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In this study, new 1,3,4-thiadiazole compounds were synthesised and characterised by FT-IR, 1H-NMR, UV–vis spectroscopy and 
elemental analysis, Furthermore, the relationship between the electronic and spectral data of the 16 conformers of each compound 
was investigated by theoretical calculations; the theoretical data were compared with the experimental results. The B3LYP hybrid 
functional level with a 6-311++g(2d,2p) basis set was used to obtain the ground state geometries, frontier molecular orbital energies, 
band gap energies and chemical reactivity parameters and to perform a spectral analysis of the compounds. Significant correlations 
were calculated between the minimum molecular energy and the N–H and C=O vibrational frequencies and the NH proton chemical 
shifts of the conformers. The charge density on the nitrogen atom and the delocalisation index of the highly polar N–H covalent 
bond were investigated by quantum theory of atoms in molecules. The effect of conformer structure on the theoretical results and its 
role in interpreting the experimental data were presented, and it was theoretically shown that the activity degree of the non-aromatic 
electronegative atoms or groups of atoms in the intramolecular interaction was a very important factor in determining the electronic 
and spectral properties of each compound. 
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INTRODUCTION

Heterocyclic systems containing nitrogen and sulphur 
atoms have recently become very attractive for therapeutics.1,2 
The molecules including the 1,3,4-thiadiazole moiety are used 
in many applications because they contain two heterocyclic 
aromatic moieties. Their different derivatives have been used 
as antimicrobials,3 antifungal,4 antibacterial,5 antileishmanial,6 
analgesic, antidepressant,7,8 etc. 

In this study, 5-[3-phenylypropyl]-N-[2′-methoxycarbonylphenyl]-
1,3,4-thiadiazol-2-amine (Compound I) and 5-(1-methyl-2-
phenylethenyl)-N-[2′-methoxycarbonylphenyl]-1,3,4-thiadiazol-2-
amine (Compound II) were synthesized, and the conformal structures 
of these compounds were investigated theoretically. The literature 
contains many reports on the conformational analysis of different 
molecules, for example, Belaidi et al.9 performed the IR analyses 
of five conformational structures of butyl methacrylate. Their study 
focused on the detailed assignment of band intensities and potential 
energy distribution percentages, and the compatibility between theory 
and experiment was also examined. The conformational distribution 
of citronellal by correlating its structure with theoretical chemical 
shifts based on nuclear magnetic resonance (NMR) data was studied 
by Nardini et al.10 Okada and Ando11 clarified the relationship between 
vibrational frequencies of absorption bands in the far-IR region and 
the local conformations of fully aromatic imides and polyimides. In 
another study, Bardak et al.12 studied the conformational, interactive, 
magnetic and electronic properties of isophthalic acid to investigate 
its effects on human health, toxicology and biodegradability. Ortega 
et al.13 conducted a comprehensive structural and conformational 
analysis of the (-) - S-parent as well as an analysis of the electronic 
structures of different molecular conformations of unnatural species, 
in an attempt to explain how the conformational stability of the system 
was controlled by the stereoelectronic effects. Furthermore, density 

functional theory (DFT) and NMR-based conformational analyses 
of methyl galactofuranosides were compared by Richards et al.,14 
and Galf-specific Karplus-like equations were developed from these 
conformations.

Many experimental studies have been supported by conformational 
and structural analyses, and structural differences between 
conformations have been revealed by these analyses. However, 
conformational analyses have mostly been used to compare 
experimental and theoretical data and to understand the nature of 
experimental results.15-23 Here we have considered the question, ‘What 
is the relationship between the electronic and spectral properties 
of the conformers of a compound, and does the relationship have 
distinctive characteristics?’ We also investigated how molecular 
conformations affected the minimum molecular energy, frontier 
molecular orbital (FMO) energies, some electronic parameters such 
as chemical hardness and electronegativity, and the UV, IR and 
NMR spectra. Moreover, the importance of choosing appropriate 
conformers to interpret experimental data was discussed. We also 
analysed the relation between intramolecular interactions and 
the minimum energy and showed the influence of intramolecular 
interactions on the UV, IR and 1H-NMR spectra. The Kohn–Sham 
DFT24,25 method was used to theoretically investigate the characteristic 
and spectroscopic properties of the conformers of the synthesised 
compounds. The molecular structures and FT-IR, UV and 1H-NMR 
spectra of the conformers were characterised using the B3LYP 
method with the 6-311++g(2d,2p) basis set. In addition, using the 
same method, the highest occupied molecular orbital (HOMO), the 
lowest unoccupied molecular orbital (LUMO) energies, electrostatic 
potential (ESP) maps and electronic parameters were calculated. 
Furthermore, quantum theory of atoms in molecules (QTAIM) 
analysis was performed to determine the intramolecular interactions 
and any correlations between electron charge distribution, molecular 
energy and spectral data. An analysis of the data was performed, and 
the relationship between the electronic and spectral properties of the 
conformers was studied in detail.
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METHODS

Experimental process

5-[3-Phenylypropyl]-N-[2′-methoxycarbonylphenyl]-1,3,4-
thiadiazol-2-amine (compound I) 

The synthesis of compound I is shown in Figure 1. In the 
experimental process, 4-phenylbutyric acid (3.53 g, 10 mmol) and 
N-(2-methoxycarbonylphenyl)thiosemicarbazide (2.25 g, 10 mmol) 
were mixed and placed in a refrigerator at 4 °C for 2 h. Subsequently, 
POCl3 (0.96 mL, 30 mmol) was added dropwise to the cold mixture 
during stirring. Reflux was continued at 90 °C for 2 h. After the 
reaction was completed (followed by thin layer chromatography 
(TLC) by comparing with the raw material), the mixture was cooled 
to room temperature and added into the stirred ice-cold water. The 
mixture was then neutralised (pH≈8) using an ammonia solution 
(10%). The precipitated product was filtered, washed using distilled 
water and recrystallized from tetrahydrofuran (THF). (Yield: 86%, 
melting point: 107 °C). Elemental analysis (C19H19N3O2S): theoretical 
(%): C, 64.57; H, 5.42; N, 11.89; experimental (%): C, 64.63; H, 
5.47; N, 12.17.

