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Abstract

PM3 and DFT quantum mechanical calculations were employed to give further
insight into the inhibition efficiency of the newly prepared cefotaxime amic acid
derivative. The calculated physical properties and quantum chemical parameters
correlated to the inhibition efficiency such as Epomo (highest occupied molecular
orbital energy), E, ymo (lowest unoccupied molecular orbital energy), the energy gap
(AE(Homo-Lumoy), hardness (1), softness (S), dipole moment (), electron affinity
(EA), ionization potential (IE) and active site absorption.....etc., all studied and
discussed at equilibrium geometry in the gas phase and at its right symmetry (C,).
Experimentally the newly prepared cefotaxime derivative could be absorbed on
carbon steel surface with good inhibition efficiency by offering electrons from rich
hetero-atoms such as nitrogen and oxygen to unoccupied d-orbitals of Fe metal and
forming antibonding orbital-feedback bonds.

Keywords: corrosion inhibitor, theoretical, PM3, DFT, Cefotaxime, amic acid
derivative.

JSU JafiaS dlial apaasSlighaon alald dyaa (gidial 450 Ay

Zagan Gl pUS Fgghall Cig e Mol M FAS 2ale Gilsy
Glall elany cala daals oo el and caslall LK
Ghall ealaky L L€l o slall 57

IS EN]

Al L&Y DFT 5 PM3 Cluall il sailel) oS clilae ciblon pasi Giadl o
Al Galall Ly lm B 5 clial anSlisidl adlal joanall yoad) Gkl L seli
Jsidie e Lol Wb e 0SB L Syl 138 508 Aulyyy Alayal oS clilSoe Dlaless
AEomo- lagis AUl Gudlls Epymo lis SENL Jsidia st lae Uagl 4y (Epomo <lis SSNL
5 EA A, 5 Ay p ladll AU ade s S Asslll 5 sBlally s SN ASES w3535 cLumo
cmaal) Jlall dies sl gl IS0 die (&) L Al Sl adlge 5 IE ) sea
Pla e S am LaieS lall yoall mhas e Sl el 48l 2 Lagad (C)) Al
o 0 lae (I GamanS Wy ol Jie g FEIVG Al dimed) A J8 e lip S caas
Aela il yalsl UsSe paall juaie (8 Gl SV Jpadal)

*Email: Rehab_ mmr_kb@yahoo.com
792



Kubba et al. Iragi Journal of Science, 2016, Vol. 57, No.2A, pp: 792-801

Introduction:

The B-lactam group as four-membered nitrogen-containing ring is one of the most important group
of antibacterial agents used in clinical medicine esp. against gram-negative organisms and differ from
penicillins by the heterocyclic ring system [1].

Cefotaxime is an antimicrobial agent commonly used for severe Salmonella infections, especially
in children [2] and has an excellent activity against most strains of S. pneumonia, and high level
resistance to penicillin [3].

Also, cefotaxime is considered as an excellent corrosion inhibitor (95.8%) in 1 M HCI solution by
Shukla and Quarishi [4] as a result of the presence of free NH, group which gets strongly protonated
in hydrochloric acid solution without considering its instability of in acidic media [5].

Corrosion by its simplest definition is the process of a metal returning to the material’s
thermodynamic state which is electrochemical reaction that follows the laws of thermodynamics and it
is time and temperature dependent

Corrosion of metallic surfaces [6] can be controlled or reduced by the addition of chemical
compounds to the corrodent. This form of corrosion control is called inhibition and the compounds
added are known as corrosion inhibitors, which is one of the most common effective and economic
methods to protect metals especially in acid medium [7].

The majority of the well-known inhibitors are organic compounds containing heteroatom, such as
O, N, or S and that, at the same time, contain N and S in their structures are of particular importance
since these provide an excellent inhibition compared with the compounds that contain only N or S [8].
The aim of this work is to study the corrosion efficiency parameters of the newly prepared cefotaxime
pyrromelliticdiamic acid as a good corrosion inhibitor with Parametric Methods PM3and DFT using
Gaussian 05 program.

