
Molecular Structure, FT-IR, NMR (13C/1H), UV–Vis
Spectroscopy and DFT Calculations on

(2Z, 5Z)-3-N(4-Methoxy phenyl)-2-N’(4-methoxy phenyl
imino)-5-((E)-3-(2-nitrophenyl)allylidene) thiazolidin-4-one

Rachida Rahmania,b §, Ahmed Djafria,c, Abdelkader Chouaiha,*, Ayada Djafrid,
Fodil Hamzaouia,e and Abdelghani M. Krallafaf

aLaboratory of Technology and Solid Properties (LTPS), Abdelhamid Ibn Badis University – Mostaganem, 27000 Mostaganem, Algeria.
bDépartement de Génie des Procédés, Centre Universitaire Ahmed Zabana – Relizane, 48000 Relizane, Algeria.

cCentre de Recherche Scientifique et Technique en Analyses Physico-chimiques (CRAPC), BP 384-Bou-Ismail-RP 42004, Tipaza-Algeria.
dLaboratoire de Synthèse Organique Appliquée (LSOA), Département de Chimie, Faculté des Sciences, Université d’Oran 1 –

Ahmed Ben Bella, 31000 Oran, Algeria.
eLPFM Académie de Montpellier, France.

fLCPM, Department of Chemistry, Faculty of Sciences, University of Oran 1, Ahmed Benbella, 31000, Algeria.

Received 6 February 2019 Revised 9 July 2019 Accepted 9 July 2019.

ABSTRACT

In this study, some molecular properties of (2Z, 5Z)-3-N(4-methoxy phenyl)-2-N’(4-methoxy phenyl imino)-5-((E)-3-(2-nitro-
phenyl) allylidene) thiazolidin-4-one (MNTZ) are evaluated using a combination of spectroscopic characterization (FT-IR, 1H and
13C NMR chemical shifts) and theoretical calculations. Molecular geometry, vibrational wavenumbers, gauge-independent
atomic orbital (GIAO), 1H and 13C chemical shift values and NBO analysis are investigated using B3LYP and PBE functionals
with the 6-31G(d,p) basis set in the ground state. The calculated geometrical parameters and vibrational spectra are compared to
available experimental data and each vibrational frequency is assigned on the basis of potential energy distribution (PED). The
electronic transitions are calculated using time-dependent density functional theory (TDDFT). The energy band gap between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies are obtained by
computing the frontier molecular orbitals using the B3LYP/6-31G(d,p) and PBE/6-31G(d,p) levels along with the global reactivity
descriptors. Mulliken atomic charges and molecular electrostatic potential (MEP) are simulated using both functionals to find
more reactive sites for electrophilic and nucleophilic attack. Finally, the thermodynamic functions (heat capacity, entropy, and
enthalpy) from spectroscopic data are obtained and discussed in the range of 100–1000 K.
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1. Introduction
It is well known that heterocyclic compounds are one of the

most important classes of organic compounds. During the last
few decades, they have attracted attention due to their proven
usefulness in material sciences.1–3 Moreover, the study of
heterocyclic compounds is also of great interest theoretically.
Specifically, thiazolidinones which belong to an important
group of heterocyclic compounds, have been widely explored
for their application in the field of medicine.4,5 Thiazolidinones
derivatives, particularly 4-thiazolidinones gained the attraction
of researchers as a result of their broad-spectrum biological
activity.6–8 In addition, thiazolidinones are also known to exhibit
push-pull effects and have photovoltaic applications due to the
substituent at position 5 of the thiazole moiety.9,10 On the other
hand, the presence of heteroatoms nitrogen, oxygen or sulfur
incorporated into the heterocyclic rings may have a strong effect
on the polarity and polarizability of the molecule, the angle of
rotation between its fragments, the planarity and thus on its
stability.

In this paper, our interest was the thiazolidinones derivative,
containing delocalized electrons. The π-conjugated system
allows the title compound to exhibit the asymmetric electronic
distribution which leads to increased charge transfer. Recently,
the synthesis and X-ray crystal structure of the title compound
was published.11

Based on these studies, and as a continuation of our previous
work on thiazolidinone compounds12–15, herein, we report the
optimized molecular structure as well as a detailed spectroscopic
study on (2Z, 5Z)-3-N(4-methoxy phenyl)-2-N’(4-methoxy
phenyl imino)-5-((E)-3-(2-nitrophenyl) allylidene) thiazolidin-
4-one (MNTZ) using IR, 1H and 13C NMR spectra. The natural
bond orbital (NBO) analysis is carried out to interpret intra-
molecular charge transfer (ICT). Besides considering charge
transfer within this molecule, we have determined HOMO-
LUMO orbitals and global reactivity descriptors. The reactivity
and stability of MNTZ were determined by global chemical
parameters such as ionization potential, the electron affinity, the
absolute electronegativity, electrophilicity index, the absolute
hardness and softness. The ionization potential represents the
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amount of energy required to remove an electron from an iso-
lated atom or molecule where the electron affinity refers to the
capability to accept one electron from a donor. These two param-
eters can be obtained from HOMO-LUMO analysis. The power
of an atom in molecule to attract electrons to itself describes its
electronegativity and the electrophilicity is defined as a measure
of the propensity of a species to accept electrons. The
electrophilicity index was calculated using the electronic chemi-
cal potential and chemical hardness. A good, more reactive,
nucleophile is characterized by a lower value of chemical poten-
tial and electrophilicity index, and conversely a good electro-
phile is characterized by a high value of chemical potential and
electrophilicity index. The UV-Visible spectroscopic studies
along with the calculated value of the band-gap energy were
used to interpret charge transfer within the molecule. Mulliken
population analysis, molecular electrostatic potential (MEP) and
thermodynamic parameters were investigated using B3LYP and
PBE functionals in the gas phase.

2. Experimental and Computational Details
Synthesis, solid state structure and spectral data (IR, 1H NMR,

13C NMR) of the title compound are reported in our previous
work.11 IR spectra were recorded in KBr pellet on a JASCO FT/IR
4210 Fourier Transform Infrared Spectrometer and the reported
wave numbers were given in cm–1. The 1H NMR and 13C NMR
were recorded on Brüker Ac DPX-200(300 MHz) spectrometer in
CDCl3 as solvent using tetramethylsilane as an internal refer-
ence standard.

Density functional theory (DFT) has proved to be extremely
useful for studying the electronic structures of molecules. Calcu-
lations of the new (2Z, 5Z)-3-N’(4-methoxy phenyl)-2-N’(4-
methoxy phenyl imino)-5-((E)-3-(2-nitrophenyl) allylidene)
thiazolidin-4-one (MNTZ) are carried out using the Gaussian 09
program and GaussView molecular visualization software.16,17

The parent structure for the calculations is obtained from the
X-ray coordinates11 and this structure is optimized at the DFT
level of theory with the B3LYP18,19 and PBE20 functionals and the
6-31g(d, p) basis set. Optimized structures are used in the vibra-
tional frequency calculations to ensure that the obtained struc-
tures represent a local minima. The theoretical vibrational spec-
trum is interpreted through the Potential Energy Distribution
(PED) using Vibrational Energy Distribution Analysis (VEDA)

program.21 The nuclear magnetic resonance (NMR) chemical
shift calculations are undertaken using the Gauge-Independent
Atomic Orbital (GIAO) method at B3LYP/6-31G(d,p) level.
Chloroform solvent effects on theoretical NMR parameters were
included using single point calculation on optimized gas phase
geometry.

The time-dependent density functional theory (TD-DFT)
method on the ground state was used to calculate the excited
states and the electronic transitions. The chloroform solvent
effect has been considered using the Polarized Continuum
Model (PCM).22 The vertical transition wavelength/energies are
calculated for 10 excited singlet states by the TD-DFT methodol-
ogy using the same functionals as geometry optimization. The
NBO analysis is performed with DFT/B3LYP/6-31g(d,p) level to
elucidate the conjugation, charge transfer and delocalization of
electron density within the molecule. Besides, Mulliken and
NBO atomic charges, the molecular electrostatic potential
(MEP), frontier molecular orbital (FMOs), the dipole moment
and thermodynamic properties of MNTZ were investigated us-
ing both functionals.

3. Results and Discussion

3.1. Optimized Geometry
The optimized structure of MNTZ molecule is given in Fig. 1

with atomic labelling and the corresponding cartesian/internal
coordinates are reported in Table S1 (see supplementary infor-
mation). The geometrical parameters (bond lengths, bond
angles, and dihedral angles) computed by B3LYP and PBE
functionals with the 6-31G(d,p) basis sets are listed in Tables S2,
S3 and S4 (see supplementary information), together with
the X-ray parameters.11 The differences between calculated
and experimental bond lengths and angles are within a few
Angstroms and degrees, respectively, when compared to the
experimental parameters, which indicate that our calculations
are acceptable. The small differences can be due to the fact that
calculated data are collected in the gas phase, while the experi-
mental data are acquired in the solid state.

To get a better comparison of the geometrical parameters,
correlation graphs between the calculated and the experimental
parameters of bond lengths, bond angles and dihedral angles
are shown in Fig. 2, Fig. 3 and Fig. 4, respectively. The correlation
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Figure 1 Optimized geometry with the atomic numbering scheme of MNTZ obtained from the B3LYP level.
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values R2 obtained by B3LYP and PBE functionals with
6-31g(d,p) basis set are 0.9868 and 0.9794 for bond lengths, 0.9402
and 0.9326 for bond angles and 0.9943 and 0.9917 for dihedral
angles. These results confirmed the good agreement between
calculated and experimental parameters.