5-(1-methyl-2-phenylethenyl)-N-[2′-methoxycarbonylphenyl]-
1,3,4-thiadiazol-2-amine (compound II)

The synthesis route of compound II is presented in 
Figure 2. 4-phenylbutyric acid (3.51 g, 10 mmol) and N-(2-
methoxycarbonylphenyl)thiosemicarbazide (1.67 g, 10.0 mmol) 
were used as the raw materials instead. The same procedures in the 
synthesis of compound I were performed. (Yield: 71%, melting point: 
197 °C). Elemental analysis (C19H17N3O2S): theoretical (%): C, 64.94; 
H, 4.88; N, 11.96; experimental (%): C, 64.94; H, 3.85; N, 11.76. 

Computational details

Although the conformational flexibility and diversity of the 
synthesised compounds are considerable, 16 initial conformations 
were selected for each compound (Figures 4 and 5). Kohn–Sham 
density functional theory (KS-DFT) was employed in the quantum-
chemical calculations. No geometric constraints were introduced 
in the optimisation processes. The conformers were optimised 
to obtain ground state geometries using the Becke3–Lee–Yang–
Parr hybrid exchange-correlation function (B3LYP)26,27 with the 
6-311++g(2d,2p) basis set. Furthermore, these methods were also 
employed for obtaining the optimised molecular conformations and 
UV, IR and NMR spectra of the conformers. Time-dependent DFT 
(TD-DFT) was employed to calculate vertical excitation energies. The 

Self-Consistent Reaction Field (SCRF) method and the Conductor-
Polarizable Continuum Model (CPCM) were used for UV spectral 
analysis in the chloroform phase. IR calculations were also performed 
in the gas phase, and saddle-point configurations were excluded. In 
other words, all vibration modes in the calculated IR spectra of the 
conformers were real, indicating the presence of the local energy 
minima of the conformers. Moreover, 1H-NMR calculations of the 
conformers were performed in the dimethyl sulfoxide (DMSO) phase 
using the same method and basis set. 

The HOMO and LUMO energies (EHOMO and ELUMO) were 
calculated using the same method and basis set, and the molecular 
electrostatic potential surfaces were obtained. FMO energy 
eigenvalues were used to calculate the electronic parameters of 
the conformers, such as energy gap ∆E, chemical hardness (η) 
and electronegativity (χ). The correlation between the minimum 
molecular energy and the electronic parameters of the conformers was 
investigated. The calculations were performed using the GAUSSIAN 
0928 software package program. 

Bader’s theory of atoms in molecules29-31 is a powerful approach 
for analysing the electron density in a molecule, which is widely used 
to predict the properties and reactivity of molecules. QTAIM analysis 
was also performed to determine the intramolecular interactions and 
to determine the ring-critical points (RCPs) of the charge density 
distribution and the bond-critical points (BCPs, also called saddle 
points) of the electron density between two atoms forming a chemical 
bond. The correlation between conformers and spectral data was 
investigated by associating BCPs, RCPs, bond paths and ring paths, 
and using ESP and the HOMO–LUMO energy map. Furthermore, 
to determine the correlation between electron charge distribution, 
intramolecular interactions and spectral data, we used the delocalisation 
index (DI), the average number of electrons localised in an atom (LI) 
and the percentage of electrons localised on the selected atom (%L).

RESULTS AND DISCUSSION

The numbers of the atoms in compounds I and II are shown in 
Figure 3. Although many conformational structures exist, using the 
dihedral rotors (Dn, n = 1 – 6) shown in Figure 3, only the possible 
16 initial conformations of compounds I and II (Figures 4 and 
5) with the lowest molecular energy from the obtained structures 
were considered for theoretical analysis. For structures with similar 
spatial geometry, as shown in the conformers 𝓒1, 𝓒7 and 𝓒9, 𝓒15 of 
compound I and 𝓒1, 𝓒5 of compound II, initial geometries were 
selected to have dihedral angle differences between thiadiazole and 
aromatic rings, and thus the effects of dihedral angle differences of 
similar conformer on the optimization results were also examined.

Figure 1. Synthesis route for compound I

Figure 2. Synthesis route for compound II
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Figure 3. Numbering of the atoms in compounds I and II

Figure 4. Structures of the initial conformations of compound I
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As shown in Table 1, the initial geometry of the optimised 
conformers greatly influenced the minimum molecular energy values 
(E), HOMO–LUMO eigenvalues, chemical hardness, electronegativity 
and dipole moments. Although the difference between the calculated 
minimum molecular energies of the conformers is relatively small, 
44 and 89 kJ mol-1 for compounds I and II, respectively, significant 

differences among other electronic parameters were observed. The 
calculated minimum molecular energies of the conformer 𝓒9 of 
compounds I and II, −3803573 and −3800366 kJ mol-1, respectively, 
were lower than those of the other conformers. The energies of the 
conformers whose minimum molecular energies were greater than 
those of other conformations were calculated as −3803529 kJ mol-1 

