donation of electron, enhantie adsorption of the inhibitor on mild steel ahdrefore
better inhibition efficiency. In this context, sesv of Table 1 shows that, the,dyo of inhibitors P1 and P2 are
almost the same: -5.270031089 (eV) and -5.2673098MY respectively. This result is in good agreameith the
experiment where the inhibition efficiency (IE) filrese compounds is comparable: (98.9 and 97 i lidsitors P1
and P2, respectively).

The ground state geometry of the inhibitor as vesllthe nature of its frontier molecular orbitalamely, the
HOMO and LUMO are involved in the activity propediof the inhibitors. Noteworthy, the shape of H@MO
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and LUMO is structural dependant as shown in FigdirelThe electron density of the HOMO location ire th
inhibitors under study is mostly distributed on #iems having a delocalized character indicatirag these are the
favorite adsorption sites. The HOMO and LUMO am@msgly localized for the molecules P1 and P2 (du@dn
planarity of these molecules). Noteworthy, a corigoar of the shape of the frontier molecular orkitdOMO and
LUMO shows that the delocalisation in P1 inhibiteenhanced by the presence of a double bond omithdie of
the molecule (simple bond for P2 inhibitor).

o

HOMO (P1) LUMO (P1)
HOMO (P2) LUMO (P2)

Figure 3: Schematic representation of HOMO and LUMO molecular orbital of studied molecules

According to the frontier molecular orbital theoffyMO) of chemical reactivity, transition of eleatras due to
interaction between highest occupied moleculartakiiHOMO) and lowest unoccupied molecular orbftalMO)

of reacting species [36]. The inhibitor does ndiatonate electron to the unoccupied d orbitalhef tnetal ion but
can also accept electron from the d-orbital ofrtietal leading to the formation of a feedback bdrite energy of
the lowest unoccupied molecular orbital,ufo, indicates the ability of the molecule to accepceions. The
binding ability of the inhibitor to the metal suct&increases with increasing of the HOMO and deangaof the
LUMO energy values. Therefore, the lower the vatdeE yyo is the more probable the molecule to accept
electrons. In our studies the inhibitor P1 haviow value of Eyvo -1.268323174 could have better performance as
corrosion inhibitor. This is in good agreement vitile experiment where P1 inhibitor is more effitigran P2 one.
Energy gap is an important parameter as a funciaractivity of the inhibitor molecule toward thesorption on
the metallic surface. AAE decreases, the reactivity of the molecule ina®ésading to increase in the %IE of the
molecule. Lower values of the energy differencel wéinder good inhibition efficiency, because thesrgy to
remove an electron from the last occupied orbitéll e low [37]. A molecule with a low energy gap more
polarization and is generally associated with tigd lkthemical activity and low kinetic stability aigltermed soft
molecule [27]. In our study, the trend for theE] values follows the order P2 > Rihich suggests that PAE =
4.00170715 eV) has the highest reactivity in congpar to the other compound P2 and would therefikedyi
interact strongly with the metal surface. The ressab indicated in Table 1 show that inhibitor R& the lowest
energy gap, this means that the molecule could batter performance as corrosion inhibitor.

The dipole moment p (Debye) is another importagttebnic parameter that results from non uniformlistribution

of charges on the various atoms in the molecule. High value of dipole moment probably increasesatttsorption
between chemical compound and metal surface [38. &nergy of the deformability increases with tieréase in
M, making the molecule easier to adsorb at thaiFace. The volume of the inhibitor molecules dlsreases with
the increase of Y. This increases the contact laeéaeen the molecule and surface of iron and iistmgathe
corrosion inhibition ability of inhibitors. In owgtudy the value 3.6976 (Debye) of P1 enumeratdseiter inhibition
efficiency.
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Absolute hardness and softness are important giepeto measure the molecular stability and red#gtivt is
apparent that the chemical hardness fundamentaihjfies the resistance towards the deformatiopaarization
of the electron cloud of the atoms, ions or molesulnder small perturbation of chemical reactiohafd molecule
has a large energy gap and a soft molecule hasakh snergy gap [39]. In the present study, thebitbir P1 with
low hardness value 2.000853958 (eV) compared Wighother compound P2 have a low energy gap. Noyntak
inhibitor with the least value of global hardnelsr(ce the highest value of global softness) is eergdeto have the
highest inhibition efficiency [12]. For the simplesansfer of electron, adsorption could occurhe part of the
molecule where softness (S), which is a local priypdias a highest value [40]. P1 with the softneslsie of
0.499786602 has the highest inhibition efficiency.