3.2. Vibrational Assignments
The experimental FT-IR and the calculated wavenumbers by

B3LYP and PBE methods with 6-31g(d,p) basis set and their
assignment using potential energy distribution (PED) calcula-
tion are given in Table S5 (see supplementary information). The
calculated and experimental infrared spectra are shown in Fig. 5.
No imaginary frequency has been found, which means that the
optimized geometry is located at the local lowest point on the
potential energy surface. The calculated frequencies are higher
than the experimental values for the majority of the normal
modes, for this reason, the scaling factors 0.961 and 0.986 are
used for B3LYP and PBE calculated frequencies23,24, respectively.
The MNTZ consists of 56 atoms and hence it shows 162 (3N-6)
normal modes of vibration25 active in infrared absorption.

3.2.1. C-H Vibrations
The C–H stretching vibrations of aromatic compounds appear

in the range of 3100–3000 cm–1.26 In the present study, the phenyl
ring CH stretching vibrations are predicted at the region
3120–3070 cm–1 for B3LYP and 3128–3084 cm–1 for PBE, which are
in good agreement with the observed value of 3057.7 and
3008.8 cm–1 in FT-IR spectrum.

The experimental wavenumbers of CH stretching vibrations of
allylidene fragment are observed at 2951 and 2930 cm–1 in the FT-IR
spectrum. The corresponding theoretical values are 3058–
3039 cm–1for B3LYP and 3064–3048 cm–1 for PBEPBE functional.

The in-plane C–H bending vibration occurs in the region
1300–1000 cm–1.27 This vibration is computed in the range
1460–985 cm–1 for B3LYP and 1448–978 cm–1 for PBE and the
corresponding experimental values are found in the region
1296–1009 cm–1 in FT-IR. The out-of-plane C–H bending vibra-
tions give rise to bands in the region 900–625 cm–1.28 This
vibration is predicted at 967–520 and 950–512 cm–1 with B3LYP
and PBE levels, respectively, and observed at 968–647 cm–1 in
FT-IR.
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Figure 2 Correlation graphics of calculated and experimental bond lengths of MNTZ.

Figure 3 Correlation graphics of calculated and experimental bond angles of MNTZ.

Figure 4 Correlation graphics of calculated and experimental dihedral angles of MNTZ.
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3.2.2. C=C Vibrations
Generally, the C=C stretching vibrations in aromatic com-

pounds occur in the region 1650-1430 cm–1.29 In the present
study, the C=C stretching vibration of benzene rings appears at
1637, 1608, 1513.7 and 1439.8 cm–1 in the FT-IR spectrum. The
corresponding computed values are 1609, 1542 and 1423 cm–1 for
ring 1 (C1–C6), 1605, 1573 and 1409 cm–1 for ring 2 (C13–C18) and
1601, 1557 and 1404 cm–1 for ring 3 (C19–C24). On the other hand,
the band observed at 1587 cm–1 in the FT-IR spectrum is assigned
to C=C stretching vibration of allylidene fragment. The corre-
sponding predicted values with the B3LYP level are 1593 and
1583 cm–1 for C7=C8 and C9=C10, respectively.

3.2.3. C=N Vibration
The observed frequency at 1654 cm–1 in the infrared spectrum

is assigned to C=N stretching vibrations. This vibration appears
at 1658 cm–1 in theoretical IR computed with B3LYP/6-31g(d,p)
level and shows a pure mode and its PED contribution is about
74 %.

3.2.4. Nitro Group Vibrations
The asymmetrical stretching vibrations of substituted nitro-

benzene occur in the region 1560–1490 cm–1,30 and symmetric
stretching vibrations occur in the region 1370–1310 cm–1. The
FT-IR spectrum for MNTZ gives peaks at 1566.1 and 1374.4 cm–1,
and these peaks are assigned as asymmetric and symmetric NO2

stretching vibrations. These peaks are predicted at 1566 and
1339 cm–1 for B3LYP and 1551, 1353 cm–1 for PBE, respectively.
The asymmetric NO2 stretching vibration calculated by B3LYP is
found to be exactly correlated with the experimental one. The
observed NO2 in-plane bending vibration is assigned at 841cm–1

in the FT-IR spectrum. The wavenumbers are computed at 842
and 814 cm–1 for the scissoring modes which are correlated with
the experimental values. Furthermore, the out-of-plane bending

vibration is observed at 683 in the FT-IR spectrum. The corre-
sponding calculated values are 771 and 682 cm–1 with the B3LYP
level.

3.2.5. Methoxy Group Vibrations
The asymmetric and symmetric CH stretching vibrations of

the two methyl groups occur in the region 3029–2954 and
2900–2896 cm–1 for B3LYP/6-31g(d,p) level, respectively. These
vibrations are observed at 2930–2834 cm–1 in the FT-IR spectrum.
The in-plane bending modes of CH3 appear at 1461 cm–1 in the
FT-IR spectrum. The calculated values at 1460 and 1430 cm–1

obtained by B3LYP level are consistent with FT-IR results. More-
over, the out-of-plane bending vibrations are measured at 1166
in FT-IR and computed at 1165 and 1133 cm–1 with B3LYP/6-
31g(d,p). The bands calculated in the range 1036–1035, 280–227
and 156–85 cm–1 are assigned as the stretching O-C, in-plane and
out of plane C-OCH3 vibrations.

3.2.6. Thiazolidinone Group Vibrations
Vibrational analysis of thiazolidinone group is made on the

basis of C=O, C-N, and C-S vibrations. The carbonyl stretching
vibration is observed at 1713 cm–1 in the experimental infrared
spectrum and calculated at 1725 and 1711 cm–1 with B3LYP and
PBE levels, respectively. The stretching C-N vibration gives rise
to a band at 1345 cm–1 in the FT-IR spectrum and the correspond-
ing calculated values are 1327 and 1351 cm–1 with B3LYP and
PBEPBE levels, respectively. The bands observed at 591 and
446.9 cm–1 in the IR spectrum are assigned to stretching νC-S and
bending δCSC, respectively. These bands are calculated at 588
and 446 cm–1 with the B3LYP level. All these results are in good
agreement with the literature.31–33

3.3. 1H and 13C NMR Spectral Analysis
The theoretical 1H and 13C NMR isotropic shielding were com-
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Figure 5 The experimental FT-IR and theoretical IR spectra of MNTZ.
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puted with the B3LYP/ 6-31G(d,p) level using chloroform as a
solvent and the gauge-independent atomic orbital (GIAO)
method.34 The TMS shieldings with B3LYP/GIAO/6-31G(d,p) are
31.74 ppm and 192.12 ppm for 1H and 13C NMR, respectively.35

The chemical shift of the studied molecule is δ(MNTZ) where δ(MNTZ)

= σ(TMS)–σ(MNTZ) (σ is a chemical shielding).36 1H and 13C NMR
spectra of MNTZ are shown in Fig. 6 and Fig. 7, respectively. The
experimental and calculated 1H and 13C isotropic chemical shifts
for MNTZ using the B3LYP/6–31G(d,p) level of theory are given
in Table S6 (see supplementary information).

The 1H NMR spectrum (Fig. 6a) of MNTZ in chloroform shows
two singlet peaks at 3.81 and 3.85 ppm for the methoxy moieties,

the corresponding calculated ranges (Fig. 6b) are 3.58–3.95 ppm
for O25CH3 and 3.61–3.97 ppm for O26CH3. The aromatic ring
protons give signals in the range of 6.9–8 ppm. The singlet peak
at 8 ppm is assigned to the H2 proton (calculated value as
8.4 ppm). Also, the singlet peak at 6.9 ppm is assigned to phenyl
protons (H15, H17, H21, and H23), the corresponding calculated
values are 7.0, 6.8, 6.9 and 6.8 ppm, respectively. The doublet
peak at 7.04 ppm is assigned to H20 and H24 protons and the
doublet peak at 7.35 ppm is assigned to H14 and H18 protons
which correlated with the calculated value of 7.4 ppm. The
multiplet between 7.43–7.67 ppm is assigned to H3, H4 and H5
protons. For the allylidene fragment protons, H8 appears as a
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Figure 6 (a) 1H NMR chemical shift and (b) calculated 1H NMR for MNTZ.
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doublet of doublets at 6.71 ppm (calculated at 6.95 ppm) while
H7 and H9 appear as multiplet in 7.43–7.67 ppm range, corre-
sponding calculated values at 7.72 and 7.55 ppm, respectively.

The experimental and calculated 13C NMR spectra of MNTZ in
chloroform are found at the range 55–165 ppm and 52–159 ppm
and are shown in Fig. 7a and Fig. 7b, respectively. Among the car-
bon atoms, C11 gives the highest NMR chemical shift which is
about 165.87 ppm, the corresponding estimated value is
159.32 ppm due to the effect of carbonyl moiety. The chemical
shifts for C16 (observed at 159.9 and estimated at 153.4 ppm) and
C22 (observed at 157.2 and estimated at 151.1 ppm) are found to
be higher than the other phenyl carbons due to the electro-

negativity of the oxygen atoms. Also, the experimental signals of
C1 and C12 appear in the higher frequency region at 148.13 and
150.72 ppm, respectively, the corresponding calculated values
are 144.74 and 146.01 ppm, respectively, due to the nitrogen
atoms. The other phenyl carbons NMR peaks are observed in the
region of 114–135 ppm whereas the calculated ones range
between 105 and 136 ppm. The signals for the allylidene frag-
ment carbons (C7, C8, and C9) are observed at 141.8, 125.2 and
129.6 ppm while the calculated values are 136.9, 123.6 and
127.0 ppm, respectively. The carbon atoms C25 and C26 of the
methoxy group give peaks at 55.65 and 55.57 ppm which is in
agreement with the calculated values of 53.01 and 52.85 ppm,
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Figure 7 (a) 13C NMR chemical shift and (b) calculated 13C NMR for MNTZ.
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respectively. All these results show that the B3LYP functional
with the GIAO method and 6-31G(d,p) basis set, using chloro-
form as solvent predicted well the 1H and 13C NMR spectra.