Figure 5. Structures of the initial conformations of compound II

Table 1. Electronic and chemical parameters for the theoretical calculations of compound I

Conform. E (kJ mol-1) EHOMO (eV) ELUMO (eV) ∆E η (eV) χ (eV) µ (Debye)

𝓒1 -3803571 -6.003 -1.901 4.103 2.051 3.952 4.317

𝓒2 -3803555 -6.090 -1.878 4.212 2.106 3.984 2.486

𝓒3 -3803532 -6.128 -1.456 4.672 2.336 3.792 2.300

𝓒4 -3803530 -6.251 -1.509 4.742 2.371 3.880 5.064

𝓒5 -3803529 -6.108 -1.810 4.299 2.149 3.959 5.151

𝓒6 -3803532 -6.208 -1.804 4.405 2.202 4.006 2.657

𝓒7 -3803571 -6.003 -1.900 4.103 2.052 3.952 4.315

𝓒8 -3803561 -6.098 -1.802 4.296 2.148 3.950 3.443

𝓒9 -3803573 -6.025 -1.923 4.103 2.051 3.974 4.290

𝓒10 -3803563 -6.065 -1.864 4.201 2.100 3.965 2.484

𝓒11 -3803539 -6.123 -1.477 4.646 2.323 3.800 2.136

𝓒12 -3803537 -6.216 -1.493 4.723 2.362 3.855 4.934

𝓒13 -3803536 -6.072 -1.791 4.281 2.140 3.932 4.856

𝓒14 -3803540 -6.167 -1.786 4.381 2.191 3.977 2.339

𝓒15 -3803573 -6.029 -1.923 4.106 2.053 3.976 4.310

𝓒16 -3803568 -6.069 -1.785 4.284 2.142 3.927 3.477

E: Energy, ∆E: ELUMO – EHOMO, η: Chemical Hardness, χ: Electronegativity, µ: Dipole moment
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(𝓒5) for compound I and −3800277 kJ mol-1 (𝓒14) for compound II. 
Differences in the calculated dipole moment values depended on the 
initial conformations and were observed to be approximately double. 
For compound I, the dipole moment of the conformers was found 
to be between 2.136 and 5.151 Debye, and for compound II, it was 
between 2.126 and 5.133 Debye. Figures 6a and 6b show examples 
of the HOMO and LUMO energies that were also greatly affected by 
conformational differences and led to a change in the energy gap ∆E 
(∆E = ELUMO − EHOMO). As a result of this situation, many parameters 
(such as global hardness, global softness and electronegativity) 
obtained using the HOMO–LUMO values were calculated differently 
because of the effect of the conformational changes on the HOMO–
LUMO energy eigenvalues.

It is well known that electron donating and accepting abilities can 
be evaluated from the HOMO and LUMO energy eigenvalues. The 
energy band gap between HOMO and LUMO determines the chemical 
stability of a molecule. Molecules having small HOMO‑LUMO 
gaps are usually highly active, whereas ones having large gaps are 
generally stable and tend to be unreactive. In this context, the active or 
unreactive properties (or different characteristics depending on energy 
band gap) of a molecule depend on its conformational structure. 
The conformation of a compound will also affect the interpretation 
of experimental and theoretical results. In addition, using a reverse 
approach, the level of reactivity (or unreactivity) of a molecule can 
also be determined by the molecular conformation, which is achieved 
by adjusting the experimental process variables such as temperature, 
pressure, external field and solvent. 

Furthermore, because the electron density was concentrated 
around the electronegative atoms, the HOMO-LUMO energy 
distribution was affected by the geometrical position of electronegative 
atoms in the compounds. The HOMO–LUMO energy distribution was 
thus concentrated in the regions where the electron density increased. 
The HOMO–ESP map for compound I-𝓒7 in Figure 7 shows that the 
electron density is concentrated around two nitrogen atoms on the 
1,3,4-thiadiazole moiety. In a contrary situation to that of compound 
I-𝓒7, compound II-𝓒14 is an example where the HOMO orbitals are 
spread over the entire molecule (Figure 7). The minimum molecular 

energies of the conformers which have HOMO–LUMO orbitals 
spread more throughout the molecule due to the intramolecular 
interactions, as in compound II-𝓒14, were calculated to be larger than 

Table 2. Electronic and chemical parameters for the theoretical calculations of compound II

Conform. E (kJ mol-1) EHOMO (eV) ELUMO (eV) ∆E η (eV) χ (eV) µ (Debye)

𝓒1 -3800350 -5.817 -1.990 3.828 1.914 3.904 4.495

𝓒2 -3800339 -5.893 -1.993 3.901 1.950 3.943 2.604

𝓒3 -3800315 -5.909 -1.717 4.192 2.096 3.813 2.269

𝓒4 -3800313 -6.030 -1.792 4.238 2.119 3.911 5.133

𝓒5 -3800350 -5.819 -1.989 3.830 1.915 3.904 4.484

𝓒6 -3800362 -5.768 -2.095 3.673 1.837 3.932 4.166

𝓒7 -3800355 -5.660 -2.050 3.610 1.805 3.855 4.078

𝓒8 -3800342 -5.773 -2.034 3.739 1.869 3.903 4.469

𝓒9 -3800366 -5.689 -1.971 3.718 1.859 3.830 2.878

𝓒10 -3800349 -5.797 -2.018 3.779 1.889 3.907 3.654

𝓒11 -3800321 -5.736 -1.989 3.747 1.874 3.862 2.126

𝓒12 -3800327 -5.834 -2.009 3.825 1.912 3.921 2.169

𝓒13 -3800315 -5.973 -1.847 4.126 2.063 3.910 2.780

𝓒14 -3800277 -6.011 -1.828 4.184 2.092 3.920 4.813

𝓒15 -3800349 -5.779 -2.035 3.744 1.872 3.907 3.644

𝓒16 -3800356 -5.890 -2.083 3.807 1.904 3.986 3.411

E: Energy, ∆E: ELUMO – EHOMO, η: Chemical Hardness, χ: Electronegativity, µ: Dipole moment

