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g:lstract. The search for corrosion inhibitors based on natural products that are environmentally friendly with high
inhibition efficiency is still the focus of current research. The corrosion inhibition efficiency of nicotine and its
derivatives has been studied using DFT and ab initio MP2 method. This research focuses on the use of electronic
parameters and the natural bond analysis approach to explain the corrosion inhibition performance of nicotine and its
derivatives. The electronic properties of molecules, including the frontier molecular orbitals (HOMO and LUMO
energy), ionization potential, electron affinity, electronegativity, number of electron transfer from inhibitors to metal and
interaction energy have a strong relationship with inhibition performance. Interaction mechanism is obtained from natural
bond between inhibitors with iron metal in more detail. The presence of electron donor groups within the framework of
inhibitors show significant contribution toward the corrosion inhibition performance.

INTRODUCTION

Corrosion prevention is urgently required because the corrosion process causes considerable economic losses.
The use of corrosion compounds based on organic compounds 1s an effective and efficient method for the prevention
of corrosion. Organic compounds have effectiveness as corrosion inhibitors due to the presence of heteroatom
groups (O, N, S, and P) and the existence of « electron donors from their double or aromatic bonds [1-4].

Nicotine and its derivatives meet the criteria as a good organic compound based corrosion inhibitor. Many
experimental studies indicate that nicotine compounds are potential to be developed as corrosion inhibitors. Ju and
Li reviewed the efficiency of inhibiting nicotine against zinc and alloys under acidic conditions. The inhibition
efficiency of nicotine corrosion from this experiment was 96.6% [3]. Nicotine inhibition efficiency in HCl medium
against iron solids was 90.8% [4]. Another study by Zhao et al. [5] showed that the inhibition efficiency of nicotine
and its derivatives in steel N80 in a solution of 10% HCl was 92%. Sigh et al. combined theoretical and
experimental studies to study the corrosion inhibition efficiency of 4-(N,N-dimethylamino) benzaldehyde nicotinic
hydrazone against mild steel in 1 M HCL Sigh et al. reported a good correlation between theoretical studies and
experiments in explaining corrosion inhibition efficiency and corrosion inhibition mechanism by the nicotine
derivatives [5].

Theoretical studies have proven to be effective in bridging the difficulties found in experimental studies. The
electronic parameters of the inhibitor@fhat are most relevant to the increase in corrosion inhibition efficiency can be
explained very well using theoretical studies. Many theoretical studies have been carried out to test the efficiency of
corrosion inhibition. The theoretical study was able to show a good correlation between the eled@bnic parameters of
organic compounds and their corrosion inhibition efficiency. Theoretical studies are also able to explain the
mechanism of inhibition of corrosion by organic nffflecules on metal surfaces [6-13]. In this report, the influence of
electron donating and withdrawing substituent on the corrosion inhibition performance of nicotine and its
derivatives was studied using the ab initio MP2 and DFT methods. The effect of substituent donors and electron
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1
attractors gprcscnted in the forffljof correlations between molecular electronic parameters and corrosion inhibition
efficiency. The fukui index and natural bond orbital NBO analysis are used to show the contribution of each donor
atom from the substituent to increase the etficiency of corrosion inhibition. The effect of back donation from metals
to inhibitors is also presented showing details of the interaction between inhibitors and metal surfaces.

Computational Method

Theorical calculations of the inhibitory ability of corrosion of nicotine compounds and their derivatives were
obtained using density functional theory and ab initio MP2 calculations. All calculations were performed using
Gaussian 09 software [14]. The base set of 6-311G(d,p) and the LANL2DZ ECP combination are used referring to
the suitability of theoretical and experimental data on the system being studied. The polarized continuum model
(PCM) was used to apply the solvent system because the dominant corrosion occurred in the solvent. Optimization
of inhibitor structure was not carried out in solvents because it would only have a minimal effect on structural
paifffheters and electronic energy [15-18].