3.4. Natural Bond Orbital (NBO) Analysis
NBO analysis has been performed using NBO 3.137 imple-

mented in the Gaussian 09 program at DFT/B3LYP/6-31G(d,p)
level to elucidate the conjugation, charge transfer and delocali-

zation of electron density within the molecule.38 In NBO analysis
large E(2) value shows intensive interaction between elec-
tron-donors and electron acceptors and therefore indicating
a greater extent of conjugation in the system.39 The intra-
molecular hyper-conjugative interactions are formed by the
orbital overlap between bonding π(C–C) and antibonding
π*(C–C) orbitals. These interactions have greater energy contri-
butions from 10.16 to 24.25 Kcal mol–1 as depicted in Table 1. The
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Table 1 Second-order perturbation theory analysis of the Fock matrix in the NBO basis for MNTZ.

Type Donor (i) Occupancy Acceptor (j) Occupancy E(2)/kcal mol–1 E(j)–E(i)/a.u. F(i.j)/a.u.

π–π* C1–C2 1.651 C3–C4 0.335 17.21 0.29 0.064
C5–C6 0.362 20.40 0.29 0.069
O2–N1 0.625 26.28 0.15 0.061

π–π* C3–C4 1.618 C1–C2 0.374 24.25 0.27 0.073
C5–C6 0.362 20.28 0.28 0.067

π–π* C5–C6 1.606 C1–C2 0.374 19.18 0.27 0.065
C3–C4 0.335 21.69 0.28 0.070
C7–C8 0.141 10.16 0.30 0.053

π–π* C7–C8 1.819 C5–C6 0.362 10.88 0.29 0.052
C9–C10 0.232 19.22 0.30 0.068

π–π* C9–C10 1.827 C7–C8 0.141 13.41 0.32 0.059
C11–O3 0.301 19.78 0.29 0.070

π–π* C13–C18 1.688 C14–C15 0.311 21.93 0.29 0.071
C16–C17 0.394 16.26 0.28 0.062

π–π* C14–C15 1.701 C13–C18 0.371 17.54 0.28 0.064
C16–C17 0.394 22.15 0.28 0.071

π–π* C16–C17 1.656 C13–C18 0.371 23.48 0.29 0.074
C14–C15 0.311 16.22 0.30 0.062

π–π* C19–C20 1.672 C21–C22 0.394 17.91 0.28 0.064
C23–C24 0.309 19.35 0.29 0.067

π–π* C21–C22 1.669 C19–C20 0.387 20.83 0.29 0.070
C23–C24 0.309 17.00 0.30 0.064

π–π* C23–C24 1.719 C19–C20 0.387 17.91 0.28 0.065
C21–C22 0.394 20.49 0.28 0.069

π–π* O2–N1 1.983 LP(3)O1 1.442 11.79 0.18 0.078

n–π* LP(2) S1 1.771 C9–C10 0.232 21.14 0.28 0.069
C12–N3 0.296 22.15 0.27 0.071

n–s* LP(2) O1 1.896 C1–N1 0.101 12.86 0.56 0.076
O2–N1 0.065 19.04 0.69 0.104

n–π* LP(3) O1 1.442 O2–N1 0.625 156.71 0.15 0.139

n–s* LP(2) O2 1.896 C1–N1 0.101 12.00 0.57 0.074

n–s* LP(2) O2 1.896 O1–N1 0.061 19.52 0.70 0.106

n–s* LP(2) O3 1.843 C10–C11 0.077 20.89 0.67 0.108
C11–N2 0.095 29.61 0.66 0.127

n–π* LP(2) O4 1.837 C16–C17 0.394 31.39 0.34 0.098

n–π* LP(2) O5 1.842 C21–C22 0.394 30.36 0.34 0.096

n–π* LP(1) N2 1.622 C11–O3 0.301 53.95 0.27 0.111
C12–N3 0.296 44.47 0.28 0.102

n–s* LP(1) N3 1.817 C12–S1 0.107 25.65 0.46 0.099

π*–π* C5–C6 0.362 C7–C8 0.141 50.24 0.02 0.062

π*–π* C9–C10 0.232 C7–C8 0.141 84.32 0.01 0.068

π*–π* C11–O3 0.301 C9–C10 0.232 124.94 0.01 0.073

π*–π* C12–N3 0.296 C19–C20 0.387 36.22 0.02 0.043

π*–π* C16–C17 0.394 C14–C15 0.311 243.66 0.01 0.081

π*–π* C21–C22 0.394 C23–C24 0.309 261.82 0.01 0.082

π*–π* O2–N1 0.625 C1–C2 0.374 15.29 0.13 0.057

E(2) stabilization energy (energy of hyper conjugative interaction).
E(j)–E(i) energy difference between donor (i) and acceptor (j) NBO orbitals.
F(i.j) Fock matrix element between i and j NBO orbitals.
LP Lewis type lone pair orbital.
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intramolecular interactions are also due to the overlap between
lone pair of oxygen, nitrogen and sulfur atoms and antibonding
of (C–C), (C–N), (O–N) and (C–O) orbitals. For example, the
strong intramolecular hyperconjugative interaction n(O1) →
π*(O2–N1) leads to stabilization energy of 156.71 Kcal mol–1.
Furthermore, the electron lone pair in the nitrogen of thiazoli-
dinones ring LP(1) N2 transfer its electron to antibonding orbital
π*(C11–O3) and π*(C12–N3) with stabilization energy of 53.95
and 44.47 Kcal mol–1, respectively. Besides, the most important
interactions are mainly from π*(C11–O3), π*(C21–C22) and
π*(C16–C17) orbitals as donor to the antibonding π*(C9–C10),
π*(C23–C24) and π*(C14–C15) orbitals as acceptor with a strong
stabilization energy of 124.94, 261.82 and 243.66 Kcal mol–1,
respectively. All these intra-molecular hyper-conjugative inter-
actions result in intra-molecular charge transfer (ICT) causing
stabilization of the system.40

3.5. Chemical Stability and Electronic Transitions

3.5.1. Frontier Molecular Orbitals (FMOs)
The Frontier molecular orbitals (HOMO and LUMO) play a

crucial role in the chemical stability and optical properties of the
molecule, as well as in quantum chemistry and UV–Vis spec-
trum.41,42 The HOMO, LUMO and band gap energies calculated
at B3LYP and PBE functionals with 6-31G(d,p) basis set are listed
in Table 2. The distributions of the HOMO and LUMO orbitals
computed at the B3LYP/6-31G(d,p) method are shown in Fig. 8.
It is interesting to see that both orbitals are substantially distrib-
uted over the conjugation plane. As can be seen from Fig. 8, the

HOMO orbital is delocalized over the two methoxy-phenyl and
imino-thiazolidinone rings whereas the LUMO orbital is local-
ized on the nitro-phenyl and allylidene fragment. This
intra-molecular charge transfer from the electron donating
group through the π-conjugation system to the electron accept-
ing group promotes the molecular stability.

3.5.2. Global Chemical Reactivity Descriptors (GCRD)
Nowadays, the chemical hardness and softness properties of a

molecule are used to describe the reactivity and molecular stabil-
ity. This relationship can be achieved by the determination of
global chemical reactivity descriptor (GCRD) parameters. Using
computational methods, GCRD parameters were calculated at
the B3LYP and PBE level of theory with 6-31G(d,p) basis set by
using the following equations:

η = −1
2 1( )A

μ = − +⎛
⎝
⎜ ⎞

⎠
⎟

I A
2

S = 1
2 η

χ = − +⎛
⎝
⎜ ⎞

⎠
⎟

I A
2

ω
μ

η
=

2

2

where I = –EHOMO and A = –ELUMO are the ionization potential
and electron affinity, respectively. The computed values of
GCRD parameters are summarized in Table 3. The chemical
hardness (η) values for the title compound are 1.358 and 0.674 eV
as obtained by B3LYP and PBE functionals, respectively, where
the small ETA-ETA-ETA values indicate that the charge transfer
occurs in the molecule.

From the results, the calculated ionization potential, electron
affinity and electronegativity using B3LYP (PBE) functional are
5.429 (4.680), 2.713 (3.332) and 4.071 (4.006) eV, respectively.
According to these quantum chemical parameters, the MNTZ is
a chemically hard system and can be described as a less reactive
compound. Furthermore, the high values of the electrophilicity
index (6.102 eV by B3LYP and 11.905 eV by PBE) compared to the
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Figure 8 HOMO and LUMO plot of MNTZ.

Table 2 Calculated energies values of MNTZ calculated by B3LYP/6-
31g(d,p) and PBE/6-31g(d,p) levels.

Parameters 6-31G (d,p)

B3LYP PBE

E/ua –1941.88 –1939.89
EHOMO/ev –5.4295 –4.6806
ELUMO/ev –2.7130 –3.3323
ΔEHOMO–LUMO gap/ev 2.7165 1.3483
Dipole moment (Debye) 5.9486 6.2585
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low values of chemical potential (–4.071 eV by B3LYP and
–4.006 eV by PBE) for the MNTZ prove its electrophilic character.
The chemical potential (µ) negative values indicate also the
molecular stability of MNTZ. Softness is one of the material
properties that measures the extent of chemical reactivity. The
MNTZ has low chemical softness values 0.368 eV (B3LYP) and
0.741 eV (PBE), which measure the degree of chemical reactivity.