Figure 6. a) HOMO energy eigenvalues of the conformers of compound I. 
b) LUMO energy eigenvalues of the conformers of compound I
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those of the other conformers (all HOMO–LUMO and ESP maps are 
given in Supplementary Material). The intramolecular interactions in 
the compounds were examined in more detail by the qtaim analysis 
in Section 3.4. The effect of the interaction between the benzene ring 
and the methoxy group on the HOMO distributions can be better 
understood with the help of Supplementary Material.

UV analysis of the compounds

The UV–visible absorption spectra of 1 × 10−5 mol L-1 solutions 
of compounds I and II in CHCl3 were recorded between 300 and 
700 nm, and their spectral data are summarised in Table 3. The 
compounds showed two absorption peaks, at 336.75 and 291.75 nm 
for compound I and at 353.00 and 303.00 nm for compound II. 
UV-vis absorption bands are thought to originate from π–π* and n–π* 
electronic transitions in the structures of the compounds. However, 
the theoretical calculations showed that the UV absorptions of the 
conformers displayed different characteristics. Figure 8 shows the 
experimental and calculated UV spectra of six selected conformations 
for compound I.

The experimental results and theoretical UV data of the 
conformers of compounds I and II are given in Table 3. The long 
wavelength λmax (1) and the short wavelength λmax (2) for the conformers 
of compound I were calculated to be in the ranges 315.86–350.31 
and 279.72–294.86 nm, respectively. The absorption peaks of the long 
and short wavelengths of the conformers of compound II were in 
the ranges 316.74–395.30 and 292.53–350.53 nm, respectively. The 
calculations naturally showed a strong correlation between ∆E and 
the UV absorption peak values. The Pearson correlation coefficients 
between ∆E and the UV absorption wavelengths of the conformers 
of compounds I and II were −0.995 (∆E vs λmax (1)) and −0.927 (∆E 
vs λmax (1)), respectively. 

Graphs of both the experimental and theoretical UV data 
of compounds I and II are given in Figures 9a and 9b. The 
intramolecular interactions differ between conformers, and for 
this reason, the distribution of the HOMO–LUMO orbitals and 

Figure 7. HOMO and ESP maps of compounds I-𝓒7 and II-𝓒14.

Table 3. Experimental and theoretical UV data of the conformers of com-
pounds I and II (nm)

compound I compound II

λmax(1) λmax(2) λmax(1) λmax(2)

Experimental 336.75 291.75 353.00 303.00

Calculated

𝓒1 350.27 291.98 377.52 332.14

𝓒2 341.23 294.46 370.19 329.91

𝓒3 318.19 280.72 343.13 316.65

𝓒4 315.90 279.72 341.57 314.99

𝓒5 337.51 284.06 374.82 329.55

𝓒6 332.97 282.84 390.60 344.61

𝓒7 350.31 291.73 395.30 350.53

𝓒8 337.12 282.85 378.56 334.23

𝓒9 349.87 294.58 381.19 347.76

𝓒10 342.39 294.16 376.68 342.91

𝓒11 318.05 280.68 378.17 334.64

𝓒12 315.86 279.72 374.74 330.74

𝓒13 338.90 284.54 357.84 316.83

𝓒14 334.74 282.98 316.74 292.53

𝓒15 349.96 294.86 375.57 342.31

𝓒16 337.13 284.36 375.26 336.47

λmax(1)

Figure 8. Experimental and calculated UV spectra of the conformers 𝓒2, 𝓒3, 
𝓒9, 𝓒13, 𝓒14 and 𝓒16 of compound I

the energy gap between them are calculated at different values for 
each conformer. As shown in Figures 9a and 9b, the long and short 
wavelength peaks showed a consistent shift across the conformers. 
The parallel shift in both the long and short wavelength peaks suggests 
that the computation for a selected conformer is correct, but the fact 
that the UV calculations seem to be compatible with the experimental 
data may be misleading and is discussed later in further detail.

One distinctive feature of the conformers 𝓒1, 𝓒7, 𝓒9 and 𝓒15 of 
compound I, which had the lowest molecular energy (E𝓒7

 < E𝓒9
 < 

E𝓒15
 < E𝓒7

 < E𝓒1
 < ... < E𝓒16

), was that they formed a hydrogen bond 
between O39 and H16 (see Supplementary Material). Moreover, 
λmax (1) of these conformers was calculated to be around 350 nm 
and larger than the other conformers. A similar relation was also 
observed between 𝓒2, 𝓒8, 𝓒10 and 𝓒16, wherein the hydrogen (–NH) 
and oxygen (OCH3) formed a hydrogen bond. These conformers also 
had lower minimum energies and gave absorption peaks close to the 
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experimental results. Conformers giving low UV absorption peaks 
were also found to have larger molecular energies than the others. 
If we summarise the relationship between the molecular energy and 
UV absorption, although the minimum molecular energies of the 
conformers having strong interactions (NH–>C=O and–NH–OCH3) 
were calculated to be small, their UV absorption peaks were shifted 
to longer wavelengths (bathochromic shift). A similar situation was 
also observed for the conformers of compound II. Figure 10 shows a 
graphical comparison of the scaled data of ∆E, UV absorption maxima 
and HOMO and LUMO energies of the conformers of compounds 
I and II. It was shown that the absorption wavelength peaks were 
closely related to the E, EHOMO and ELUMO energies as well as to ∆E.

