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Abstract. The selected quinoxalinones and benzoxazinones derivatives, synthesized in our laboratory
earlier, were explored by spectroscopic techniques (UV-Vis, IR, Raman and NMR) and theoretical study
(DFT calculations). In order to understand the electronic properties of these compounds, the theoretical UV
spectra have been investigated by TDDFT/B3LYP method with 6-3114G(d,p) basis set in ethanol as a
solvent. For all compounds, the absorption of UV radiation with a wavelength around 415 nm with an
oscillator strength f = 0.90 induces the intramolecular electronic transition (n—7n*). The frontiers molecular
orbitals are calculated, and contributions of the electronic transitions are determined. Also, we did quantum
chemical calculations to investigate the corrosion inhibition properties of these molecules. The vibrational
analysis was performed at the B3LYP/6-3114+G(d,p) level of theory in vacuo. Obtained results are in very
good agreement with experimental data. The calculated *C NMR shifts in all cases are in good-to-excellent
agreement. Also, '"H NMR predicted shifts are comparable with experimental results, but there are some
deviations (for N—H shifts) probably as a consequence of intramolecular interactions.

Keywords. Quinoxalinones; 1,4-benzoxazin-2-ones; vibrational analysis; corrosion inhibition; simulated
3C and 'H spectra.

1. Introduction nature of inhibitor, and the electrochemical potential at
the metal-solution surface.” Many quinoxaline
derivatives have been reported as efficient inhibitors of
metal corrosion in acidic medium in the last few

years.®'? Nowadays, many scientists and engineers

The quinoxaline and benzoxazine derivatives are
mainly known for their wide range of pharmacological
and biological activities.'™ Their ring moieties are

part of the chemical structures of various antibiotics
such as echinomycin, levomycin and actinomycin.’
Such compounds are also known to be active against
transplant tumors.® Also, quinoxaline-based com-
pounds have the ability to inhibit the metal corrosion
and they are used in electroluminescent materials.>
Physicochemical properties of inhibitors (e.g., electron
density, geometric factors, molecular volume, etc.,)
determine their effectiveness of corrosion, while the
process of adsorption depends on the type of metal, the

*For correspondence

are investigating new synthetic routes for the synthesis
of novel corrosion inhibitors with even better proper-
ties. There are numerous methods available for the
synthesis of quinoxaline and benzoxazine derivatives.
In recent times, several green methodologies that
include recyclable catalysts, microwave-assisted syn-
thesis and reactions in aqueous medium are pre-
sented.'*'* Bearing in mind the biological, structural,
and industrial importance of quinoxaline- and ben-
zoxazine-based compounds, we used these previously
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synthesized compounds for DFT calculations.'® The
studied quinoxaline and benzoxazine derivatives
namely  3,4-dihydro-3-[2-0x0-2-(4-methoxyphenyl)
ethylidene]-2(1H)-quinoxalinone (1), 3,4-dihydro-3-
(5-methyl-2-oxo-hex-5-enylidene)-2(1H)-quinoxalinone
(2), 3,4-dihydro-3-[2-0x0-2-(3-nitrophenyl)ethylidene]
-2(1H)-quinoxalinone (3) and 3,4-dihydro-3-[2-0x0-2-
(3-N-acetylphenyl)ethylidene]-1,4-benzoxazin-2-one (4)
are presented in Figure 1. In this study, the equilib-
rium conformation of selected compounds was pre-
dicted theoretically using B3LYP/6-311+G(d,p) level
of theory. Obtained optimized structural parameters
are compared with crystal structure data of similar
molecular structure. In order to investigate the corro-
sion inhibition properties of these molecules we cal-
culated quantum chemical parameters. The complete
assignments were performed on the recorded FT-IR
spectrum based on theoretically predicted wavenum-
bers and their TED. The calculated vibrational fre-
quencies are scaled to compensate for the approximate
treatment of electron correlation, for basis set defi-
ciencies and for the anharmonicity.'>'® The electronic
transitions and isotropic chemical shifts were analyzed
via UV-Vis and "H and '*C NMR techniques. We have
carried out DFT calculations with the combined
Becke’s three-parameter exchange functional in com-
bination with the Lee, Yang and Parr correlation
functional (B3LYP).'”™"® Computational techniques

ey

Figure 1.
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can facilitate the solution of the problems confronted
in experimental chemistry.