3.5.3. Absorption Spectra
For a molecule to have an important molecular charge transfer,

it must show good absorption and emission properties. TD-DFT
is often used to compute the excited-state properties of mole-
cules.43,44 From the optimized structure obtained by B3LYP/6-
31G(d,p) level of the title compound, the electronic transitions
were investigated by using the TD-DFT. The obtained results
(vertical excitation energies, oscillator strength (f), transition
wavelength and contributions) are collected in Table 4.

The experimental and calculated UV-Visible absorption spec-
tra are shown in Fig. 9. As can be seen from Fig. 9a, there are two
peaks observed at 348 and 406 nm, which are in the ultraviolet
region. The corresponding calculated absorption peaks have
been found at λ = 342.90 nm, f = 0.2430 and λ = 405.85 nm, f =
0.378. The other important transition in the calculated UV-
Visible spectrum (Fig. 9b) is found at λ = 522.01 nm, f = 0.1519
which is in the visible region and corresponds to the HOMO →
LUMO (98 %) transition. The transition simulated at 405.85 nm
is comprised of HOMO → LUMO + 1 (49 %) and HOMO-2 →
LUMO (42 %) transitions. The electronic excitation contributions
from HOMO-8 and HOMO-2 to LUMO and LUMO+1 contrib-
ute to the transition which occurs at 342.9 nm. The absorption
wavelength at 522 nm attributed to the intramolecular charge
transfer (ICT) excitation between donor and acceptor moieties.
According to the TD-DFT calculations, the experimental bands
at 411 and 356 nm corresponding to π–π* and n–π* transitions.
There is a good agreement between experimental and theoreti-
cal results.

3.6. Molecular Properties

3.6.1. Mulliken and NBO Atomic Charges
Atomic charge calculations play an important role in the appli-

cation of quantum chemical calculations to the molecular
system. The calculated Mulliken45 and NBO charge values using
B3LYP and PBE functionals with 6-31G(d,p) basis set are listed in
Table 5. As can be seen, the results of Table 5 reveal the effect of
the functional in the value of atomic charge distribution but the
same behavior is observed. In fact, for hydrogen atoms, the
difference is about 0.01 e and for the non-hydrogen atoms, it
does not exceed 0.04 e. The Mulliken atomic charge analysis of
MNTZ shows that nitrogen atoms (N2 and N3) have maximum
negative charge values which impose positive charges to all

carbon atoms bonded to these high electronegative atoms, while
the nitrogen atom (N1) posses positive charge which was
imposed by oxygen atoms (O1 and O2). The NBO atomic charge
analysis of MNTZ shows that oxygen atoms (O3, O4 and O5)
have maximum negative charge values. On the other hand, the
maximum positive charge value is obtained for the C11 atom (for
both Mulliken and NBO charges) due to the negative charge of
oxygen (O3). Furthermore, O4 and O5 atoms have high negative
charges which impose positive charges to C16 and C22, respec-
tively. Moreover, all the hydrogen atoms have net positive
charges thereby all carbon atoms connected to these electro-
positive atoms exhibit negative charges.

3.6.2. Molecular Electrostatic Potential
The main purpose of the molecular electrostatic potential

study is the localization of electrophilic and nucleophilic sites
of a molecule.46 In the MEP map, the red colour indicates the
maximum negative region promoting the site for an electro-
philic attack while the blue colour indicates the maximum
positive region making the site favorable for nucleophilic attack.
Molecular electrostatic potential of MNTZ using B3LYP/6-31G
(d,p) optimized geometry is computed and its surface map is
shown in Fig. 10. This MEP map shows that there are three possi-
ble sites for electrophilic attack localized on the O1, O2, and O3
atoms, while the sites for the nucleophilic attack are located over
the hydrogen atoms. The region very near to the sulfur atom is
positive due to the fact that the S atom is surrounded by the
electropositive atoms. These results show that the most reactive
site of the MNTZ molecule is the site containing the oxygen
atoms. These sites give information concerning the region from
where the compound can have intermolecular interactions.

3.7. Thermodynamic Properties
The values of some thermodynamic parameters (such as

zero-point vibrational energy (ZPVE), rotational constants, rota-
tional temperatures, thermal energy, molecular capacity at con-
stant volume, entropy, zero point correction, thermal correction

RESEARCH ARTICLE R. Rahmani, Ah. Djafri, A. Chouaih, Ay. Djafri, F. Hamzaoui and A.M. Krallafa, 184
S. Afr. J. Chem., 2019, 72, 176–188,

<https://journals.sabinet.co.za/content/journal/chem/>.

Table 4 Absorption spectrum data obtained by TD-DFT method at
B3LYP/6-31g(d,p) level (Contribution ≥ 10 %)

Electronic λabs/nm Eex/eV F MO Contributions
transitions

S0→S1 522.01 2.3751 0.1519 HOMO → LUMO (98 %)

S0→S2 427.31 2.9015 0.0630 HOMO–1 → LUMO (64 %)
HOMO → LUMO+1 (25 %)

S0→S3 419.50 2.9555 0.0159 HOMO–2 → LUMO (44 %)
HOMO–1 → LUMO (28 %)
HOMO → LUMO+1 (24 %)

S0→S4 405.85 3.0549 0.3786 HOMO → LUMO+1 (49 %)
HOMO–2 → LUMO (42 %)

S0→S5 348.64 3.5562 0.1584 HOMO–1 → LUMO+1 (89 %)

S0→S6 342.90 3.6158 0.2430 HOMO–2 → LUMO+1 (62 %)
HOMO–8 → LUMO (14 %)

S0→S7 335.18 3.6991 0.1280 HOMO–2 → LUMO+1 (26 %)
HOMO–8 → LUMO (22 %)
HOMO–10 → LUMO (18 %)

S0→S8 331.19 3.7436 0.0226 HOMO–3 →→ LUMO (62 %)
HOMO–6 → LUMO (10 %)

S0→S9 322.74 3.8416 0.0104 HOMO–4 → LUMO (80 %)
HOMO–3 → LUMO (16 %)

S0→S10 315.86 3.9253 0.0110 HOMO–6 → LUMO (30 %)
HOMO–5 → LUMO (28 %)
HOMO–3 → LUMO (16 %)

Table 3 Calculated energy values of MNTZ by B3LYP and PBE methods.

Parameters Calculated energies/eV

B3LYP/6-31G(d,p) PBE/6-31G(d,p)

Ionization potential (I) 5.429 4.680
Electron affinity (A) 2.713 3.332
Electronegativity (χ) 4.071 4.006
Chemical potential (µ) –4.071 –4.006
Chemical hardness (η) 1.358 0.674
Chemical softness (s) 0.368 0.741
Electrophilicity index (ω) 6.102 11.905
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to energy, thermal correction to enthalpy and thermal correction
to Gibbs Free Energy) of MNTZ at 298.15 K in ground state
are obtained from the theoretical harmonic frequencies and
reported in Table S7. The variation in zero-point vibrational
energies (ZPVEs) seems to be considerable. The ZPVE obtained
from B3LYP functional is higher compared to the value obtained
from the PBE functional. Whereas, no change was observed for
rotational constant and rotational temperature using both
functionals. The total energy of the MNTZ molecule is the sum of
electronic, translational, rotational and vibrational energies,
even for entropy and capacity at constant volume. The thermo-
dynamic functions such as entropy (S), heat capacity at constant
pressure (Cp) and enthalpy content (ΔH = H(T) – H(0)) for
various ranges of temperatures from 100 to 1000 K are deter-
mined using perl script THERMO.PL47 and reported in Table S8
and Fig. 11. It is obvious to see that the change of the functional
does not affect the thermodynamic properties at different
temperatures. Furthermore, all the calculated thermody-
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Figure 9 The (a) experimental UV-Vis and (b) simulated UV-Vis spectra of MNTZ.

Figure 10 Molecular electrostatic potential surface for MNTZ.
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namic parameters (S, Cp, and ΔH) increase with the increase of
temperature, due to the enhancement of molecular vibration.

4. Conclusions
In the present work, the optimized molecular geometry of

thiazolidinones derivative has been investigated and compared
with its X-ray structure. The structure was optimized using
DFT/B3LYP and PBE methods with 6-31g(d,p) basis set. Bond
lengths, as described earlier, are similar to literature values. Bond

angles indicate that the π electrons in the studied molecule are
delocalized. Except for some values, the obtained results indi-
cate the good agreement between calculated values and experi-
mental parameters. Detailed experimental spectroscopic results
were presented. The vibrational wavenumbers of the title
compound have been calculated by B3LYP and PBE functionals
with 6-31G(d,p) basis set and assigned on the basis of PED. The
experimental and theoretical frequencies were compared taking
into account the scaling factors 0.961 and 0.986 for B3LYP and
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Table 5 Mulliken and NBO atomic charges of MNTZ using B3LYP/6-31g(d,p) and PBE/6-31g(d,p) levels.