Theoretically, the calculation of ionization potential (I) and electron affinity (A) uses the theorem that Koopman
developed [19]. Koopman's theorem explains the relationship between ionization potential (I), electron affinity (A),
electronegativity (%), Enomo and Epumo energy as the following formula:

I =-Enomo |
A=-ELumo g
2
1+4 .
x== i

The Pearson method provides a way of calculating fraction of electron transfer (AN) between inhibitor molecules
and metal surfaces. According to Pearson, when a system with different electronegativity has contact, the electrons
will flow from a low-electronegativity system to a system with high electronegativity. This electron flow stops when
the chemical potential of the two systems becomes the sameffo calculate fraction of electron transfer, the
theoretical electronegativity value of iron is used as 7 eV [20] and assumed I = A for iron, global hardness of Fe =0
[21]. The AN can be calculated based on equation 4.

AN = _Are” inb 4
2ot M)

Analysis of information on the active side of molecular inhibitors was carried out by calculating the value of Fukui
indeces. Fukui function is defined as [22]:

f =D, 5

Where p (r ), N, v (r ) are first derivatives of electron density, the number of electrons, constant external potential,
respectively. Using another approach, Fukui function can be measured for nucleophilic attacks as follows [23]:

fr = q(N+1)— N 6
and for electrophilic attack:
f-=gN — q(N-1) 7

where, q represents the total charge of the atomic inhibitor, q (N+1) the cation charge, gqN the charge of neutral
molecules and q (N-1) is the charge of the anionic form. Mulliken population analysis underlies the Fukui indeces
cal@llation in this study.

The electron donation intensity from the active side of the atom inhibitor was studied further using Natural
Population Analysis (NBO) in terms of the second order interaction energy (E2). E2 describes the intensity of each
electron donor between the Lewis Donor (i) and non-Lewis Acceptor NBO (j). E2 associated with 1 — j
delocalization can be estimated as follows [24]:
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E2 = qi -2 8t

Ei— j

Here, gi is the donor orbital occupancy, &, & are diagonal elements (orbital energies), and F(i,j) are off-diagonal

elements, respectively, associated with the NBO Fock matrix.

RESULTS AND DISCUSSION

Two different groups are selected as substituents of benzyl nicotine (BN) inhibitors to provide a stronger
ectmnic effect. Electron donating (CHs, NH,, OH, and CH>OH) and withdrawing groups (Cl, COOH, and NO-)
are added to the carbon position in the benzyl nicotine section. The structure of benzylnicotine with its derivatives is
depicted in Figure 1.

N

FIGURE 1. a. Benzylnicotine structure R = CH;, NH,, OH, CH,OH, Cl, COOH, and NO,; b. Optimized structure of
@ benzylnicotine by DFT B3LYP/6-311++G(d,p)
1

As a consequence of the selection of the DFT and MP2 methods, it is necessary to do a basis set selection to
measure the accuracy of molecular modeling calculations. The validation stage of this method is done by measuring
the suitability of the experimental benzylnicotine crystal structure [25] with theoretical studies. Table 1 shows the
geometric parameters of optimized structure benzylnicotine. The compatibility of bond distance and the bond angle
between experimental and theoretical studies can be seen in Table 1. Linear correlation between experimental and
theoretical results is fulfilled, the bond length ishly different from 0.01 A as well as the bond angle between
experiment and theoreticBll so the chosen basis set of 6-311++G (d,p) can be used for the studied system.

Quantum parameters can be used to predict more efficient compounds as corrosion inhibitors. Substituent effects
on the inhibitory efficiency of benzyl nicotine and its derivatives can be E8en in Tables 2 and 3. Experimental
studies on corrosion inhibition efficiency of iron benzyl nicotine in iron showed an effici@®y value of 90.8%
measured using the method of weight loss. Table 2 and 3 showed that the addition of the NH, electron donor group
increases efficiency by 18%Eh contrast, the addition of the NO, an electron withdrawing group reduces inhibition
efficiency by 6%. This trend is related to the energy values of HOMO and LUMO on inhibitor molecules.