IR analysis of the compounds

The IR spectra of the compounds were monitored between 4000 
and 200 cm−1 using an Alpha FT-IR spectrometer (Bruker, Germany). 
The IR absorptions of compounds I and compound II were observed 
as follows: vibration of N–H groups at 3266.01 and 3251.11 cm−1, 
stretching vibration of aromatic C–H at 3023.25 and 3058.04 cm−1, 
stretching vibration of aliphatic C–H at 2943.93–2981.68 cm−1, 
stretching vibration of C=O at 1695.87 and 1702.11 cm−1, stretching 
vibration of C=C at 1606.11 and 1615.58 cm−1 and stretching vibration 
of C=N (thiadiazole) at 1570.38 and 1570.25 cm−1. The experimental 
and theoretical IR data of compound I and compound II are given 
in Tables 4 and 5. The experimental IR spectra showed that the 
observed bands are compatible with the structures of the compounds. 
Moreover, the effects of molecular conformation on the vibrational 
frequencies of N–H (stretching and bending), C–H (aromatic and 

aliphatic), C=O, C=C and C=N were also studied theoretically, and 
the results were compared with the experimental data. N–H and 
C=O vibrations gave distinctive peaks, which were investigated to 
analyse the effects of the conformations on the vibration frequencies. 
The N–H stretching and bending vibrational frequencies of the 
conformers of compound I were experimentally found to be 3266.01 
and 1493.07 cm−1, respectively. The theoretical results showed that 
the stretching frequencies were in the range 3398–3634 cm−1 and the 
N–H bending frequencies were in the range 1427–1575 cm−1. The 
calculated vibrations of the aromatic C–H peaks were observed in 
the range 3199–3180 cm−1 and were generally not greatly affected 
by any conformational changes. Similar situations were also 
observed for aliphatic C–H (experimentally 2850–2944 cm−1 and 
theoretically 3004–3099 cm−1) and C=C (experimentally 1606 cm−1 
and theoretically 1572–1647 cm−1) vibrations. The vibrational 
frequencies of the electronegative-atom-bearing groups, O–H and 
N–H, were more affected by conformational changes.

The N–H vibrational frequencies of compound II were 
experimentally found to be 3266.01 and 1493.07 cm−1. Theoretical 
calculations gave stretching and bending frequencies in the range of 
3373–3636 and 1389–1635 cm−1, respectively. The aromatic C–H 
peaks were calculated to be between 3199 and 3181 cm−1, close 
to the conformers of compound I. The aromatic C–H peaks were 
not affected much by the molecular conformation or any molecular 
structural differences. Furthermore, C=C vibrations were also not 
affected as much by the conformational variations as were the 
vibration frequencies of O–H and N–H. Aliphatic C–H and C=C 
vibrations, however, were observed at very low intensities in some 
conformations such as 𝓒4 and 𝓒16 (vibrational intensities below 10 
are not given in the table). Similar situations were also observed for 
the aromatic C–H peaks of the conformers of compounds I and II.

The C=O vibration peaks of the conformers of compound II were 
experimentally found to be 1702.11 cm−1. The theoretical calculations 
showed that the results were in the range 1716–1765 cm−1 depending 
on the conformation. It was shown that the C=O vibrations were 
also affected by the structural differences of the compounds. The 
experimental and theoretical vibrational frequencies of the conformers 
of compound II are listed in Table 5.

Figure 9. Experimental and theoretical UV data of a) compound I and b) 
compound II

Figure 10. Energy, UV absorption maxima and HOMO and LUMO energies 
of the conformers of compounds I and II (values are scaled)
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Table 4. Experimental and theoretical IR data of compound I (cm−1), (frequency /intensity)

νN-H 
- stretching 
- bending

νC-H 
(Aromatic)

νC-H 
(Aliphatic) νC=O νC=C

νC=N 
(Thiadiazole)