Atoms Mulliken charges NBO charges Atoms Mulliken charges NBO charges

B3LYP PBE B3LYP PBE B3LYP PBE B3LYP PBE

S1 0.213 0.241 0.316 0.334 C20 –0.105 –0.117 –0.251 –0.263
O1 –0.386 –0.358 –0.382 –0.358 C21 –0.145 –0.156 –0.316 –0.325
O2 –0.391 –0.363 –0.380 –0.356 C22 0.352 0.329 0.312 0.294
O3 –0.488 –0.454 –0.572 –0.535 C23 –0.122 –0.134 –0.267 –0.277
O4 –0.517 –0.478 –0.517 –0.480 C24 –0.093 –0.106 –0.225 –0.234
O5 –0.519 –0.479 –0.520 –0.482 C25 –0.081 –0.149 –0.329 –0.375
N1 0.359 0.323 0.511 0.472 C26 –0.078 –0.147 –0.328 –0.374
N2 –0.605 –0.568 –0.469 –0.432 H2 0.141 0.147 0.276 0.284
N3 –0.524 –0.499 –0.483 –0.452 H3 0.108 0.117 0.252 0.260
C1 0.191 0.188 0.079 0.077 H4 0.106 0.116 0.251 0.259
C2 –0.081 –0.097 –0.211 –0.226 H5 0.107 0.114 0.205 0.257
C3 –0.097 –0.110 –0.231 –0.239 H7 0.127 0.137 0.262 0.272
C4 –0.069 –0.083 –0.207 –0.222 H8 0.101 0.111 0.232 0.240
C5 –0.133 –0.140 –0.211 –0.217 H9 0.137 0.144 0.250 0.278
C6 0.115 0.110 –0.052 –0.063 H14 0.106 0.120 0.257 0.269
C7 –0.088 –0.105 –0.183 –0.195 H15 0.101 0.112 0.254 0.263
C8 –0.088 –0.101 –0.232 –0.239 H17 0.091 0.101 0.245 0.255
C9 –0.065 –0.075 –0.203 –0.222 H18 0.101 0.114 0.253 0.265
C10 –0.227 –0.246 –0.286 –0.288 H20 0.100 0.115 0.247 0.257
C11 0.624 0.585 0.677 0.621 H21 0.087 0.098 0.243 0.253
C12 0.325 0.283 0.329 0.290 H23 0.097 0.109 0.252 0.261
C13 0.248 0.233 0.115 0.111 H24 0.097 0.109 0.252 0.261
C14 –0.058 –0.071 –0.207 –0.224 H25a 0.114 0.131 0.207 0.219
C15 –0.134 –0.147 –0.271 –0.278 H25b 0.127 0.143 0.233 0.245
C16 0.363 0.339 0.327 0.305 H25c 0.115 0.131 0.207 0.219
C17 –0.151 –0.161 –0.320 –0.327 H26a 0.111 0.128 0.205 0.217
C18 –0.062 –0.075 –0.199 –0.216 H26b 0.125 0.141 0.232 0.244
C19 0.209 0.203 0.104 0.096 H26c 0.112 0.129 0.205 0.217

Figure 11 The thermodynamic properties of MNTZ calculated with B3LYP and PBE functionals.
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PBE, respectively. Gauge independent atomic orbital (GIAO)
was used to calculate 1H and 13C NMR spectra. The results
showed that, in general, the calculated and experimental chemi-
cal shift values were consistent. Hyperconjugative interaction
and charge transfer within the molecule were explained by NBO
analysis which indicates that the most intra-molecular interac-
tions are due to the overlap between lone pair of O, N and S
atoms and antibonding of (C–C), (C–N), (O–N) and (C–O)
orbitals. The computed HOMO-LUMO energy gap and the
global chemical reactivity descriptors quantum parameters
explain the significant charge transfer interactions taking place
within the molecule and promotes the molecular stability.
Mulliken charges and MEP analysis allow the identification of
electrophilic and nucleophilic sites in the molecule and give
information about intermolecular interaction regions. Further-
more, the thermodynamic properties of the compound have
been calculated and their values at different temperatures are
also obtained.

Supplementary Material
Supplementary information is provided in the online supple-

ment.
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Table S1: Atomic coordinates (xyz) of the optimized structure for MNTZ 

Atoms 
B3LYP PBEPBE 
x y z x y z 

S1 0.016787 0.671831 -0.088855 0.017602 0.672093 -0.098385 
O1 -8.081380 -2.451031 0.874117 -8.160143 -2.403057 0.896011 
O2 -5.959632 -2.525009 1.351256 -6.006085 -2.552478 1.300060 
O3 0.461762 -3.172567 -0.227766 0.433301 -3.188622 -0.227557 
O4 6.598275 -4.144933 -0.222611 6.575618 -4.222344 -0.189248 
O5 2.920892 6.427342 -0.048464 3.033968 6.430556 -0.028586 
N1 -6.941099 -1.988391 0.834102 -6.997036 -1.973577 0.820507 
N2 1.797914 -1.280775 -0.124967 1.796443 -1.290473 -0.127952 
N3 2.780203 0.847304 -0.144174 2.797654 0.840831 -0.165733 
C1 -6.754504 -0.700361 0.142266 -6.792217 -0.678029 0.135771 
C2 -7.900736 0.084170 0.005610 -7.937599 0.117211 -0.010767 
C3 -7.815669 1.339350 -0.583432 -7.840288 1.385255 -0.584252 
C4 -6.579684 1.791681 -1.052668 -6.589107 1.842666 -1.030211 
C5 -5.449465 0.992310 -0.933899 -5.459616 1.034298 -0.905015 
C6 -5.485430 -0.277517 -0.319724 -5.506962 -0.252360 -0.306945 
C7 -4.268455 -1.091579 -0.259234 -4.297839 -1.070065 -0.245067 
C8 -3.011472 -0.587814 -0.219777 -3.023630 -0.570428 -0.220316 
C9 -1.841109 -1.422295 -0.214573 -1.863654 -1.409146 -0.215626 
C10 -0.556904 -0.996422 -0.169030 -0.561501 -0.989769 -0.173982 
C11 0.573017 -1.961046 -0.175815 0.556084 -1.966963 -0.177987 
C12 1.745738 0.116989 -0.112907 1.749189 0.108970 -0.121089 
C13 3.045723 -1.993545 -0.128200 3.038096 -2.011892 -0.123830 
C14 3.326007 -2.897684 -1.158434 3.258129 -3.020273 -1.079990 
C15 4.520272 -3.603176 -1.155992 4.450448 -3.740318 -1.068411 
C16 5.455161 -3.408327 -0.128457 5.442861 -3.459606 -0.107499 
C17 5.175245 -2.501252 0.900902 5.222715 -2.448486 0.847036 
C18 3.967444 -1.803224 0.897783 4.018413 -1.733822 0.837161 
C19 2.739662 2.251547 -0.084886 2.775998 2.240457 -0.092951 
C20 2.100631 2.955334 0.944194 2.042072 2.962168 0.872201 
C21 2.139181 4.351887 0.994121 2.103414 4.362000 0.930401 
C22 2.823257 5.065364 0.005693 2.904309 5.066918 0.014224 
C23 3.482417 4.366543 -1.018386 3.660511 4.352706 -0.939783 
C24 3.452883 2.981782 -1.053743 3.609070 2.963364 -0.980578 
C25 7.579217 -3.998109 0.793001 7.602972 -3.976767 0.768590 
C26 2.276558 7.185041 0.962324 2.284581 7.187878 0.917430 
H2 -8.839532 -0.306255 0.376720 -8.887733 -0.283332 0.346519 
H3 -8.704132 1.954214 -0.680615 -8.732069 2.008679 -0.687482 
H4 -6.499724 2.763501 -1.530080 -6.498075 2.827664 -1.497076 
H5 -4.511037 1.334615 -1.355638 -4.506373 1.379164 -1.313840 
H7 -4.390734 -2.167851 -0.234772 -4.425674 -2.153907 -0.201952 
H8 -2.861073 0.488732 -0.164975 -2.865765 0.514815 -0.171534 
H9 -1.972740 -2.501667 -0.252557 -1.996574 -2.497448 -0.248959 
H14 2.603351 -3.054941 -1.950406 2.488960 -3.245520 -1.820404 
H15 4.753604 -4.312173 -1.942761 4.639180 -4.529791 -1.799888 
H17 5.879820 -2.331889 1.705726 5.974678 -2.211521 1.601912 
H18 3.750916 -1.099960 1.693481 3.847731 -0.947953 1.575265 
H20 1.590413 2.410315 1.731813 1.444170 2.422877 1.612281 
H21 1.640647 4.862777 1.809061 1.532588 4.886763 1.699249 
H23 4.019153 4.935397 -1.770378 4.289549 4.916228 -1.633846 
H24 3.973485 2.439065 -1.835862 4.201892 2.405047 -1.709800 
H25a 7.961880 -2.970724 0.840743 7.991935 -2.944073 0.695814 
H25b 8.393585 -4.671940 0.523731 8.409078 -4.684670 0.531694 
H25c 7.187190 -4.281488 1.777939 7.250979 -4.158012 1.801139 
H26a 1.192225 7.013841 0.968796 1.196627 7.023002 0.804046 
H26b 2.472355 8.231918 0.725886 2.514645 8.241943 0.709139 
H26c 2.679399 6.959958 1.958420 2.577238 6.950823 1.957617 
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Table S2: Optimized bond lengths computed at B3LYP and PBE functionals with 6-31g(d,p) 
basis set  

Bond length (Å) X-ray[11] 
6-31G(d,p) 

Bond length (Å) X-ray[11] 
6-31G(d,p) 