2. Experimental and theoretical calculations
2.1 Experimental

The synthesis of the selected compounds was previously
reported by our investigation group.'? All solvents were
purchased from Sigma Aldrich and used without purifica-
tion. UV spectra (¢ = 1.0 x 107* mol dm™>, path length
1 cm) were measured in ethanol as solvent, in the wave-
length range of 200-600 nm using a Perkin Elmer Lambda
35 double-beam spectrophotometer at 25 °C. The IR spectra
were recorded via Perkin-Elmer Spectrum One FT-IR
spectrometer on a KBr pellet in the range of
400-4000 cm™'. Raman spectra were collected using
Thermo Fisher Scientific DXR Raman Microscope at
25 °C. This device uses DPSS (Diode Pumped Solid State)
lasers with wavelength A = 780 nm. The laser used for the
excitation is coupled with the optical Olympus microscope
and objective with 10 magnification, which focuses the laser
beam onto the sample. Through the same microscope
objective and pinhole aperture with diameter of 50 pm,
Raman backscattered data was collected with CCD camera
as a detector. The recorded wavenumbers are expected to be
accurate within +4 cm™' in the range of 50-3395 cm™'.
OMNIC software was used for collecting and analyzing the
obtained Raman spectra of the samples. The NMR spectra
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of the evaluated compounds have been performed in
DMSO-dg with TMS as the internal standard on a Varian
Gemini 200 MHz NMR spectrometer (‘H at 200 and '°C at
50 MHz). Physical properties of compound 1: orange
powder, M.p. = 241 °C; compound 2: orange powder,
M.p. > 300 °C; compound 3: orange powder, M.p. >
300 °C; compound 4: yellow powder, M.p. = 235 °C.

2.2 Computational details

All optimizations of geometries were performed using the
density functional theory (DFT) at the B3LYP functional
(Becke’s Three Parameter Hybrid Functional using the Lee-
Yang-Parr correlation functional).'®'? Calculations were
performed using the 6-3114G(d,p)*° basis set using
GAUSSIAN 09 package.”’ In this work, the B3LYP/6-
3114+G(d,p) theoretical model was used to obtain the
ground state geometries of selected quinoxalinones and
oxazinones in vacuo. Frequency calculations showed that
there were no imaginary frequencies, which indicates that
the stationary points correspond to the equilibrium geome-
tries. The calculated molecular geometry was used as an
input structure for further calculations (UV-Vis, IR, Raman,
'"H and 'C NMR spectra). For better understanding of
electronic properties, the theoretical UV spectra have been
calculated by TDDFT/B3LYP method with 6-3114-G(d,p)
basis set in ethanol as a solvent. The optimized molecular
structures in vacuo are used for the computation of vibra-
tional frequencies and Raman activities. Calculated vibra-
tional frequencies were scaled down using a single scaling
factor of 0.9679.** Quantum chemical properties are also
investigated in order to determine corrosion inhibition of
selected compounds. The 'H and 'C NMR isotropic
chemical shifts were calculated using the GIAO method
with DMSO as a solvent.”* The 'H and '>*C NMR chemical
shifts of TMS in DMSO were also calculated at the B3LYP/
6-311+G(d,p) level of theory and they equal 32.0121 and
184.5363 ppm, respectively. Calculated chemical shifts
were scaled using scaling factors of 0.9409 ('*C) and
1.1119 ('H), that are obtained using the least squares
method.

3. Results and Discussion
3.1 Molecular geometry

The optimized structural parameters of the molecule 2
are obtained from B3LYP/6-3114+G(d,p) level of
theory, and listed in Table 1. The crystal structure of
compound 2 is not obtained so we compared the
optimized structure with a similar system for which
the X-ray data have been obtained, for example, 3,4-
dihydro-3-(2-oxo-hex-5-enylidene)-1,4-benzoxazin-2-
one."? Heterocycle ring of compound 2, that is part of
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two tethered six-membered rings is almost ideally
planar that is confirmed for the crystal structure of
similar compound 3,4-dihydro-3-(2-oxo-hex-5-enyli-
dene)-1,4-benzoxazin-2-one.  Calculated  dihedral
angle of 0.12° between N(18)-C(12)-C(14)-C(16) and
dihedral angle of 176,71° between C(14)-C(16)-C(20)-
C(23) indicate that all atoms in the molecule (except
for the terminal C26—C27—C30 fragment) are part of a
large planar system.