The greater the energy of HOMO or the smaller the energy of LUMO, the stronger the §liganic molecule is
attached to the metal surface. These organic molecules will have high inhibitory efficiency. The HOMO energy
shows the nature of molecules to donate electrons, while LUMO energy shows the nature of molecules to accept
electrons [19,26-28]. The HOMO energy values UeN-NHz and BN-NO; calculated by B3LYP/6-311++G(d.p)
method are -5.9734 eV and -7.643 eV, respectively. The presence of NO; substituents slows down the reactivity of
the benzene ring and causes the benzene ring bond with the metal to {baken. The addition of NO, substituents is
predicted to have a less effect on the efficiency of corrosion inhibition. The same trend is also found in the results of
MP2/6-311G(d, p) where the HOMO energy values of BN-NH; is -8.16062 eV greater than the BN- NO; energy of -
9.856 eV.

Inhibition efficiency is also influenced by other quantum parameters such as electronegativity, lonization
potential, electron affinity, and electron transfer. The small value of electronegativity causes the molecules to easily
reach electron equilibrium so that it becomes more unreactive while the high electronegativity value indicates the
opposite [29-31]. Table 2 and 3 showed that the BN-NH; electronegativity value 1s 3.908 eV whereas BN-NO; is
5.3606 ¢V with the DFT method. The MP2 method obtained the electronegativity values of BN-NH; and BN-NO,
of 3.0722 eV and 4.4737 eV, respectively. Therefore, it can be predicted that the addition of BN-NH, has higher
inhibition efficiency than the addition of BN-NO; because BN-NH; is easier to achieve electron equilibrium.
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The ionization potential (I) can also be used to measure the reactivity of atoms or molBules. High ionization
potential values indicate that molecules have low reactivity or chemical inertness; whereas low ionization potential
values indicate molecules have high reactivity [29-31]. Tables 1 and 2 also show patterns of increase in ionization
potential that follow the pattern of increasing HOMO energy. The ionization potential value of addition of NH; with
the DFT method is 5.9734 ¢V lower than the ionization potential value for NO, increase which is 7.6423 eV,
whereas with the MP2 mt:a!d the added value of ionization potential is addition of NH; and NO; of 8.1606 ¢V and
9.8560 eV, respectively. Based on this data, it can be predicted that the addition of NH; has higher inhibition
efficiency than the addition of NO,.

The electron transfer value is the quantity of electrons transferred by organic compounds to the metal surface.
Judging from the data in Table 1 and 2, the addition of NO; has a lower electron transfer than NH; so that the
inhibitory efficiency is also lower. The transfer electron value of adding NH; with the DFT method is 0.7485 while
the addition of NO, is 0.3592. The MP2 method shows electron transfer values for addition of NH, and NO, of
0.3860 and 0.2347, respectively. The corrosion eficiency inhibition increases with increasing electron transfer value,
because the more electrons are transferred to the surface, the more electrons coat the metal surfaceej that the
corrosion process can be inhibited. The value of AN is directly proportional to the energy value of HOMO and
LUMO, ionization potential, electron affinity and electronegativity.

TABLE 1. Geometric parameters of benzylnicotine based on experimental and theoretical calculations B3LYP/6-311++G(d,p)

; * ;