The absolute electronegativity is the chemical propthat describes the ability of a molecule twaat electrons
towards itself in a covalent bond. According to &mson’s electronegativity equalization principll], the
molecule P1 with a high electronegativity quickbaches equalization and hence low reactivity isetqu which
in turn indicates low inhibition efficiency. The Ble 1 shows the order of electronegativity as FA2>Hence an
increase in the difference of electronegativitywmsn the metal and inhibitor is observed in theepRIlL > P2.

The number of electrons transferréd\j was also calculated and tabulated in Table ludtof AN) show that the
inhibition efficiency resulting from electron doiat agrees with Lukovits’s study [42]. ¥N < 3.6, the inhibition
efficiency increases by increasing electron-domptbility of these inhibitors to donate electronsthe metal
surface and it increases in the following order>PR2. The results indicate thaN values correlates strongly with
experimental inhibition efficiencies. Thus, the legt fraction of electrons transferred is assodiatgh the best
inhibitor P1, while the least fraction is assodiatéith the inhibitor that has the least inhibitiefficiency P2. The
Inhibitor P1 with theAN value of 0.9323 has the highest inhibition effiwy.

The global electrophilicity indexyp, shows the ability of the inhibitor molecules to eptelectrons. It is a measure
of the stabilization in energy after a system ateplditional amount of electron chafyd from the environment
[28]. In our case, the inhibitor Riith high electrophilicity index value (3.4210393&Ban the other compound is
the strongest nucleophile and therefore has theekignhibition efficiency [43].

The calculated\gpack donationvalues for the inhibitors as listed in Table laavthat the order followed is: P1 > P2,
which indicates that back-donation is favored fa P1 molecule which is the best inhibitor.

Figure 4 representing the effective atomic chafge® Mulliken poupulations of the inhibitors P1 aR@, shows
that oxygen atoms in benzodioxol ring, some carkainens of benzodioxol ring, carbone atoms of the double
bonds for P1 (respectively one double bond for BR)pgen and carbon atoms of the pyridine ringd arygen
atom of the carbonyl group carry more negative gbsr while the remaining heavy atoms carry morétiges
charges. This means that the atoms carrying negatmarges are the negative charge centers, whithofter
electrons to the Fe atoms to form coordinate band, the atoms carrying positive charges are théiposharge
centers, which can accept electrons from orbitaFe@fatoms to form feedback bond. We emphasizethéothe
most negatively charged atoms are the three oxgtgens followed by the nitrogen atom.

The optimized structure is in accordance with #at that excellent corrosion inhibitors cannot oofer electrons
to unoccupied orbital of the metal, but also acdeg# electrons from the metal. Therefore, it caniriferred that
benzodioxol ring, the two double bonds for P1 (eetipely only one double bond for P2), pyridinegirand
oxygen atom of the carbonyl group are the possiblive adsorption sites.

(-9.526)
? (-8 .3;1—59) (-8+262)

(-€,282) —o-p16)
| e '($4a§%1a4) "
(-0 pala-354) T (-8.267)
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‘ / \ (-0,221) | ]
(8.336), : (-0-141) (-e.260)
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Figure 4: Effective atomic charges of heavy atoms from Mulliken poupulations of P1 and P2
CONCLUSION

The inhibition efficiency of two piperidin derivags namely 5-(1,3-benzodioxol-5-yl)-1-(piperidinsf)penta-2,4-
dien-1-one (P1) and 5-(1,3-benzodioxol-5-yl)-1-@ridin-1-yl)pent-2-en-1-one (P2) has been investidausing

DFT qguantum chemical approach. From the resultsiadihgs of the present study, it can be concluttied P1 and
P2 are good inhibitors for the corrosion of mildedtin HCI solution. The inhibitory potentials dfetinhibitors are
due to the transfer of electron from the inhibiimi~e in mild steel or vice versa. From experimeatal theoretical
data, the trend for the variation of the inhibitiefficiencies of the compounds is P1 > P2. We ersigkd also that
benzodioxol ring, the two double bonds for P1 (estpely only one double bond for P2), pyridinegirand

oxygen atom of the carbonyl group are the possibtve adsorption sites. Therefore, the use of gumarthemical
parameters is appropriate in modelling the inhilyitof the studied piperidin based molecules.
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