Planar conformation of the almost whole system is
probably stabilized by a relatively strong intramolec-
ular hydrogen bond, such as N-H---O [H---O = 2.01 A,
N-H---O = 134°].'% As can be seen in Table 1, theo-
retical configurations do not match completely with
the XRD values. The reason for the deviation is that
these calculations refer to the equilibrium structure of
an isolated molecule in the gas phase and the experi-
mental results belong to another similar molecule in
the condensed phase.

3.2 Vibrational analysis

In order to obtain the spectroscopic data for selected
compounds we computed harmonic vibrational fre-
quencies using the B3LYP/6-3114+G(d,p) level of
theory in vacuo and the results are listed in Table 2.
There are some disagreements between calculated and
experimental vibrational wavenumbers because cal-
culations were made in vacuo, but experiments were
performed for solid-state. The calculated vibrational
frequencies were scaled-down with a scaling factor of
0.9679. Based on the calculated normal mode fre-
quencies, the theoretical IR and Raman spectra were
convoluted, and it was compared with the experi-
mental FT-IR spectra in Figures 2 and 3 for com-
pounds 1, 2, 3 and 4. The calculated vibrational
wavenumbers (v.,c) correlate very well with the
experimental data (Vexp) With the correlation equation
Veale = 1.0318-vey, — 71.069  and the correlation
coefficient (rz) of 0.9993 for compound 1. The
assignments of selected modes with TED contributions
are given in Table 2. The various functional group
analysis was discussed as below.

32a C-H vibrations: The C-H  stretching
vibrations of aromatic and aliphatic compounds
occur in the ranges of 3100-3000 and 3000-2840
cm™ ', respectively.” The calculated aromatic C—H
stretching vibrations were found to be at 3097, 3085,
and 3070 cm ™' for the C—H bonds of the aromatic ring
bearing quinoxalinone scaffold in all cases, and at

3107, 3094 and 3080 cm ™! for the C—H bonds of the



106 Page 4 of 16

Table 1.

J. Chem. Sci. (2019) 131:106

The computed geometric parameters of compound 2 and comparison with available experimental results for a

similar compound, bond lengths in angstrom (A) and bond angles in degrees (°).

)

>
f@

Bond lengths B3LYP/6—3114+G(d,p) Exper."? Bond angles B3LYP/6—-3114+G(d,p)
C(1)-C(2) 1.391 C(2)-C(1)-C(6) 120.1
C(1)-C(6) 1.397 C(1)-C(2)-C(3) 119.9
C(2)-C(3) 1.395 C(2)-C(3)-C(4) 120.1
C(3)-C4) 1.404 1.386 C(2)-C(3)-N(34) 122.2
C(3)-N(34) 1.397 1.384 C(4)-C(3)-N(34) 117.7
C4)-C(5) 1.398 C(3)-C(4)-C(5) 119.6
C(4)-N(18) 1.385 1.382 C(3)-C(4)-N(18) 118.5
C(5)-C(6) 1.389 C(5)-C(4)-N(18) 121.9
C(11)-C(12) 1.502 1.494 C(4)-C(5)-C(6) 120.0
C(11)-0(13) 1.217 1.193 C(1)-C(6)-C(5) 120.2
C(11)-N(34) 1.376 C(12)-C(11)-0(13) 123.1
C(12)-C(14) 1.370 1.351 C(12)-C(11)-N(34) 114.9
C(12)-N(18) 1.364 1.357 O(13)-C(11)-N(34) 122.0
C(14)-C(16) 1.447 1.444 C(11)-C(12)-C(14) 119.2
C(16)-0(17) 1.242 1.238 C(11)-C(12)-N(18) 117.7
C(16)-C(20) 1.521 1.493 C(14)-C(12)-N(18) 123.1
C(20)-C(23) 1.534 1.526 C(12)-C(14)-C(16) 122.6
C(23)-C(26) 1.512 1.473 C(14)-C(16)-O(17) 122.5
C(26)-C(27) 1.335 1.351 C(14)-C(16)-C(20) 116.9
C(26)-C(30) 1.509 0O(17)-C(16)-C(20) 120.6
C(4)-N(18)-C(12) 125.1
C(16)-C(20)-C(23) 113.5
C(20)-C(23)-C(26) 113.1
C(23)-C(26)-C(27) 121.6
C(23)-C(26)-C(30) 116.5
C(27)-C(26)-C(30) 121.9
C(3)-N(34)-C(11) 126.1

phenyl ring that is part of benzoyl fragment (for
compounds 1, 3 and 4). Experimental values for
aromatic C—H stretching were found to be at 3143,
3037 and 2963 cm™' for the C—H bonds of the
aromatic ring bearing quinoxalinone scaffold in all
cases, and at 3143, 3043 and 3002 cm ™! for the C-H
bonds of the phenyl ring that is part of benzoyl
fragment.