Bond distance Exp* (A) Tl(li{])r’ Bond Angle E&{) Tl;ji{])r’
cl-c2 1.394 1.4010 N27-C1-H6 116.40 116.4776
CI1-N27 1.331 1.3372 C1-C2-C3 117.80 118.3073
C1-Hé6 1.089 1.0864 c1-Cc2-C10 122.70 123.0509
C2-C3 1.387 1.3991 C2-C3-H7 118.60 119.1619
C2-C10 1.502 1.4907 C4-C3-H7 121.20 122.1683
C3-C4 1.383 1.3902 C3-C4-H8 120.90 121.2411
C3-H7 1.081 1.0854 C5-C4-H8 119.70 120.3981
C4-C5 1.358 1.3972 C4-C5-H9 119.50 120.2591
C4-H8 1.079 1.0850 N27-C5-H9 114.70 1158617
C5-N27 1.314 1.3395 C5-N27-C1 117.10 117.2617
C5-H9 1.086 1.0889 C2-C10-025 122.80 123.0153
C10-025 1.209 1.2160 C2-C10-011 112.10 112.2943
C10-011 1.339 1.3493 Cl10-011-C12 114.90 115.5285
C12-011 1.452 1.4545 011-C12-H13 107.50 108.2535
CI12-H13 1.089 1.0939 011-Cl12-H14 107.90 108.3835
Cl2-H14 1.088 1.0938 C15-C12-H13 112.10 112.1611
C12-C15 1.501 1.5036 Cl15-Cl12-H14 111.90 112.0533
C15-Cl6 1.387 1.3996 C15-C16-H19 118.80 119.4821
C15-C17 1.401 1.4005 C15-Cl6-C18 119.90 120.5975
C16-H19 1.085 1.0875 C15-C17-H21 118.50 119.4840
C16-C18 1.389 1.3952 C15-C17-C20 120.30 120.5783
C17-H21 1.085 1.0875 C16-C18-H23 119.60 119.8821
C17-C20 1.378 1.3944 C18-Cl16-H19 119.70 1199212
C18-C22 1.386 1.3959 C18-C22-H25 120.10 120.0853
C18-H23 1.082 1.0863 C18-C22-C20 118.90 119.8521
C20-C22 1.384 1.3966 C17-C20-H24 118.80 119.8864
C20-H24 1.083 1.0866 C20-C22-H25 119.70 120.0640
C22-H25 1.085 1.0867 C22-C20-H24 119.90 120.1137
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TABLE 2. Quantum parameters and the inhibition efficiency of corrosion of benzyl nicotine and its derivatives are calculated
using DFT B3LYP/6-311++G(d,p).

Parameters
Inhibitors
Enomo (6V)  Epumo (eV) Egap (eV)  I(eV) A (eV) 7 (eV) AN %elEtheory

BN -7.2254 -1.9535 -5.2719 7.2254 1.9535 4.5895 0.4572 90.8000
BN-CH,OH -6.8741 -1.9274 -4,9468 6.8741 1.9274 4.4008 0.5254 95.2147
BN-CH, -6.8752 -1.9255 -4,9498 6.8752 1.9255 4.4004 0.5252 95.2010
BN-COOH -7.4845 -2.1198 -5.3647 7.4845 2.1198 4.8021 0.4097 87.5446
BN-CI -7.0894 -2.0645 -5.0249 7.0894 2.0645 4.5770 0.4822 92.6839
BN-NH, -5.9734 -1.8425 -4.1310 5.9734 1.8425 3.9080 0.7485 107.524
BN-NO; -7.6423 -3.079 -4.5634 7.6423 3.0790 5.3606 0.3592 84.7436
BN-OH -6.5337 -1.9415 -4,5922 6.5337 1.9415 4.2376 0.6015 98.3954

TABLE 3. Quantum parameters and benzylnicotine corrosion inhibition e fliciency and derivatives are calculated using MP2/6-

311++G(d,p)
Parameters
Inhibitors E{:{'};" E(';'{'f;“ Egap {e\«') A(eV) 7 (eV) AN %]lEtheory
BN -9.3362 1.9946 -11.3308  9.3362  -1.9946 3.6708  0.2938 90.8000
BN-CH,0OH -7.9386 3.8966 -10.8352  6.9386 -3.8966 1.5210  0.5057 96.2089
BN-CH, -8.8737 2.128 -11.0017  R.8737 -2.1280 33729 0.3297 84,8844
BN-COOH -7.7961 53715 -13.1676  7.7961 -53715 12123 04395 96.1886
BN-(C1 -9.603 1.8476 -11.4506  9.6030 -1.8476 38777 0.2727 93.5938
BN-NH; -8.1606 2.0163 -10.1769  8.1606 -2.0163 3.0722  0.3860 75.2019
BN-NO; -9.856 0.9087 -10.7647  9.8560 -0.9087 44737  0.2347 64.8974
BN-OH -8.7457 2.000 -10.7457  8.7457  -2.0000 3.3729  0.3375 53.9336