Results and Discussion:

Cefotaxime introduced in reaction with pyromellitic dianhydride producing new pyromellit amic
acid containing different heterocycles (1). This reaction afforded characterized pyromellit amic acid
which linked to cefotaxime moiety with FTIR, *HNMR, and **CNMR spectroscopies as indicated in
Figure-1 [9]. Values of the open circuit potential (OCP), the corrosion potential (Em), the corrosion

current densities (Icm), weight loss (wt loss), penetration loss, and protection efficiency (P%) for

carbon steel at three different concentrations of cefotaxime-amic acid derivative and four different
temperatures in 0.3N sulfuric acid were studied Table-1 [9].
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Figure 1- Chemical structure of 2,5-bis-{4-[(3-acetoxy-2-carboxy-8-0x0-5-thia-1-aza-bicyclo [4.2.0] oct-2-en-7-

ylcarbamoyl)-methoxyimino-methyl]-thiazol-2-ylcarbamoyl}-terephthalic acid (pyromelliticdiamic
acids).
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Table 1- Experimentally values of the corrosion inhibition properties of cefotaxime-amic acid derivative on
carbon steel at three different concentrations and four different temperatures in 0.3N sulfuric acid [9].

|
Condition [ Conc. TeEp. O\C/:P E\C;” A/C((:);!rg'z g/'\g:\-lzt')g_sl Pergﬁgéyon P%
(x10™)

308 -0.510 -0.5092 939.28  235.00 10.90 -

318 | -0.501 | -0.4987 | 1320.00 [ 33000 | 1530 | -

03N 328 -0.494 -0.4855 1310.00 328.00 15.20 -

' 338 |-0.491 | -0.4890 | 1730.00 [ 43200 | 2010 | -
0 308 0468 -04656 12502  3L30 145  86.6808
DMSO 318 |-0.459 | -0.4562 | 210.62 [ 5270 | 244 | 84.0303
328  -0.459 -0.4496 590.51  148.00 6.85 54,8780
50 ppm 338 | -0.458 | -0.4577 | 1120.00 | 280.00 | 13.00 | 35.1851
308  -0.454 -0.4424 307.46  76.90 3.57 67.2765
318 | -0.454 | -0.4436 | 639.05 | 160.00 | 742 | 515151
328 -0.453 -0.4523 896.45  224.00 10.40 31.7073
with1mL | 400 oo, 338 | -0.453 | -0.4514 | 1330.00 [ 331.00 | 1540 | 23.3796
DMSO 308 -0.475 -0.4641 385.12  96.30 4.47 59.0212
and 0.3 N 318 | -0.465 | -0.4659 | 559.27 | 14000 | 649 | 57.5757
HsS0, | | 328 0462 -0.4606 70619 177.00 8.20 46.0365
PPM 338 [-0.460 | -0.4575 | 819.18 | 20500 | 951 | 52.5462

Inhibitor efficiency is higher for a compound which can donate electrons easily for the molecular
site of adsorption and corresponds to high electron density at the presumed adsorption center in the
molecular.

Most organic inhibitors are compounds with at least one polar function; the polar function is
regarded as the reaction center for the establishment of the chemisorbed bond, whose strength is
determined by the electron density of the atom acting as the reaction center [10].

A positive value of protection efficiency P% Table-1 indicates the inhibition of corrosion by the
added inhibitors and it decreased with increasing in both its concentration and the applied temperature
range. The variation in inhibitive efficiency with the concentration increasing of the acid may be
attributed to the rate of evolution of hydrogen which may interfere with the absorption of the inhibitor
on the metal surface.

From the experimental results, it is possible to get better performance with the newly prepared amic
acid (1) as a corrosion inhibitor. The presence of different hetero-atoms with duplicate heterocycles in
both sides of pyromelliticdiamic acids Figure-1.that may affect its action as corrosion inhibitors were
investigated by theoretical calculations.