The aliphatic C-H stretching vibrations of the
methoxy group were calculated at 3046, 2989 and

2926 cm™! for compound 1, vibrations of the methyl
group for compound 2 were calculated at 3033, 3010
and 2900 cm™' and the C-H stretching vibrations of
methyl group for compound 4 were calculated at 3055,
2995 and 2937 cm™'. Experimental values for ali-
phatic C-H stretching were found to be 2965, 2854 and
2811 cm ™" for compounds 1, 2 and 4.

3.2b C-C vibrations: For heteronuclear aromatic
compounds, the stretching vibrations of the C—C bonds
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Table 2. Comparison of the selected calculated and experimental vibrational modes and proposal assignments of com-

pound 1.

Observed frequencies

Unscaled (cm™")  Scaled (em™!) FT-IR  FT-Raman Vibrational assignments (TED%)
3572 3457 3437 vN;1H;3(79)
3327 3220 VN;2H4(70)
3252 3147 vCigH o(64)
3210 3107 vCy4H5(30) 4 vCy7H3,(45)
3200 3097 vC1H7(28) + vCsH0(28) + vCsHo(13) + vC,Hg(10)
3199 3096 3079 vCy3H54(38)
3195 3092 VCysHyg(43) + vCy7H3,(28)
3189 3086 vC1H7(25) + vC¢H0(19) + vCsHo(25) + vC,oHg(15)
3184 3081 VCy3H36(28) + vCysH30(42)
3178 3076 vCsHo(33) 4+ vCecH;9(24) + vC,Hg(21)
3172 3070 3037 vC1H7(21) 4+ vCe¢H1(14) + vCsHo(11) + vC,Hg(34)
3147 3046 3002 VC33H35(53) + vCs3Hse(13) + vCi3Hz4(13)
3089 2989 2965 Vasym Ca3Hz4H36(40)
3023 2926 Veym C33H34H34(36)
1720 1664 1681 1628 vC;5017(15)
1610 1558 1597 1580 V(C-C)aromatic
1529 1479 1518 1553 BC4N1,C6(6) + PBC3N{C5(6)
1500 1451 1510 BCs3H34H36(23) + BC33H35H36(12)
1498 1449 1500 VC1C2 + VC]C(, + VC5C6 + VC5C4(6) =+ BC29032C33(10)
1493 1445 1445 1445 vCi3H35(24) 4+ vCs3H36(21)
1488 1440 1436 1424 BC16C1gH19(6) + PBC6C18C20(6)
1468 1420 1416 1410 BC33H34H36(9)
1442 1395 1392 BH 3N ,C;5
1385 1340 1373 1320 BC15C16N12(6) + PBC13C16N12(6)
1181 1143 BCCsH o(11) + BCsCiH7(11) + BCsCsH;o(11)
+ BC,C H,(11)
1161 1123 1155 YC33H34(20) + yC33Ha6(21)
1052 1018 vC1Cg(11)
1034 1000 vC3,Cs3(21)

were found to be in the narrow ranges of 1600-1585
and 1500-1400 cm™'.>* Vibrations of aromatic C—C
bond that are calculated have values around 1558 and
1340 cm™'. Experimental vibrations are 1553 and
1351 cm™'. As can be seen, matching between
experimental and calculated values are excellent.
The stretching vibrations of aliphatic C—C bonds for
compound 2 were calculated at 1412 cm™ ! and it was
assigned to the band at 1380 cm ™' in the experimental
FT-IR spectrum.

3.2c N-H vibrations: For N-H stretching vibration
is found to be in the region of 3300-3500 cm™'.*> N—
H stretching vibrations for compound 1 were
calculated at 3457 and 3220 cm™ ', for compound 2
at 3472 and 3070 cm ™', for compound 3 at 3460 and
3191 ecm™' and for compound 4 at 3480 and
3455 cm™'. These values have a good match with

experimental values that are 3473 (1), 3412 (2), 3438
and 3411 (3) and 3484 cm™' (4). Also, in experimental
spectra there are no two values for N-H stretching
(except for compound 3) but only one broad band.