1

Linear correlation between glantum parameters and corrosion inhibition efficiency of nicotine benzyl
compounds and their derivatives can be seen in Figure 2. Linear correlation between HOMO energy, ionization
p)otential, electronegativity, and electron transfer with corrosion inhibition efficiency seen from the regression value
r of 0.99264, 0.99264, 0.8639 and 0.9951, respectively. Figure 2 shows that if the HOMO value is higher, the
corrosion inhibition efficiency increases. The lower the ionization potential, the inhibition efficiency also increases.
Furthermore, if electronegativity gets lower and the electron electron transfer increases, the efficiency of corrosion
inhibition increases. Visualization of structural optimization, HOMO and LUMO energy, electromagnetic potential
of benzylnicotine compounds can be seen in Figure 3. Electrostatic potential surface (ESP) is an opportunity to find
the distribution of electron charge in the cartesian coordinates (x, y, and z) in a molecule. ESP is related to electron
density, an area where electrons can be found to explain molecular properties, predict molecular structure, bond
strength, reactivity and molecular stability. The EPS value shows the active side of benzilnicotine in aromatic
regions that have heteroatoms
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FIGURE 2. Correlation between the efficiency of corrosion inhibition (%IE) and quantum parameters such as HOMO energy,
ionization potential, electronegativity and electron transfer.
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FIGURE 3.Visualization of HOMO-LUMO energies and electrostatic potential of benzylnicotine and its derivatives

Each molecule has an active side that is used in interacting. To find out the point where a molecule donates an
electron or receives an electron can be predicted using the analysis of the Fukui function. Changes in electron
density are explained in nucleophilic form f+ and electrophilic f-. The value of f+ is an electron deficit area,
indicating the ability of atoms to accept electrons which are back donations from metal. Whereas f- is an electron-
rich region, indicating the ability of atoms to donate electrons to empty d orbitals in metal [31]. Tables 4 show Fukui
values of nicotine benzyls and their derivatives, where it can be seen that C3 and CS5 carbon atoms act as
nucleophilic because they have a high f+ value so they are susceptible to receiving electrons from metals. Atoms
that act electrophilic attacks are C2 and N6 which can donate electrons to the metal surface, this is indicated by a
high value of f-atom.
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TABLE4. Fukui values for nucleophilic and electrophilic attack of benzyl nicotine and its derivatives using the DFT B3LYP/6-
311++ G(d,p) method