To correlate inhibition experimental data gained from electrochemical technique and the
electronic—structural properties, quantum chemical calculations are extensively employed. Performing
a quantum chemical study, a better understanding of the molecular structure- inhibitive effect
relationship of pyromelliticdiamic acids may be concluded.

Quantum chemical study

The quantum chemical parameters for the optimized structure Figure-2 have been determined and
analyzed in order to explain the interaction between the inhibitor molecules and the metal surface.
According to DFT-Koopmans’ theorem [11, 12], the HOMO energy is related to the ionization
potential (IE) whereas the LUMO energy is linked to the electron affinity (EA), as follows:

IE (lonization potential)= -Eomo @
EA (Electron affinity)= -E_ ymo 2
Then, the electronegativity (), the chemical potential (u) and the global hardness (n) were evaluated,
based on the finite difference approximation, as linear combinations of the calculated IE and EA [13]:
¥, (Electronegativity)= - n = IE+EA)/2 3)
1 (Hardness) = (IE - EA)/ 2 4
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The global softness (S) is the inverse of the global hardness [14].
S (global softness) = 1/ 5)
Global electrophilicity index (w) introduced by Parr [15], calculated using the electronegativity and
chemical hardness parameters through the equation 6. A high value of electrophilicity describes a
good electrophile while a small value of electrophilicity describes a good nucleophile [16].
Global electrophilicity index (w) = (—x) 227 (6)
The fraction of transferred electrons (AN), evaluating the electronic flow in a reaction of two
systems with different electronegativities, in particular case; a metallic surface and an inhibitor
molecule was calculated according to Pearson theory [17] as:
AN (Electron transferred) = (y re-) innib.)! [2 (MFe TN innib.)] @)
Where yr. and yinn denote the absolute electronegativity of iron and inhibitor molecule respectively ng
and min, denote the absolute hardness of iron and the inhibitor molecule respectively.
In this study, we use the theoretical value of yr.= 7.0eV and ng.= 0.0eV for the computation of number
of transferred electrons [18]. The difference in electronegativity drives the electron transfer, and the
sum of the hardness parameters acts as a resistance [19]. The local selectivity of a corrosion inhibitor
is best analyzed by means of condensed Fukui function.
Molecular geometry
With the Gauss View 03 implemented in Gaussian 03 package [20], its corresponding geometry
was fully optimized using PM3 semiemperical method and Density Functional Theory (DFT) which
was carried out using Becke’s three-parameter functional and the correlation functional of Lee, Yang
and Parr (B3LYP) at 6-311+G (d, p) level of theory [21, 22], and the vibrational calculations probe
that their equilibrium structures correspond to the minima energy for Cefotaxime-amic acid derivative
(absence of imaginary frequencies).
The final geometries and the computational results (bond lengths) of Cefotaxime-amic acid
derivative corresponding to PM3 and DFT methods were given in Figure-2. Table-2, respectively.
Figure-3 shows the label of the atoms of the studied inhibitor.
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Figure 2- Equilibrium geometry of the inhibitor molecule calculated by (a) PM3 and (b) DFT methods.
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Figure 3- label of Cefotaxime—pyrromelliticdiamic acid.

Table 2- Calculated geometric structure for Cefotaxime—pyrromelliticdiamic acid molecule by using DFT

B3LYP/6-311+G (d, p) method.