Experimental 3266.01 
1493.07 3023.25

2943.93 
2919.66 
2849.85

1695.87 1606.11 1570.38

Calculated

𝓒1
3398 /360 
1429 /257

3199 /10 r1 a 
3194 /17 r2 s 
3181 /29 r2 a 
3158 /11 r2 a

3099 /20 a 
3061 /14 s 
3051 /10 a 
3022 /34 s

1716 /233 1642 /44 r1 1544 /37

𝓒2
3536 /283 
1436 /337

3191 /29 r2 a 
3178 /20 r2 a

3096 /20 a 
3058 /13 s 
3025 /13 a 
3017 /17 s 
3005 /15 s

1754 /278
1644 /80 r1 
1643 /17 r2 
1621 /19 r2

1546 /42

𝓒3
3634 /40 
1513 /430

3197 /12 r1 a 
3190 /29 r2 a 
3177 /19 r2 a

3095 /21 a 
3057 /13 s 
3025 /13 a 
3018 /20 s 
3006 /15 s

1766 /257
1641 /12 r2 
1640 /66 r1 
1624 /13 r1

1557 /78

𝓒4
3627 /38 
1512 /433

3190 /28 r2 a 
3177 /19 r2 a

3096 /20 a 
3058 /13 s 
3025 /13 a 
3018 /19 s 
3006 /15 s

1762 /253
1643 /10 r2 
1642 /75 r1 
1624 /13 r1

1560 /81

𝓒5
3607 /57 
1429 /109

3190 /28 r2 a 
3178 /20 r2 a

3095 /20 a 
3057 /13 s 
3016 /17 s 
3005 /14 s

1768 /246
1643 /10 r2 
1642 /75 r1 
1624 /13 r1

1547 /90

𝓒6
3607 /55 
1428 /105

3189 /29 r2 a 
3177 /19 r2 a

3096 /20 a 
3057 /13 s 
3027 /13 a 
3017 /15 s 
3004 /15 s

1752 /247
1643 /13 r2 
1639 /89 r1 
1614 /20 r1

1545 /109

𝓒7
3398 /361 
1429 /257

3199 /10 r1 a 
3194 /17 r2 s 
3181 /30 r2 a 
3158 /11 r2 a

3099 /20 a 
3061 /14 s 
3051 /10 a 
3022 /33 s

1716 /233 1642 /44 r1 1544 /36

𝓒8
3559 /306 
1575 /255

3190 /29 r2 a 
3178 /19 r2 a

3095 /20 a 
3057 /13 s 
3024 /13 a 
3019 /19 s 
3005 /15 s

1755 /260
1647 /176 r1 
1644 /13 r2 
1634 /277 r1

1560 /139

𝓒9
3400 /359 
1429 /254

3194 /17 r2 s 
3181 /29 r2 a

3089 /26 a 
3081 /22 a 
3041 /33 s 
3038 /18 s 
3005 /15 s

1717 /230

1643 /31 r1-r2 
1623 /446 r1 
1622 /13 r2 
1574 /496 r1

1534 /13

𝓒10
3536 /292 
1436 /356

3194 /16 r2 s 
3181 /27 r2 a

3093 /20 a 
3074 /11 a 
3038 /40 s

1754 /371
1645 /83 r1 
1622 /416 r1 
1574 /411 r1

1536 /18

𝓒11
3633 /38 
1545 /61

3197 /12 r1 a 
3193 /18 r2 s 
3181 /29 r2 a

3089 /24 a 
3081 /20 a 
3040 /35 s 
3036 /20 s

1764 /289 1641 /68 r1 
1622 /416 r1 1545 /62

𝓒12
3626 /35 
1548 /33

3194 /16 r2 s 
3182 /27 r2 a

3093 /20 a 
3073 /12 a 
3038 /41 s

1762 /264 1642 /78 r1-r2 1535 /112

𝓒13
3609 /61 
1428 /119

3198 /10 r1 a 
3194 /16 r2 s 
3181 /28 r2 a

3092 /22 a 
3038 /39 s 1767 /235 1637 /70 r1 

1616 /41 r1 1538 /18

𝓒14
3607 /58 
1427 /126

3194 /16 r2 s 
3181 /27 r2 a

3093 /22 a 
3042 /41 s 1752 /231 1639 /89 r1 

1615 /18 r1 1538 /21

𝓒15
3406 /354 
1428 /233

3193 /17 r2 s 
3181 /29 r2 a

3090 /23 a 
3080 /25 a 
3041 /34 s

1716 /233

1642 /30 r1-r2 
1622 /391 r1 
1621 /38 r2 
1572 /524 r1

1534 /21

𝓒16
3560 /279 
1484 /120

3196 /10 r1 a 
3194 /16 r2 s 
3182 /27 r2 a

3094 /20 a 
3074 /11 a 
3039 /38 s

1754 /352
1646 /170 r1 
1634 /281 r1 
1575 /254 r1

1534 /287

a: Asymmetric stretching, s: Symmetric stretching, r1: Ring 1, r2: Ring 2
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The Pearson correlation coefficients between the N–H stretching 
and C=O vibration frequencies of the conformers were calculated as 
R = 0.96 for both compounds I and II. The graphical presentations of 
the N–H stretching and C=O vibration frequencies of the conformers 

are given in Figures 11a and 11b. As can be seen, the N–H and C=O 
vibrations are equally affected by the conformational changes.

Moreover, it was shown that there was also a relationship between 
the N–H and C=O vibrational frequencies and the minimum molecular 

Table 5. Experimental and theoretical IR data of compound II (cm−1), (frequency /intensity)