Compounds Atom N(-1) N (D) N(+1) f(-) f(+)
BN-NH: Cl -0.2117 -0.1801 -0.2166 0.0316 -0.0365
c2 1.0640 1.0953 1.0655 0.0314 -0.0298
C3 0.1707 03315 0.3844 0.1608 0.0529
C4 -0.0382 0.0077 0.0472 0.0460 0.0395
C5 -0.2714 -0.1261 -0.0860 0.1452 0.0401
N6 -0.0731 -0.0243 0.0302 0.0488 0.0545
BN-NO, Cl -0.2494 -0.2643 -0.2575 -0.0149 0.0068
c2 0.8342 0.8265 0.8465 -0.0078 0.0200
C3 0.3629 0.4481 0.5599 0.0851 0.1118
C4 -0.0733 -0.0370 0.0408 0.0363 0.0778
C5 -0.1860 -0.1016 -0.0415 0.0845 0.0601
N6 -0.0520 -0.0196 0.1450 0.0323 0.1646
TABLE 5. Second-order interaction energy (E2) keal.mol™* from benzyl nicotine and its derivatives by MP2/6-311++G(d,p)
method
Compounds Donor Acceptor E2
BN LP(1) N27 LP* (7) Fe28 5.67
LP(1) Fe28 RY*(1)N27 0.28
LP(2) Fe28 RY*(3)C2 1.06
BN-CH,OH LP(1) N6 LP*(7)Fe 32 5.66
LP*(4)Fe 32 RY* (1) N6 0.58
LP(2) Fe32 RY* (3)C2 1.09
BN-CH, LP(1) N6 LP* (7) Fe31 5.64
LP(1) Fe31 RY* (1) N6 0.58
LP(2) Fe3l RY* (3)C2 1.09
BN-COOH LP(1) N6 LP*(7) Fe31 5.63
LP(4) Fe31 RY* (1) N6 0.57
LP(3) Fe3l RY* (1) C5 1.05
BN-NH, LP(1) N6 LP*(7) Fe 30 6.03
LP(1) Fe30 RY* (1) N6 0.59
LP(2) Fe30 RY* (3)C2 1.09
BN-NO: LP(1) N6 LP*(8) Fe30 5.61
LP(1) C5 LP*(5) Fe30 25.83
LP(3) Fe 30 RY* (1) N6 0.55
LP(3) Fe30 LP(1) C5 5.83
BN-OH LP(1) N6 LP*(7) Fe 30 5.67
LP(1) Fe30 RY* (1) N6 0.59
LP(2) Fe30 RY* (3)C2 1.08
BN-Cl LP(1) N6 LP* (7) Fe 28 5.63
LP*(4) Fe28 RY* (1) N6 0.57
LP(3) Fe28 RY* (1) C5 1.05

The effect of electron donor-acceptor substituents was further studied using second-order energy interaction (E2)
based on analysis of Natural Bonding Orbital (NBO) [24]. The E2 value obtained from the NBO analysis uses the
DFT method shown in Table 5. The values selected for second-order interactions show the interaction between a
single electron pair (LP) of nitrogen and carbon with a single electron antibonding (LP*) pair of Fe indicating the
presence of second-order interaction energy (E2). The second-order interaction energy (E2) for the maximum donor
between Fe and benzyl nicotine with the addition of NH,, OH, CH,OH, CH;, BN, Cl, COOH and NO; substituents
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respectively is 5.23, 5.21, 5.21, 5.19, 5.17, 5.17, 5.16 and 4.47 keal.mol™. The E2 value can also be used to explain
why NH, has the highest inhibif£lly efficiency. Addition of NH, substituents has the highest E2 value and increases
corrosion inhibition efficiency. In additiofffto donating electrons, nitrogen atoms also receive electrons back from
iron, even though the E2 value is small. Thus, it can be concluded that the result of the second order interaction
energy value (E2) corresponds to the quantum parameter descriptor and function analysis of Fukui. The NBO
analysis uses DFT and the MP2 method shows results that are not much different, MP2 gives a slightly higher value
than the DFT. The values chosen for second-order interactions show the interaction between a single electron pair
(LP) of nitrogen and carbon with a single electron antibonding (LP) pair of Fe which indicates the presence of
second-order interaction energy (E2).

CONCLUSION

Density functional theory and MP2 has been used to examine the effect of substituents on the inhibition
efficiency of benzyl nicotine and its derivatives. The driving group of electrons increases the efficiency of inhibition
of benzyl nicotine and the electron pulling group has the opposite effect. Analysis of the Fukui indices and second
order energy interaction (E2) also succeeded in predicting the active side of the benzyl nicotine compound and its
derivatives. Nitrogen and the aromatic benzene group are the most active side of the benzyl nicotine compound
which can play a role in donating electrons to the metal and simultaneously contributing to receiving electron back
contributions from metals. Linear correlation is shown between inhibition efficiency and quantum parameters. This
theoretical study shows that substituents nfluence the efficiency of corrosion inhibition.
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