32d C=0O  vibrations: Carbonyl (C=0) group
stretching vibration is expected to appear in the
region of 1680-1715 cm™'.?° For quinoxalinones (1,
2, 3) amide carbonyl group stretching vibration
appear around 1700 cm™' as a strong band in
experimental spectra. The calculated value for this
stretching  vibration is around 1690 cm™'. For
oxazinone (4) ester carbonyl group stretching
vibration appear at 1754 cm™' in experimental
spectrum. The value of ve_o band is calculated at
1756 cm™'. Experimental values for carbonyl group
stretching vibration from benzoyl fragment for all

tested compounds are in range of 1605-1650 cm ™.
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Figure 2. Experimental (a), calculated IR (b) and calculated Raman (c) for compound 1 (picture I) and compound 2
(picture II).
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Figure 2. continued
Calculated values are in the range of experimental value 1599 cm™' and calculated value

The value of vc_o band from
(compound 4) has an

1600-1680 cm ™.
NHCOCH; fragment

is 1645 cm™'. Experimental and calculated values of
C=0 stretching vibration are perfectly match.
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Figure 3. Experimental (a), calculated IR (b) and calculated Raman (c) for compound 3 (picture I) and compound 4
(picture II).

3.3 Raman activities with theoretically predicted and simulated vibra-

tions. C—H stretch vibration around 3000 cm™' is
The results presented here are obtained using the missing only from spectra of compound 2 due to
laser with A = 780 nm and the laser power level set  high noise in that range.”’” The bands around

to 10 mW. The experimental results were compared 1540 cm™' and 1560 cm™' in compounds 1-2 and
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Figure 3. continued

compounds 3-4, respectively, have been attributed
to C—N-H vibrations. One of the peaks with the
highest intensities in spectra of compounds 1-3 in
the near 1330-1380 cm™' arises from C-O
stretching.”® The strongest peak in spectra of com-
pound 4 arises from the benzene ring oscillations, as

theory predicts around 1500 cm™' (in collected
spectra 1498 cm™!). Peaks in the region of
1235-1275 cm™ " correspond to the asymmetric
bending of N-O bonds in the compounds. C-O-C
symmetric stretch vibration modes can be found at
1000-1050 cm ™! (Figures 4 and 5).
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Collected Raman spectra for compound 3 have
shown very low peak intensity and a lot of noise in the
spectra. This may be explained with the morphology
of the sample and the ratio of the crystallinity and the
amorphous phase in the sample. Samples with higher
crystallinity had higher peak intensities. Confirmation
for this comes from the microscopy images taken
during Raman spectroscopy analysis with Olympus
light microscope coupled with 10 magnification
objective (Figure 6).

The vibrations of the analyzed samples are well
identified in the collected spectra within their charac-
teristic regions and their calculated peak values coin-
cide very well with the experimental values. Some
differences between collected and calculated spectra
can be observed. This is partly due to the approximate
nature of the quantum mechanical models of vibration
calculations. Also, some deviations of calculated
wavenumbers compared to the experimental results
can be attributed to the underestimation of the large
degree of m-electron delocalization due to conjugation
of the molecule.

3.4 Electronic absorption analysis

The absorption wavelengths correspond to the elec-
tronic transition from the ground to the first excited

irauraty
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state. Electron absorption is described by one electron
excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). The frontier molecular orbitals and energy
difference between HOMO and LUMO play an
important role in the electric and optical properties.
Common types of electronic transitions in organic
molecules are n—n*, n—n* and ©*(acceptor)—n (donor).
The experimental UV spectrum of compound 1 is
shown in Figure 7. The experimental absorption
wavelengths (energies) and computed electronic val-
ues, such as absorption wavelengths (L), excitation
energies (E), oscillator strengths (f) and orbital
description are tabulated in Table 3. HOMO and
LUMO orbitals are of crucial importance in chemical
reactions. The HOMO energy corresponds to the
ability of electron giving while LUMO energy corre-
sponds to the ability of electron-accepting. Difference
between HOMO and LUMO energy (gap energy)
characterizes the molecular chemical stability. The
TD-DFT calculations were carried out using B3LYP/
6-3114+G(d,p) level of theory and solvation model
CPCM?* (ethanol solution). The results obtained here
give insight into electron transitions from the ground
state to excited state at the molecular orbital level.
For compound 1 the absorption of UV radiation
with a wavelength of 412 nm with an oscillator
strength f = 0.95 induces the intramolecular electronic
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Figure 4. Experimental results of Raman spectroscopy of the compounds 1 and 2.
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Figure 5. Experimental results of Raman spectroscopy of compounds 3 and 4.