Description Bond length Description Bond length Description Bond length
Bond (A) Bond (A) Bond (A)
C1-C2 1.39614 S12-C13 1.72431 C26-S27 1.82245
C2-C3 1.39474 C13-C14 1.37130 C26-N30 151213
C2-C5 1.48981 C14-N15 1.40743 S27-C28 1.82000
C3-C4 1.39720 Cl14-C16 1.47117 C28-C29 1.48848
C3-C8 1.50092 C16=N17 1.29680 C29=C31 1.35124
C5=06 1.21549 N17-018 1.40243 C29-C35 1.50698
C5-07 1.35392 018-C19 1.41150 C31-C32 1.49989
O7-H 0.95250 020=C21 1.21825 C32-C34 1.35206
C8=09 1.21601 C21-N22 1.42767 C32=033 1.21533
C8-N10 1.42733 N22-C23 1.45994 C35-036 1.42800
N10-C11 1.42252 C23-C24 1.55012 036-C37 1.36693
C11-S12 1.76457 C23-C26 1.57147 C37-038 1.21512
C11-N15 1.34220 C24=025 1.19624 C37-039 1.50040

The compound under investigation is not planar with C; point group with no symmetry operators
for both PM3 and DFT calculations and was more distortion and higher dipole moment in DFT
calculations due to the repulsion of its two (CH,OCOCHs5) groups of terminal parts at which switching
one over each other with a separate distance of (7.36886 A) at the optimized calculated structure,
Figure-2.

The computational results at the optimized geometrical structure of the studied inhibitor involve
significant on the structural parameters such as bond angles Table-2. The largest values of the bond
lengths were observed for C26-S27 and S27-C28 bonds which were longer than the C11-S12 and
S12-C13 bonds. These differences can be explained by the less delocalization of electrons on C26-
S27-C28 than on C11-S12-C13. For this reason, it can be concluded that the adsorption on a metallic
surface is clearly easy with C26-S27 and S27-C28 than with C11-S12 and S12-C13 bonds.

Global molecular reactivity

Frontier orbital theory is useful in predicting adsorption centers of the inhibitor molecules
responsible of the interaction metallic surface/molecule [23]. The terms involving the Frontier
Molecular Orbitals (FMO) could provide a dominative contribution, because of the inverse
dependence of stabilization energy on orbital energy difference (AE= E ymo- Exomo). The HOMO
energy (Enomo) is often associated to the electron donating ability of the molecule, therefore, inhibitors
with high values of E,omo have a tendency to donate electrons to appropriate acceptor with low empty
molecular orbital energy. Conversely, the LUMO energy (E_umo) indicates the electron-accepting
ability of the molecule, the lowest its value the higher the capability of accepting electrons. The gap
energy between the frontier orbitals (AE) is another important factor in describing the molecular
activity, so when the gap energy decreased, the inhibitor efficiency is improved [24].
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The higher HOMO energy corresponds to the more reactive molecule in the reaction with
electrophiles, while lower LUMO energy is essential for molecular reactions with nucleophiles.

The calculated quantum chemical parameters related to the inhibition efficiency of the studied
molecule, such as the highest occupied molecular orbital (Exomo), energy of the lowest unoccupied
molecular orbital (E_ymo), energy gap (AE= E_umo-Enomo) , dipole moment (u), the electronegativity
(%), the ionization potential (IP), the electron, affinity (EA), the global hardness (n), and the fraction of
electron transfer (AN) from the inhibitor molecules to iron, are collected in Table-2, Table-3,
respectively, taking into consideration that the DFT calculation is the more accurate one.

HOMO and LUMO energies in the theoretical study used for prediction of inhibitor adsorption
centers that interact with metal atom surface where Enomo Values represent electron donation from the
molecule (inhibitor) to the acceptor (metal surface) while E yuo values give a prior image of the
acceptance of molecular electrons.[25,26]. Also, the HOMO-LUMO energy gap considered as an
important factor in qualitative theoretical models for structural-conformation barriers. Indeed, the
excellent corrosion inhibitors are usually the organic compounds which not only give electrons to the
unoccupied orbital of the metal but also to accept free electrons from it [27].