B3LYP PBE B3LYP PBE 

S1−C10 1.753 (3) 1.766 1.761 N2−C11 1.384 (3) 1.402 1.414 
S1−C12 1.777 (2) 1.816 1.821 N2−C12 1.388 (3) 1.399 1.400 
O1−N1 1.225 (3) 1.231 1.242 N2−C13 1.440 (3) 1.437 1.436 
O2−N1 1.232 (3) 1.232 1.244 N3−C12 1.267 (3) 1.267 1.279 
O3−C11 1.206 (3) 1.218 1.229 N3−C19 1.426 (4) 1.406 1.402 
O4−C16 1.365 (3) 1.363 1.368 C6−C7 1.465 (3) 1.465 1.461 
O4−C25 1.431 (3) 1.420 1.426 C7−C8 1.341 (3) 1.355 1.369 
O5−C22 1.374 (4) 1.366 1.370 C8−C9 1.438 (3) 1.437 1.431 
O5−C26 1.385 (5) 1.418 1.425 C9−C10 1.336 (4) 1.354 1.369 
N1−C1 1.448 (3) 1.474 1.480 C10−C11 1.491 (4) 1.486 1.484 

 
Table S3: Optimized bond angles computed at B3LYP and PBE levels with 6-31g(d,p) basis 
set  

Bond angles (°) X-ray[11] 
6-31G(d,p) 

Bond angles (°) X-ray[11] 
6-31G(d,p) 

B3LYP PBE B3LYP PBE 

S1−C10−C9 126.1 (2) 127.36 127.10 N2−C13−C14 120.5 (2) 119.74 119.56 
S1−C10−C11 111.0 (2) 111.50 111.94 N2−C13−C18 119.0 (2) 120.36 120.49 
S1−C12−N2 110.7 (2) 109.93 109.95 N3−C19−C20 121.4 (3) 123.08 123.66 
S1−C12−N3 125.0 (2) 126.99 127.07 N3−C19−C24 120.3 (3) 118.33 117.92 
O1−N1−O2 122.5 (2) 124.08 124.17 C1−C6−C7 123.4 (2) 124.42 124.49 
O1−N1−C1 118.4 (2) 117.44 117.42 C5−C6−C7 120.9 (2) 119.78 119.83 
O2−N1−C1 119.2 (2) 118.47 118.40 C6−C7−C8 123.9 (3) 124.41 124.53 
O3−C11−C10 125.5 (2) 125.22 125.40 C7−C8−C9 122.5 (3) 122.66 122.72 
O3−C11−N2 124.6 (2) 124.34 124.39 C8−C9−C10 124.8 (3) 126.15 126.27 
O4−C16−C15 116.1 (2) 115.67 115.54 C9−C10−C11 122.9 (2) 121.13 120.96 
O4−C16−C17 124.0 (2) 124.64 124.78 C10−S1−C12   91.4 (1)   91.15   91.16 
O5−C22−C21 124.2 (3) 124.87 124.96 C11−N2−C12 116.9 (2) 116.91 116.67 
O5−C22−C23 115.8 (3) 115.69 115.58 C11−N2−C13 120.9 (2) 121.19 121.22 
N1−C1−C2 116.1 (2) 115.67 115.59 C12−N2−C13 122.1 (2) 121.87 122.09 
N1−C1−C6 121.6 (2) 121.86 122.03 C12−N3−C19 116.1 (2) 123.45 123.83 
N2−C11−C10 109.9 (2) 110.44 110.21 C16−O4−C25 116.7 (2) 118.30 117.41 
N2−C12−N3 124.3 (2) 123.06 122.91 C22−O5−C26 118.8 (3) 118.15 117.28 
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Table S4: Optimized dihedral angles computed at B3LYP and PBE functionals with 6-
31g(d,p) basis set 

Dihedral angles (°) X-ray[11] 
6-31G(d,p) 

Dihedral angles (°) X-ray[11] 
6-31G(d,p) 

B3LYP PBE B3LYP PBE 

S1−C10−C9−C8 −2.1 (4)   0.65   0.72 N3−C12−S1−C10   178.8 (2)   176.13   175.56 
S1−C10−C11−O3 −179.3 (2) −179.88 −179.86 N3−C12−N2−C11 −177.1 (2) −175.91 −175.31 
S1−C10−C11−N2   2.3 (3) −0.38 −0.37 N3−C12−N2−C13 −0.3 (4)   2.16   2.94 
S1−C12−N2−C11   2.8 (3)   2.71   2.79 N3−C19−C20−C21   179.3 (3)   177.02   177.30 
S1−C12−N2−C13   179.61 (18) −179.22 −178.97 N3−C19−C24−C23 −179.8 (3) −177.96 −178.43 
S1−C12−N3−C19 −0.6 (4)   3.95   5.55 C1–C6−C7−C8 −154.6 (3) −154.48 −156.42 
O1−N1−C1−C2   33.4 (4)   21.18   18.01 C5–C6−C7−C8   26.8 (4)   28.98   27.09 
O1−N1−C1−C6 −148.8 (3) −160.41 −163.85 C6−C7−C8−C9   176.5 (2) −177.45 −177.32 
O2−N1−C1−C2 −145.6 (2) −157.77 −160.90 C7−C8−C9−C10 −179.7 (3) −179.61 −179.09 
O2−N1−C1−C6   32.1 (4)   20.64   17.24 C8−C9−C10−C11   175.8 (2) −179.68 −179.82 
O3−C11−C10−C9   2.5 (4)   0.40   0.60 C9−C10−S1−C12   177.4 (3) −178.75 −178.91 
O3−C11−N2−C12   178.3 (2)   177.96   177.88 C10−C11−N2−C12 −3.3 (3) −1.55 −1.62 
O4−C16−C15−C14 −178.1 (3) −179.69 −179.78 C10−C11−N2−C13   179.8 (2) −179.64 −179.87 
O4−C16−C17−C18   178.5 (3) −179.79 −179.77 C11−N2−C13−C14   83.3 (3)   55.36   49.26 
O5−C22−C21−C20 −179.3 (3)   179.69   179.56 C11−N2−C13−C18 −95.1 (3) −123.71 −129.66 
O5−C22−C23−C24   178.5 (3)   179.65   179.66 C12−S1−C10−C11 −0.7 (2)   1.56   1.59 
N1−C1−C2−C3   178.8 (2)   177.36   176.89 C12−N2−C13−C14 −93.4 (3) −122.63 −128.90 
N1−C1−C6−C5 −179.8 (2) −178.45 −177.86 C12−N2−C13−C18   88.2 (3)   58.29   52.17 
N1−C1−C6−C7   1.6 (4)   4.88   5.51 C12−N3−C19–C20   81.2 (3)   54.91   47.61 
N2−C11−C10−C9 −175.9 (2)   179.90 −179.91 C12−N3−C19–C24 −99.1 (3) −129.63 −136.85 
N2−C12−S1−C10 −1.1 (2) −2.37 −2.43 C25−O4−C16−C15   170.5 (3) −179.58 −179.66 
N2−C12−N3−C19   179.3 (2) −177.68 −176.70 C25−O4−C16−C17 −9.4 (4)   0.43   0.34 
N2−C13−C14−C15 −178.6 (3) −179.04 −178.90 C26−O5−C22−C21 −4.4 (4) −0.47 −0.88 
N2−C13−C18−C17   179.1 (2)   179.56   179.34 C26−O5−C22−C23   172.6 (3) −179.88   179.90 
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Table S5: Experimental and calculated wavenumbers obtained at B3LYP and PBE 
functionals with 6−31g(d,p) basis set 

 
Exp. B3LYP/6-31G(d,p) PBE/6-31G(d,p) Vibrational Assignments from 

B3LYP/6-31G(d,p) PED (≥(10)%)
 