Figure 6. Microscopy images taken during Raman spec-
troscopy analysis.

transition n—m*. The other absorption band calculated
at 228 nm with an oscillator strength f = 0.33 induces
the intramolecular transition with n—»n* and nm—m*
character. In consideration of calculated absorption
spectra, the maximum absorption wavelength corre-
sponds to the electronic transition from the HOMO to
LUMO with 70% and from the HOMO to LUMO+1
also with 70% contribution. The frontier molecular
orbitals (FMOs) for compound 1 are presented in
Figure 8. For compounds 2, 3 and 4 simulated UV-Vis
spectra and HOMO-LUMO  orbitals see

Supplementary Information. The simulated FMOs
from Figure 8 indicates the presence of intramolecular
charge transfer within the whole molecule. Similar
charge transfer regarding the LUMO orbitals is
obtained for compounds 3 and 4, while in the case of
compound 2 electron transfer is located on quinoxaline
scaffold as a consequence of the absence of benzoyl
fragment. Electron charge transfer concerning the
HOMO orbitals for compounds 24 is distributed only
through heterocyclic rings (Figures S4-S6, Supple-
mentary Information).

In previously published papers it can be found that
many of the organic compounds used as corrosion
inhibitors are heterocyclic compounds that contain
polar functional groups such as —OH, —OCHj3;, —ClI,
-NO,, -CN, —-C=N-, —CH3, —-NH,, etc., or unsaturated
(double and triple) bonds that can serve as adsorption
centers due to the presence of m-electrons or non-
bonding pair.*'* In most cases, the presence of
electron-donating groups such as -OH, —-NH,, -CH3;,
—OCHj; etc., increases the inhibition performance
because that group increases the electron density at the
inhibitor’s adsorption center and thus increase inter-
actions between the inhibitor and the metallic surface.
On the other hand, the presence of electron-with-
drawing groups such as -NO,, -CN, COOH,
—COOC;,Hs decreases the inhibition efficiency of
organic molecules because that group decreases the
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Figure 7. Experimental UV-Vis spectrum of compound 1.

Table 3. Experimental and theoretical electronic absorption spectra of selected compounds
(1, 2, 3 and 4) (absorption wavelength A (nm), excitation energies E (eV) and oscillator
strengths (f)) using TD-DFT/B3LYP/6-311+G(d,p) method in ethanol as solvent.

TD-DFT (B3LYP/6-311+G(d,p))

Experimental
Compounds A (nm) E (eV) A (nm) E (eV) f Orbital description
1 422 2.93 412 3.00 0.95 H—-L (70%)
270 4.37 228 5.43 0.33 H-2-L+1 (61%)
2 400 3.09 377 3.28 0.59 H-L (70%)
275 4.49 219 5.66 0.14 H-2—-L42 (58%)
3 425 2.87 417 2.97 0.78 H—-L+1 (70%)
260 4.74 270 4.58 0.06 H-4—-L+1 (60%)
4 420 2.93 421 2.94 0.73 H—-L (70%)
255 4.81 228 542 0.11  H-2-L+1 (64%)
electron density at the adsorption center of the inhi- I—A
bitor leading to a decrease of the adsorption tendency " = T (5)
on metallic surface>*® With that purpose, we
investigated the electronic parameters of selected - :l (6)
compounds such as HOMO (Eyomo) and LUMO n
(ELumo) energies, energy gap (AE), electronegativity
(x), dipole moment (), electron affinity (A), ioniza- 5, _ x(Fe) — y(inh) (7)
tion potential (I), hardness (1), softness (o), electron 2(n(Fe) + n(inh))

charge transfer (AN). Using the equations below?’, all
these global molecular reactivity descriptors are esti-
mated from the optimized structures (Table 4).