N-H 
- stretching 
- bending

νC-H 

Aromatic
νC-H 

Aliphatic
νC=O νC=C

νC=N 

thiadiazole

Experimental
3251.11 
1464.04

3058.04
2981.68 
2915.61

1702.11 1615.58 1570.25

Calculated

𝓒1
3375 /436 
1414 /483

3196 /10 r2 s 
3188 /20 r2 a 
3181 /11 r2 a

3134 /15 
3022 /14 
3049 /23

1717 /202
1624 /519 r1 
1575 /499 r1

1462 /6

𝓒2
3528 /341 
1426 /517

3197 /10 r2 s 
3189 /20 r2 a 
3181 /10 r2 a

3135 /14 
3022 /14 
3048 /23

1754 /385
1644 /75 r1 
1621 /424 r1 
1572 /458 r1

1465 /6

𝓒3
3636 /35 
1548 /100

3196 /10 r2 s 
3189 /22 r2 a 
3181 /13 r2 a

3134 /15 
3121 /15 
3061 /35 
3048 /22

1765 /277
1624 /519 r1 
1575 /499 r1

1466 /16

𝓒4
3627 /34 
1549 /106

3197 /12 r2 s 
3189 /22 r2 a 
3182 /12 r2 a

3134 /14 
3122 /13 
3049 /21

1762 /275
1642 /76 r1 
1575 /499 r1

1466 /6

𝓒5
3373 /441 
1414 /492

3199 /10 r1 a 
3196 /10 r2 s 
3188 /20 r2 a 
3181 /11 r2 a

3134 /15 
3121 /13 
3049 /22

1716 /200
1642 /23 r1 
1625 /541 r1 
1575 /473 r1

1462 /6

𝓒6
3393 /477 
1414 /528

3199 /10 r1 a 
3195 /25 r2 s 
3182 /19 r2 a

3131 /24 
3041 /13

1716 /219
1642 /30 r1 
1622 /565 r1 
1571 /684 r1

1474 /2

𝓒7
3385 /445 
1417 /594

3198 /10 r1 a 
3194 /28 r2 s 
3183 /17 r2 a

3137 /11 
3069 /18 
3027 /19

1716 /216
1642 /43 r1 
1623 /630 r1 
1573 /704 r1

1477 /0.26

𝓒8
3386 /392 
1418 /489

3199 /11 r1 a 
3193 /26 r2 s 
3181 /26 r2 a

3132 /22 
3119 /11 
3066 /16 
3021 /28

1716 /213
1642 /43 r1 
1623 /554 r1 
1573 /677 r1

1492 /67

𝓒9
3403 /450 
1635 /455

3196 /12 r1 a 
3194 /28 r2 s 
3182 /17 r2 a

3136 /11 
3069 /17 
3027 /17

1707 /203

1641 /49 r1 
1636 /147 r1-r2 
163 /456 r1-r2 
1572 /585 r1

1481 /5

𝓒10
3556 /358 
1389 /3

3196 /10 r1 a 
3195 /27 r2 s 
3183 /16 r2 a

3138 /11 
3068 /18 
3028 /19

1754 /398
1646 /202 r1 
1634 /348 r1 
1575 /274 r1

1486 /47

𝓒11
3606 /63 
1422 /306

3194 /27 r2 s 
3183 /17 r2 a

3072 /15 
3028 /16

1752 /238
1639 /99 r1 
1552 /645 r1 
1521 /333 r1

1484 /4

𝓒12
3603 /72 
1422 /294

3195 /24 r2 s 
3182 /19 r2 a

3131 /22 
3106 /10 
3042 /12

1753 /220
1638 /87 r1 
1555 /609 r1 
1521 /251 r1

1479 /4

𝓒13
3608 /66 
1419 /204

3188 /21 r2 a
3130 /17 
3121 /10 
3050 /22

1752 /208
1638 /72 r1-r2 
1553 /669 r1 
1521 /176 r1

1469 /19

𝓒14
3604 /57 
1422 /137

3191 /20 r2 s
3133 /18 
3121 /11 
3048 /24

1764 /284
1638 /58 r1-r2 
1546 /319 r1 
1521 /176 r1

1460 /3

𝓒15
3557 /361 
1390 /4

3196 /10 r1 a 
3195 /27 r2 s 
3183 /16 r2 a

3135 /11 
3069 /17 
3027 /18

1755 /401
1646 /201 r1 
1634 /349 r1 
1575 /278 r1

1483 /57

𝓒16
3554 /327 
1401 /2

3196 /11 r1 a 
3195 /25 r2 s 
3182 /18 r2 a

3130 /23 
3042 /12

1755 /376

1647 /200 r1 
1634 /297 r1 
1576 /270 r1 
1533 /445 r2 
1530 /943 r2

1482 /8

a: Asymmetric stretching, s: Symmetric stretching, r1: Ring 1, r2: Ring 2
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energies of the compounds: The conformers 𝓒1, 𝓒7, 𝓒9 and 𝓒15 of 
compound I have lower molecular energies, and the N–H and C=O 
frequencies of these conformers are also closer to the experimental 
results. A similar situation applies to the conformers 𝓒1, 𝓒5, 𝓒6, 𝓒7, 𝓒8 
and 𝓒9 of compound II. However, although the UV absorption peaks 
of conformers 𝓒1, 𝓒7, 𝓒9 and 𝓒15 of compound I are not the most 
compatible with the experimental data, their vibrational frequencies 
are more consistent with the experimental results. A similar situation 
applies to the compatibility of the calculated UV and IR spectra of 
compound II with the experiments. This uncertainty leads to the next 

phase of theoretical analysis; the relationship between the spectral 
and electronic data of the compounds will be examined by 1H-NMR 
and QTAIM analyses.

NMR analysis of the compounds 

The NMR spectra of all of the compounds were obtained using a 
Bruker spectrometer (400 MHz) at room temperature in DMSO-d6. 
All of the 1H-NMR data are listed in Tables 6 and 7. The aliphatic 
protons of the compounds were observed between 2.06 and 3.03 ppm, 
the aromatic protons of the compounds were observed between 7.20 
and 8.27 ppm, and the NH protons of the compounds were observed 
between 9.41 and 9.80 ppm. The 1H-NMR spectra show that the 
observed peaks are compatible with the protons of the compounds.

The NMR spectra give structural information about a compound, 
and NMR spectroscopy plays an important role in the theoretical 
analysis of the compounds studied experimentally. It can be observed 
directly from the 1H–NMR spectra that atoms in a molecule are 
affected by the intramolecular charge distribution. In this context, the 
1H–NMR data of the conformers differed from each other because the 
distribution of molecular charge density depends on the molecular 
conformation. The theoretical calculations showed that the chemical 
shift values, especially for–NH, were more affected by the different 
conformations than other signals. The –NH chemical shift values 
for compounds I and II were experimentally found to be 9.80 and 
9.41 ppm, respectively. The theoretically obtained values were in the 
ranges of 7.01–13.25 and 6.64–13.06 ppm for compounds I and II, 
respectively (Table 6). The –NH chemical shifts of the conformers 𝓒1, 
𝓒2, 𝓒7–𝓒10, 𝓒15 and 𝓒16 of compound I and 𝓒1, 𝓒2, 𝓒5–𝓒10, 𝓒15 and 𝓒16 
of compound II were higher than those of the other conformers. In 
these conformers, the electron density concentrated on the nitrogen 
atom of the N–H group (see Supplementary A). In other words, 
the change in the chemical shift of the N–H proton was directly 
proportional to the electron density on the nitrogen. The minimum and 
maximum values of the –NH proton chemical shifts of the conformers 
of compound I were calculated to be 7.01 ppm (𝓒4) and 13.25 ppm 
(𝓒15), respectively. Similarly, for compound II, they were calculated 
to be 6.89 ppm (𝓒3) and 13.20 ppm (𝓒5), respectively (Tables 6 and 7).