Mode FT-IR Unscaled Scaled Int Unscaled scaled Int 
162  3246.7 3120.1 1.90 3172.9 3128.5 2.61 νCH R1 (86) 
161  3232.8 3106.7 5.54 3168.6 3124.2 0.60 νCH R2 (92) 
160  3228.8 3102.9 3.95 3165.3 3120.9 3.86 νCH R2 (90) 
159  3223.3 3097.6 9.16 3153.8 3109.7 8.87 νCH R3 (99) 
158  3222.2 3096.5 6.36 3151.5 3107.4 9.12 νCH (88) 
157  3219.2 3093.6 9.27 3151.1 3107 8.65 νCH R1 (84) 
156  3217.1 3091.6 12.71 3150.4 3106.3 4.88 νCH R2 (91) 
155  3217.0 3091.6 4.51 3149.7 3105.6 16.65 νCH R2 (90) 
154  3212.0 3086.7 9.53 3146.8 3102.8 9.84 νCH R2 (89) 
153  3211.9 3086.6 8.67 3142.3 3098.3 3.66 νCH R1 (92) 
152  3202.3 3077.4 2.56 3136.5 3092.5 3.07 νCH R3 (93) 
151  3199.2 3074.5 14.55 3130.7 3086.9 11.14 νCH R3 (94) 
150  3195.2 3070.6 2.31 3128.2 3084.4 1.86 νCH R1 (91) 
149  3182.2 3058.1 1.97 3107.8 3064.3 1.11 νCH (92) 
148  3163.3 3039.9 5.35 3091.5 3048.2 23.86 νCH (87) 
147  3151.9 3029 29.51 3090.2 3046.9 25.11 νCH3 (99) 
146 3008.8 3148.6 3025.8 30.94 3084 3040.8 5.18 νCH3 (100) 
145  3080.8 2960.7 37.90 3013.5 2971.3 33.56 νCH3 (99) 
144 2951.1 3074.1 2954.2 40.97 3008.8 2966.6 35.30 νCH3 (100) 
143 2929.7 3018.1 2900.4 65.21 2947.1 2905.8 78.39 νCH3 (99) 
142  3013.4 2895.9 62.60 2943.9 2902.7 74.64 νCH3 (100) 
141 1713.0 1795.6 1725.5 120.31 1734.9 1710.6 114.73 νC=O (79) 
140 1654.2 1725.1 1657.8 865.85 1665.4 1642.1 569.07 νC=N (74) 
139 1637.0 1674.0 1608.7 66.40 1624.9 1602.2 98.27 νCC R1 (68) 
138 1608.0 1670.2 1605.1 65.84 1619.9 1597.3 11.78 νCC R2 (69) 
137  1665.6 1600.7 23.05 1616.9 1594.3 35.92 νCC R3 (81) 
136  1657.6 1592.9 133.76 1597.1 1574.8 127.83 νC=C (58) 
135 1587.0 1647.6 1583.4 53.92 1591.4 1569.2 22.78 νC=C (69) 
134  1636.9 1573.1 20.03 1588 1565.7 51.72 νCC R2 (63) 
133 1566.1 1629.6 1566 133.88 1573.4 1551.4 116.23 νas NO2 (58) 
132  1619.8 1556.7 2.58 1571.1 1549.1 2.32 νCC R3 (66) +  δHCC (10) 
131 1513.7 1605.5 1542.9 60.83 1551 1529.3 99.09 νCC R1 (52) + δHCC (12) 
130 1498.7 1559.5 1498.6 248.61 1510.6 1489.5 240.58 νC-O R2 (44) + δCCC (14) 
129  1551.6 1491.1 208.84 1502.8 1481.8 192.01 νC-O R3 (61) + δCCC (12) 
128 1461.1 1519.6 1460.3 45.52 1468.7 1448.1 50.00 δHCH (75) + τHCOC (16) 
127  1519.1 1459.9 78.93 1468.2 1447.7 97.37 δHCH (75) + τHCOC (16) 
126  1514.1 1455 18.83 1465.1 1444.6 35.38 δHCC (40) 
125  1505.4 1446.7 5.74 1451.9 1431.6 5.93 δHCH (74) + τHCOC (25) 
124  1504.4 1445.8 5.15 1451.8 1431.5 6.69 δHCH (75) + τHCOC (24) 
123  1489.3 1431.3 33.08 1436.4 1416.3 7.15 δHCH (84) 
122  1488.3 1430.3 27.20 1436.1 1416 43.38 δHCH (82) 
121 1439.8 1481.2 1423.4 7.26 1434.1 1414 22.87 νCC R1 (26) + δHCC (48) 
120  1465.9 1408.8 0.57 1428.2 1408.2 9.63 νCC R2 (47) + δHCC (18) 
119  1461.3 1404.3 6.46 1426.5 1406.5 0.99 νCC R3 (48) + δHCC (24) 
118 1374.4 1393.1 1338.8 208.70 1371.9 1352.7 35.30 νs NO2 (61) 
117 1345.4 1381.0 1327.2 421.52 1370.2 1351 9.54 νN-C (42) + δCNC (10) 
116  1374.2 1320.6 31.66 1347 1328.1 37.48 νCC R1 (32) + δHCC (15) 
115  1360.5 1307.4 157.86 1335.9 1317.2 202.29 νCC R2 (55) 
114  1349.4 1296.7 31.18 1322.8 1304.2 396.79 δHCC R1 (49) 
113 1295.9 1348.2 1295.6 84.99 1306.3 1288 15.72 νCC R3 (57) 
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112  1339.4 1287.1 62.47 1295.9 1277.8 51.55 δHCC R2 (22) + δHCC (27) 
111  1338.3 1286.2 19.87 1290.2 1272.1 50.55 δHCC R2 (20) + δHCC (28) 
110 1268.8 1327.7 1275.9 5.33 1280.4 1262.5 60.15 δHCC R3 (74) 
109  1307.5 1256.5 42.99 1275.8 1257.9 155.30 νCC R1 (12) + δHCC (47) 
108  1303.7 1252.9 219.42 1267.2 1249.5 103.94  νN3C19 (41) + νCC (10) 
107 1243.5 1298.2 1247.6 497.80 1264.8 1247.1 566.32 νO-C (40) 
106  1289.6 1239.3 151.96 1254.4 1236.8 172.32 νC-O (33) + δHCC (20) 
105  1286.2 1236 102.56 1244.4 1227 29.91 δHCC (41) 
104 1183.5 1245.3 1196.7 2.05 1219.1 1202 7.16 δHCC (34) 
103  1215.2 1167.8 85.81 1185.2 1168.6 135.13 νNC (10) + δHCC (18) + τHCOC (11) 
102 1166.6 1212.3 1165.1 10.15 1174.4 1158 21.64 δHCH (10) + τHCOC (62) 
101  1211.3 1164.1 87.97 1171.8 1155.4 10.89 τHCOC (40) 
100  1201.9 1155 58.33 1168.6 1152.3 1.44 δHCC (32) 
99 1148.3 1196.3 1149.7 44.02 1159.6 1143.4 110.11 δHCC (66) 
98  1191.1 1144.6 77.40 1155.6 1139.4 240.57 δHCC (58) 
97  1185.5 1139.3 227.32 1151.5 1135.4 26.34 δHCC (11) 
96  1178.7 1132.7 0.59 1136.1 1120.2 0.62 δHCH (25) + τHCOC (74) 
95  1178.5 1132.6 0.69 1135.6 1119.7 1.81 δHCH (25) + τHCOC (74) 
94  1168.5 1122.9 116.57 1134.2 1118.3 84.42 νNC (30) 
93  1162.7 1117.4 5.53 1127.8 1112 14.27 νNC (21) + δHCC R1 (16) 
92 1100.4 1139.5 1095.1 7.87 1107 1091.5 5.81 δHCC R2 (62) 
91  1133.1 1088.9 16.28 1098.9 1083.5 17.21 δHCC R3 (87) 
90 1058.2 1095.7 1053 11.15 1059.4 1044.6 17.83 νNC (10) + δHCC (14) + δCCC (47) 
89  1078.3 1036.2 20.56 1050.2 1035.5 17.34 νO-CH3 (51) 
88 1035.3 1077.1 1035.1 71.17 1047.9 1033.2 68.60 νO-CH3 (73) 
87  1074.6 1032.7 5.04 1046.3 1031.6 40.54 νCC (53) + δHCC (11) 
86 1026.1 1069.2 1027.5 63.56 1043.6 1029 62.06 νC10-C11 (30) + νOC (12) 
85 1009.7 1029.2 989 1.98 997.5 983.5 1.34 δCCC R2 (67) 
84  1024.8 984.9 1.16 991.8 977.9 0.67 δHCC R3(11) + δCCC (64) 
83 968.2 1006.8 967.5 24.71 963.1 949.6 37.62 τHCCC (76) 
82  1001.4 962.3 12.34 956.9 943.5 7.36 τHCCC (70) 
81 954.2 979.1 940.9 1.92 936.7 923.5 2.01 τHCCC (87) 
80 921.6 963.3 925.7 0.18 921.2 908.3 0.27 τHCCC (77) + τCCCC (20) 
79  954.2 917 0.99 908.7 895.9 1.29 τHCCC (77) + τCCCC (12) 
78  940.1 903.5 0.66 893.5 881 0.23 τHCCC (66) + τCCCC (15) 
77  933.4 897 5.05 890.5 878 11.24 τHCCC (68) 
76  933.0 896.6 3.09 885.9 873.5 2.20 τHCCC (69) 
75 877.8 907.1 871.8 1.15 868.6 856.4 1.61 τHCCC (61) 
74 859.0 882.5 848.1 47.11 855.9 844 29.15 δNCN ( 11) 
73 841 876.1 842 14.48 849.3 837.4 5.51 δONO (18) + δCCC (10) 
72  871.3 837.3 6.22 843.8 832 30.55 τHCCC (75) 
71 833.1 867.5 833.7 25.67 833.4 821.7 1.15 νNC (20) + τHCCC (12) 
70  850.2 817.1 58.93 820.5 809 77.22 τHCCC (48) 
69  847.8 814.7 17.82 815.2 803.7 30.72 τHCCC (58) + γOCCC (11) 
68  846.8 813.8 38.62 811.2 799.8 29.13 δONO (19) + τHCCC (12) 
67 795.2 818.6 786.7 16.00 787.2 776.2 21.13 τHCCC (67) 
66  815.6 783.8 3.13 779.2 768.3 26.76 τHCCC (75) 
65  810.4 778.8 20.55 774.3 763.5 5.78 δCCO (12) + τHCCC (42) 
64  802.3 771 9.62 769.5 758.7 11.68 τHCCC (51) + γNCCC (33) 
63 750.3 787.7 757 8.79 765.2 754.5 7.10 νC-O (17) + δCCC (13) 
62 733.5 760.8 731.1 24.12 734 723.7 5.21 τHCCC (33) +  γOCON (30) 
61  752.4 723.1 9.69 729.5 719.3 27.93 τHCCC (20) 
60 707.9 736.1 707.4 20.47 703.3 693.5 13.76 γONCC (71) 
59 696.9 725.3 697 2.51 698.8 689 3.35 τCCCC (57) 
58  715.2 687.3 9.03 689.7 680 4.84 τCCCC (22) +  γOCCC (12) 
57 683 710.4 682.7 12.53 683.5 673.9 11.97 τCCCC (46) 
56  694.2 667.1 1.82 671.3 662 0.78 δCCC (23) + τCCCC (14) 
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ν: Stretching, δ: Bending, τ: Torsion, γ: Out-of-plane,  