The values of x (Fe) and m (Fe) are taken as
7 eV/mol and 0 eV/mol respectively. The calculations
for compounds 1, 2, 3 and 4 show that compound 1 has
the highest HOMO energy (—5.900 eV) and com-
pound 4 the lowest LUMO energy at (—2.928 eV)

AEgap = Evumo = Enowo (m) compared to the calculated parameters for compounds
I = —Enomo 2) 2 (—5.961 and —2.332). gnd 3 (—6.096 and
—0.657 eV). These results indicate that compound 1
A = —Erumo (3) has higher inhibitory efficiency because it has been
shown that higher the value of HOMO energy, the
L= I+A (4) lesser is the value of the ionization potential, and the

2 easier it is for the electrons to be donated.*® The
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HOMO-2

LUMO+1

Figure 8. The frontier molecular orbitals for compound 1.

reactivity tendency of the organic molecule towards
the metal surface and electrical transport properties are
determined by energy gap (AE). Low value of the
energy gap will provide good inhibition efficiencies
because the energy that is required to remove an
electron from the last occupied orbital will be low.
Also, the lower value of AE,,, means the higher sta-
bility for the formed complex on the metallic surface.
The values of AE,, for compounds 1, 2, 3 and 4 are
3.386, 3.629, 5.439 and 3.309 eV, respectively. Inhi-
bitor 4 has lower energy gap than 1, 2 and 3 and this
means that the molecule could have better inhibition
performance. The bandgap energy value of compound
3 was calculated as 5.439 eV, which confirms that the
molecule has most stable structure compared to 1, 2
and 4 and the AE,,, is comparable with the value of
AE,,, some bioactive molecules.®” The lower value of
electron affinity (0.657 eV for compound 3) shows that
the mentioned molecule readily accepts electrons to
form bonds; that means the higher molecular reactivity
with nucleophiles.

Softness (o) and absolute hardness (1) are impor-
tant properties that are related to molecular stability
and reactivity. In accordance with this, inhibition
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efficiency increases with increasing softness and
decreases on increasing the hardness of the
molecules.*” In comparison with compounds 1
M=1693eV, 6=0591eV", 2 (n=1814eV,
o = 0.551 eV_l) and 3 (n=2720 eV, o=
0.368 eV ') compound 4 has a lower hardness value
(1.654 eV) and a higher value of softness
(0.604 eV ™).

AN is defined as an amount of charge transfer
between the molecules and the mild steel surface. If
AN has positive value then molecules have the ability
to receive electrons, while a negative value of AN
show that the molecules have the ability to donate
electron.*! In our case, all compounds have a positive
value of AN suggesting that the investigated molecules
possess charge transfer abilities towards mild steel.

Compounds 1 and 4 that contain electron-donating
groups (-OCHj3, -NHCOCH;) exhibit better inhibitory
efficiency than compounds 2 and 3 that contain elec-
tron-withdrawing groups (-NO,, alkenyl chain) that is
in correlation with the previously published results.

3.5 'H and '3C NMR spectra

The combination of experimental and theoretical
studies could be a powerful and helpful tool for
interpretation and prediction of molecular structures.
Both 'H and '*C NMR spectra of selected compounds
were previously recorded in DMSO, and all the 'H
NMR and '>C NMR chemical shifts signals were
assigned to the corresponding protons and carbons. In
order to confirm these assignments, the 'H and '*C
NMR spectra of the mentioned compounds were cal-
culated using the GIAO method in DMSO with the
CPCM solvation model at the B3LYP/6-3114+G(d,p)
level of theory. The experimental and calculated 'H
and '*C NMR chemical shifts for compound 1 are
presented in Table 5. For other compounds (2-4) see
Supplementary Information. The atom positions were
numbered as in the figure in Table 5. The isotropic
chemical shifts are calculated with respect to tetram-
ethylsilane (TMS) as standard. Calculated 'H and *C
isotropic chemical shifts were scaled with a single

Table 4. The quantum descriptors of compounds 1, 2, 3 and 4 calculated using DFT at B3LYP/6-3114-G (d, p).

Parameter Ehomo (€V) Eiumo (€V) AE (eV) A (eV) I(eV) x (V) n (eV) o V™ AN
1 —5.900 —-2.514 3.386 2.514 5.900 4.207 1.693 0.591 0.825
2 —-5.961 —2.332 3.629 2.332 5.961 4.146 1.814 0.551 0.786
3 —6.096 —0.657 5.439 0.657 6.096 3.376 2.720 0.368 0.666
4 —6.237 —2.928 3.309 2.928 6.237 4.582 1.654 0.604 0.731
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Table 5. Theoretical and experimental 'H and '*C isotropic chemical shifts for compound 1.