The newly applied inhibitor with Eyomo (-9.561, -2.857 eV), E umo (-1.910, -6.767eV), AEromo-
Lumo) (7.651, 3.090eV) respectively which calculated according to PM3 and DFT methods. Table-3,
showing that the inhibitor could be absorbed on carbon steel surface with good inhibition efficiency by
offering electrons from rich hetero-atoms such as nitrogen, oxygen, and sulfur to unoccupied d-
orbitals and forming antibonding orbital-feedback bonds [28].

The electronic properties at optimized molecular structure are given in Table-3, and Figure-4 with
molecular orbital density illustrated large electric density of HOMO in thia-1-aza-bicyclo [4.2.0] oct-
2-ene moiety in compound (1) whereas LUMO distributed in pyromellitic benzene ring for both the
calculations even giving two different geometrical conformations.

The dipole moment (n in Debye) is another very important electronic parameter that results from
non uniform distribution of charges on the various atoms in the molecule. The high value of dipole
moment increases the adsorption between a chemical compound and the metal surface. The dipole
moment provides information on the polarity of the whole molecule. High dipole moment values are
reported to facilitate adsorption (and therefore inhibition) by influencing the transport process through
the adsorbed layer [29]. Several authors have stated that the inhibition efficiency increases with dipole
moments values [30-31].

The dipole moments of the applied inhibitor are 9.787D and 11.072D, due to PM3 and DFT
calculation methods respectively Table-3, which are higher than that of H,O (u= 1.88 D) and higher
than that of dipole moment for many good inhibitor compounds. The high dipole moment value of this
compound probably indicates strong dipole—dipole interactions between the inhibitor and metallic
surface [32].

The fraction of electrons transferred (AN) from an inhibitor to mild steel surface was also
calculated using a theoretical yr and ng values for carbon steel of 7.0eV and 0.0eV respectively. The
AN values are correlated to the inhibition efficiency resulting from electron donation. According to
Lukovits et al. study [33], if AN< 3.6, the inhibition efficiency increases with increasing electron-
donating ability at the metal surface. The obtained values of AN reported in Table-3; show that the
studied inhibitor has a higher value of AN (0.415, 0.559) Table-4 than AN of compounds mentioned in
references [34-36] which were proved to have good efficiency corrosion. Therefore, the highest
inhibition efficiency obtained experimentally for the calculated inhibitor can be explained by the
tendency of a molecule to receive the electron by S atom in unoccupied orbital (3d). This ability to
receive the electron from the metallic surface increases the inhibition efficiency.

Table 3- Some physical properties of the inhibitor molecule at the equilibrium geometries as calculated by using
PM3 and DFT methods.

. M. formula AH; AE
Inhib. M. Wt Eotal (kcal/mol) Eromo | ELumo HOMO-LUMO "
(gm/mol) V) imoy | V) | @) ev) | (Debve)
-481.431
PM3 CoHaNigOwSs | 2014311 -9.561 -1.910 7.651 9.787
DFT 1129.041 -143346.580 | = --------- -2.857 -6.767 3.090 11.4161
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Table 4- Quantum chemical parameters for the inhibitor molecule as calculated by using PM3 and DFT method.

Inhib. 2Sym. IE (eV) EA (eV) 1 (eV) 1 (eV) S (eV) (eV)w AN
PM3 C; 9.561 1.910 3.825 5.735 0.261 4.299 0.415
DFT C, 6.767 2.857 1.955 4.812 0.511 5.922 0.559
ol
fy .
’ ﬁ
PM3

< (9
‘e 3
A o
v 9 ¢
DFT HOMO (-2.857¢eV) LUMO (-6.767eV)

Figure 4- The frontier molecule orbital density distributions of 2,5-bis-{4- [(3-acetoxy-2-carboxy-8-oxo-5-thia-
l-aza-bicyclo [4.2.0] oct-2-en-7-ylcarbamoyl)- methoxyimino- methyl]-thiazol-2-ylcarbamoyl}-
terephthalic acid compound as calculated by using PM3 and DFT method.