55 647.1 665.3 639.4 11.48 646.8 637.7 10.12 δCCC (44) 
54  659.3 633.6 9.19 640.1 631.1 7.42 δCCC (27) 
53  650.6 625.2 2.63 627.3 618.5 1.63 δCCC (62) 
52  625.1 600.7 2.51 603.6 595.2 1.15 δCCC (12) 
51 591.0 611.5 587.7 6.67 593.2 584.9 7.70 νSC (10) + δCNC (11) 
50  589.4 566.4 4.57 565.1 557.2 26.21 τCNCN (47) + γCCCN (20) 
49 560.7 578.6 556 24.15 557.8 549.9 5.04 δCNO (19) 
48  567.0 544.8 34.51 548 540.3 30.02 δCNO (17) 
47  564.1 542.1 31.48 544.5 536.9 33.64 δCCN (20) +  γOCCC (18) 
46 531.1 541.6 520.5 22.07 520.1 512.8 22.97 τHCCC (20) + γOCCC (22) 
45 514.1 534.6 513.8 2.02 515.3 508.1 3.45 τCCCC (16) 
44  524.8 504.3 5.50 508.7 501.6 5.98 δCCC (15) + γOCCC (32) 
43  517.4 497.2 11.51 502.5 495.4 11.37 νSC (17) + δCCS (28) 
42 469.1 486.6 467.6 5.32 473.1 466.5 6.04 τCCOC (32) 
41  474.5 456 6.57 457.9 451.5 4.65 τCCCC (31) 
40 446.9 464.7 446.5 4.81 448.7 442.4 3.07 νSC (10) + δCCN (21) 
39  450.9 433.3 4.69 436.8 430.6 3.39 δCCS (16) + τCCCC (12) 
38  437.5 420.5 2.58 421.8 415.9 3.95 τCCCN (13) + τCCCC (14) 
37  428.0 411.3 0.32 412.9 407.1 7.93 τHCCC (11) + τCCCC (67) 
36  425.9 409.3 6.41 412.2 406.4 3.74 τCCCC (50) 
35 397.6 422.4 405.9 9.16 409 403.3 1.80 δCNO (10) 
34  404.6 388.8 0.36 391 385.5 1.43 νNC (14) 
33  393.5 378.2 0.41 380.7 375.4 0.43 τCCCC (11) +  γCCCN (10) 
32  381.1 366.2 0.71 366.9 361.7 0.28 δCNC (38) 
31  359.0 345 10.18 348.7 343.8 9.90 νNC (10) + δCCC (23) 
30  347.7 334.2 2.55 333.8 329.2 2.62 δCCS (12) + τCCCC (17) 
29  304.3 292.4 0.35 298.7 294.5 1.04 δCCN (17) + τCCCC (22) 
28  299.1 287.4 5.24 292.4 288.3 1.13 δCCN (41) + τCCCC (15) 
27  291.4 280.1 4.72 283.5 279.5 5.11 τCCCC (12) + τHCOC (23) 
26  266.7 256.3 2.72 263.3 259.7 2.45 τHCOC (33) 
25  257.1 247.1 3.68 254.7 251.1 1.36 δCOC (23) + τHCOC (28) 
24  249.9 240.2 0.96 248.9 245.5 2.32 δCOC (37) + τHCOC (35) 
23  243.9 234.4 1.71 234.5 231.3 3.56 τHCOC (21) + τCCCC (14) 
22  237.0 227.7 1.76 231.3 228 5.65 τHCOC (18) 
21  227.3 218.4 6.40 223.4 220.3 4.96 τHCOC (15) 
20  180.8 173.7 1.24 178.2 175.7 1.60 τCCCC (36) + γNCCC (14) 
19  169.6 162.9 1.83 166 163.7 2.41 τCCCC (18) 
18  162.7 156.3 0.12 162.5 160.2 0.06 τCOCC (10) 
17  145.0 139.3 2.15 142.1 140.1 3.23 τCCCC (17) 
16  133.6 128.4 3.23 134.9 133.1 2.38 τCCCN (15) 
15  125.5 120.6 0.83 126.9 125.1 1.72 τCCCC (10) + γCCCN (10) 
14  112.8 108.4 5.20 112.7 111.1 4.86 δCCC (18) + τCOCC (14) 
13  93.1 89.5 1.08 96 94.7 1.03 τCOCC (44) 
12  88.7 85.3 1.78 91.2 89.9 0.33 τCOCC (45) 
11  76.8 73.8 0.61 82.1 81 0.92 τCCCN (41) 
10  64.7 62.2 0.15 63.8 62.9 0.46 τONCC (22) 
9  62.7 60.2 0.62 62.2 61.4 0.79 τCNCN (13) + τCCCC (42) 
8  45.7 43.9 0.36 45.2 44.6 0.55 τONCC (31) 
7  43.9 42.2 0.41 42.3 41.7 0.81 τONCC (22) + τCNCC (21) 
6  33.8 32.5 1.24 39.8 39.2 0.85 τCNCC (68) 
5  29.5 28.3 0.60 29.8 29.4 0.52 τCNCC (20) + τCNCN (33) 
4  24.6 23.7 0.46 25.4 25.1 0.58 τCNCC (55) 
3  18.5 17.7 1.51 18.8 18.5 1.44 δCNC (12) + τCCCC (41) 
2  16.1 15.4 0.51 16.9 16.7 0.30 δCNC (30) + τCCCC (15) 
1  14.7 14.1 0.84 15.6 15.4 0.85 τCCCC (57) 
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Table S6: Experimental and calculated 1H and 13C isotropic chemical shifts (ppm) for MNTZ 
using the B3LYP/6–31G(d,p) level of theory 

Atoms 
1H chemical shifts  

Atoms 
13C chemical shifts

Experimental Calculated Experimental Calculated 
H2 8.00 8.40 C1 148.13 144.74 
H3 7.43 7.39 C2 122.34 123.28 
H4 7.54 7.57 C3 122.34 124.75 
H5 7.64 7.67 C4 129.20 129.92 
H7 7.67 7.70 C5 122.34 125.12 
H8 6.71 6.95 C6 133.36 131.33 
H9 7.54 7.55 C7 141.80 136.88 
H14 7.35 7.42 C8 125.20 123.59 
H15 6.90 7.00 C9 129.60 127.03 
H17 6.90 6.80 C10 128.50 128.98 
H18 7.35 7.41 C11 165.87 159.32 
H20 7.04 7.03 C12 150.72 146.01 
H21 6.90 6. 94 C13 122.34 124.78 
H23 6.90 6.76 C14 122.34 124.08 
H24 7.04 6.82 C15 114.86 112.71 
H25a 3.81 3.61 C16 159.90 153.42 
H25b 3.85 3.97 C17 114.57 105.44 
H25c 3.81 3.61 C18 122.34 125.30 
H26a 3.81 3.58 C19 135.79 136.47 
H26b 3.85 3.95 C20 114.86 114.88 
H26c 3.81 3.60 C21 114.57 105.48 
   C22 157.20 151.14 
   C23 114.86 114.03 
   C24 122.34 120.43 
   C25 55.65 53.01 
   C26 55.57 52.85 
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Table S7: The thermodynamic parameters of MNTZ calculated using B3LYP and PBE 
functionals with 6-31g(d,p) basis set in the ground state at 298.15 K 

Thermodynamic parameters 
6-31G(d,p) 
B3LYP PBE 

Zero-point vibrational energy (Kcal.mol-1) 266.941 259.507 
Rotational constant (GHZ) 0.111 0.111 
 0.048 0.048 
 0.035 0.034 
Rotational temperature (Kelvin) 0.005 0.005 
 0.002 0.002 
 0.002 0.002 
Energy (Kcal.mol-1) 
Total 286.474 279.483 
Translational 0.889 0.889 
Rotational 0.889 0.889 
Vibrational 284.697     277.706 
Molecular capacity at constant volume (cal .mol-1 K-1) 

Total 117.661     121.162 
Translational 2.981 2.981 
Rotational 2.981 2.981 
Vibrational 111.699     115.201 
Entropy (cal.mol-1 K-1) 

Total 210.554 212.237 
Translational 44.438 44.438 
Rotational 38.688 38.708 
Vibrational 127.428 129.091 

Zero point correction (Hartree/Particle) 0.425 0.414 

Thermal correction to Energy 0.457 0.445 
Thermal correction to Enthalpy 0.457 0.446 
Thermal correction to Gibbs Free Energy 0.357 0.346 

 

Table S8: The calculated thermodynamic parameters of MNTZ using B3LYP/6-31g(d,p) and 
PBE/6-31g(d,p) levels at different temperatures 

T (K) 
B3LYP/6-31G(d,p) PBE/6-31G(d,p) 

S(J/mol.K) Cp(J/mol.K) ΔH(kJ/mol) S(J/mol.K) Cp(J/mol.K) ΔH(kJ/mol) 

100 526.08 220.18 13.92 520.47 219.42 13.73 
200 724.85 368.74 43.30 718.64 370.83 43.19 
298.15 900.00 517.98 86.84 894.95 521.51 87.02 
300 903.21 520.73 87.80 898.18 524.27 87.99 
400 1072.57 659.85 147.01 1068.61 663.65 147.56 
500 1232.68 775.41 218.97 1229.54 778.92 219.9 
600 1382.54 867.85 301.31 1380.01 870.87 302.57 
700 1522.08 941.77 391.93 1519.97 944.27 393.46 
800 1651.88 1001.66 489.20 1650.07 1003.68 490.95 
900 1772.79 1050.87 591.90 1771.2 1052.5 593.84 
1000 1885.70 1091.81 699.10 1884.26 1093.1 701.18 
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