2 _‘_--J._ 9 ‘ ‘_.
, @ Q') 0%3° ,
¢ @ .3.? J_qd
+ 9 ‘J.
2

Experimental '°C Theoretical-scaled chemical

Experimental 'H Theoretical-scaled chemical

Atom NMR shifts (ppm) Atom NMR shifts (ppm)
Cl 115.6 123.8 H7 7.05 8.4
C2 114.2 114.9 HS8 7.05 8.4
C3 129.4 125.0 H9 7.05 8.1
C4 116.4 126.1 H10 7.05 8.4
C5 114.2 114.4 HI12 13.57 15.2
C6 115.6 123.2 H14 11.96 8.9
C15 145.2 142.9 H20 6.76 7.9
Cle6 156.1 154.0 H26 7.94 9.1
C18 89.2 89.3 H28 7.94 9.7
C19 188 184.6 H30 7.05 8.1
C22 131.6 130.5 H31 7.42 8.1
C23 124.5 128.6 H34 3.82 4.8
C24 126.7 129.4 H35 3.82 4.5
C25 123.9 115.7 H36 3.82 4.5
C27 116.4 108.9

C29 162.6 162.3

C33 55.6 553

scaling factor of 1.1119 and 0.9409, respectively.
These scaling factors are calculated using the least
squares method. Taking into account that the range of
3C NMR chemical shifts for a typical organic mole-
cule in most cases occur >100 ppm** the accuracy
confirms reliable of spectroscopic parameters. Chem-
ical shifts for the carbon atoms that are part of the
rings are >100 ppm, as expected. The signal of aro-
matic carbon atoms was observed at 115.6, 114.2,
129.4, 116.4, 131.6, 124.5 and 126.7 ppm which was
calculated at 123.8, 114.9, 125.0, 126.1, 130.5, 128.6,
129.4 ppm.

Calculated '*C isotropic chemical shifts match very
well with experimental values with the correlation
coefficients (r*) of 0.9696 (1), 0.9910 (2), 0.9933 (3)
and 0.9528 (4). In the case of calculated 'H isotropic
chemical shifts there are good agreements but for N-H
chemical shifts a large deviation occurred. The
agreement between the experimental and simulated
N-H chemical shifts is moderate, probably because of

intra- or intermolecular interactions (hydrogen bond)
that have not appeared in simulated structure.

4. Conclusions

Quinoxalinone and benzoxazinone derivatives, as a
very important class of compounds, were explored by
spectroscopy (UV-Vis, IR, Raman and NMR) and
theoretical study (DFT calculations) for better under-
standing of their structure and chemical properties.
Also, quantum chemical parameters were calculated in
order to investigate the corrosion inhibition properties
of these molecules. Presented results confirmed the
applicability of the used method and basis set for
quinoxaline- and benzoxazine-based compounds. The
theoretical UV-Vis spectra and calculated HOMO-
LUMO orbitals are in agreement with experimental
data. The positive value of AN suggests that investi-
gated molecules possess charge transfer abilities
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towards mild steel. Vibrational frequencies were cal-
culated and compared with experimental values. A
major source of some disagreement between the
experimental and calculated band positions is the
consequence of the fact that the calculations consider
an isolated molecule and ignore intermolecular inter-
actions. The vibrations of the analyzed samples are
well identified in the collected Raman spectra within
their characteristic regions and their calculated peak
values coincide very well with the experimental val-
ues. Also, the values of the calculated chemical shifts
for carbons notably are in excellent agreement with the
experimental values. That is not the case, with
chemical shifts for hydrogen atoms. There are some
deviations for N-H chemical shifts, probably because
of the formation of hydrogen bond between two
scaffolds (intermolecular interactions) or N-H amine
and carbonyl group from aryl or alkyl fragment (in-
tramolecular interactions).

Supplementary Information (SI)

"H NMR, "*C NMR (experimental and theoretical), exper-
imental UV-Vis and HOMO-LUMO data are submitted as
Supplementary Information. Supplementary Information is
available on www.ias.ac.in/chemsci.
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