Active sites of the inhibitor molecule

For the purpose of establishing the active sites of the inhibitor calculated molecule, three
influencing factors: natural atomic charge, distribution of frontier molecular orbital and indices.
According to classical chemical theory, all chemical interactions are either by electrostatic or orbital
interactions. Electrical charges in the molecule were obviously the driving force of electrostatic
interactions. It is proven that local electric densities or charges are important in many chemical
reactions and physicochemical properties of compound [37]. Table-5 shows that the favored sites for
electrophilic attack and the most reactive of the inhibitor molecule are C5, C8, C13, C24, C31, C32,
C37 atoms of the thiazine ring and S12 heteroatom, the sites which can accept the electrons. Thus, for
the nucleophilic attack the most reactive sites are C13, C28, C39 and 06, O7, 09, N10, N15, 018,
020, N30, 033, 034, 036, 038 heteroatom's. The negative charges centers could offer electrons to
the Fe atoms to form a coordinate bond while the positive charge centers can accept electrons from 3d
orbital of the Fe atom to form feedback bond, thus further strengthening the interaction of inhibitor
and Fe surface.

The partial charges on the individual atoms in a molecule also indicate the reactive centers for a
particular inhibitor. Atoms with the highest negative charge are considered to have an electron donor
role when interacting with metal surfaces. The Mulliken atomic charges for the heteroatom’s of the
inhibitor molecule are reported in Table-5.
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Based on the discussion above, it can be concluded that the inhibitor has many active centers for
adsorption on carbon steel surface. Thus, the areas containing N, O and S atoms are the most favored
sites for bonding to carbon steel surface through donating electrons. However, the S atom can give and
receive the electron to and from metal, respectively. The last process reinforces the inhibitor molecule
adsorption on a metalic surface.

Table 5- DFT Mulliken charges population analysis for the calculated inhibitor molecule.

Atom Electronic Atom Electronic Atom Electronic Atom Electronic
charge charge charge charge
C1 0.061 Cl11 0.158 C21 0.394 C31 0.318
C2 0.045 S12 0.349 N22 -0.364 C32 0.284
C3 -0.045 C13 -0.291 C23 0.126 033 -0.319
C4 0.018 Cl14 0.197 C24 0.415 034 -0.316
C5 0.263 N15 -0.359 025 -0.281 C35 0.008
06 -0.317 C16 0.009 C26 -0.137 036 -0.337
o7 -0.315 N17 -0.115 S27 0.130 C37 0.311
C8 0.304 018 -0.275 C28 -0.335 038 -0.346
09 -0.307 C19 -0.081 C29 -0.151 C39 -0.302
N10 -0.374 020 -0.319 N30 -0.427

Conclusion
The inhibition efficiency of carbon steel corrosion by Cefotaxime—pyrromelliticdiamic acid

derivative has been investigated using quantum chemical calculations PM3 semiempirical method and

(DFT/B3LYP/6-311) level of theory. The following conclusions were drawn from this study:

1. The geometrical parameters with both PM3 and DFT methods show that the inhibitor molecule is
efficient for the corrosion inhibition. This result is in good agreement with experimental results
studied previously.

2. A good correlation was found between the quantum chemical parameters calculated at
equilibrium geometry by PM3 and DFT methods (Exomo, ELumo, gap energy (AE), dipole moment
(w) and the others with inhibition efficiency. This can be explained by the fact that the inhibitor
compound can give and receive electrons from the metal, and these processes reinforce the
adsorption of the inhibitor molecules on carbon steel surface.

3. The density distributions of the frontier molecular orbitals (HOMO and LUMO) show that
Cefotaxime—pyrromelliticdiamic acid derivatives adsorb through the actives centers nitrogen,
oxygen, sulfur and & electrons of the benzothiazine ring.

4. The reactive site for electrophilic and nucleophilic attacks, determined from the DFT Mulliken
charges population analysis for the calculated inhibitor molecule.
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