Figure 11. Experimental and theoretical data of the N–H and C=O vibrations 
of a) compound I and b) compound II (values are scaled)

Table 6. Experimental and theoretical 1H-NMR data of compound I (ppm), TMS: 31.8821

δ Aliphatic-H 
(m, 2H–CH2-)

δ Aliphatic-H 
(t, 2H–CH2- 
adjacent to 

benzene ring)

δ Aliphatic-H 
(t, 2H–CH2- 
adjacent to 

thiadiazole ring)

δ Aliphatic-H 
(s, 3H–CH3) 

δ Aromatic-H 
(9H, aromatic)

δ N-H 
(s, -NH)

Experimental 2.06 2.72 3.03 2.51 7.20-8.25 9.80

Calculated

𝓒1 2.57 3.24 3.41 4.17 7.46-8.67 12.77

𝓒2 2.52 3.24 3.36 4.26 7.53-8.82 10.43

𝓒3 2.45 3.15 3.27 4.02 7.56-8.32 7.02

𝓒4 2.46 3.14 3.25 3.80 7.51-8.34 7.01

𝓒5 2.52 3.14 3.21 4.01 7.64-8.40 7.24

𝓒6 2.53 3.06 3.26 3.82 7.60-8.53 7.37

𝓒7 2.19 2.90 3.37 4.15 7.51-8.67 12.72

𝓒8 2.61 3.13 3.36 4.26 7.49-9.58 10.68

𝓒9 2.03 2.63 3.39 4.16 7.41-8.74 12.64

𝓒10 1.85 2.88 2.79 4.22 7.50-8.75 10.44

𝓒11 2.06 2.69 3.22 3.99 7.52-8.30 7.09

𝓒12 1.86 2.86 3.12 3.69 7.51-8.11 7.06

𝓒13 2.17 3.09 3.13 4.11 7.63-8.53 7.32

𝓒14 1.82 2.83 3.09 3.70 7.58-8.44 7.31

𝓒15 2.03 2.63 3.40 4.16 7.50-8.77 13.25

𝓒16 2.25 3.18 3.24 4.26 7.51-9.54 10.71
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The correlations between the minimum molecular energies and 
the –NH chemical shifts of the conformers of compounds I and II 
are shown graphically by scaling the calculated values (Figure 12). In 
particular, it was observed that the chemical shift of the –NH proton 
had a very high correlation with the minimum molecular energies 
of the conformers. There was a negative correlation between the 
minimum molecular energy and the –NH chemical shift, and so, the 
conformers with a low molecular energy exhibited a high chemical 
shift value. Moreover, Figure 12 also shows that numerical estimates 
can be made on the minimum molecular energies corresponding to 
these conformations of the compound by calculating only the –NH 
chemical shifts of the possible conformations. 

As shown in Figures 13a and 13b, the conformers of the 
compounds can be examined in three groups: the conformers 𝓒1, 
𝓒7, 𝓒9 and 𝓒15, where the calculated ppm values were the highest; 
the conformers 𝓒2, 𝓒8, 𝓒10 and 𝓒16, where the ppm values were close 
to the experimental results; and the conformers 𝓒3, 𝓒4, 𝓒5, 𝓒6, 𝓒11, 
𝓒12, 𝓒13 and 𝓒14, where the calculated ppm values are lower than the 
experimental data (for compound I). Similar results were found for 
the three groups of compound II: 𝓒1, 𝓒5, 𝓒6, 𝓒7 and 𝓒9; 𝓒2, 𝓒8, 𝓒10, 
𝓒15 and 𝓒16; and 𝓒3, 𝓒4, 𝓒11, 𝓒12, 𝓒13 and 𝓒14, respectively. The common 
feature of the conformers with the highest –NH chemical shift values 
was the bonding of the H16 protons with the highly electronegative 

O39 (Supplementary Material). Naturally, this situation resulted from 
the higher electron density surrounding the N–H bond, and the same 
applies to compound II. For the conformers of both compounds 
where the –NH chemical shift values were closer to the experimental 
results, it was observed that the H16 proton was bound to the oxygen 
atom of the methoxy group. Although the proton chemical shifts of 
the conformers 𝓒2, 𝓒8, 𝓒10 and 𝓒16 (for compound I) and 𝓒2, 𝓒8, 𝓒10 
and 𝓒15 (for compound II) were calculated closer to the experimental 
results, they were found not to have the lowest molecular energy. In 
cases where the O40 or methoxy group was bonded to the thiadiazole 
or benzene ring (see Supplementary Material), the –NH proton 
chemical shift values were lower than the experimental data, the 
calculated molecular energies of these conformations were very high, 
and the theoretical spectroscopic results were farther away from the 
experimental data. 

The analysis of the 1H-NMR data by theoretical calculations 
plays a more decisive role in the correctness of the selected 
conformer; that is, we can say that the chemical shifts of protons 
bound to electronegative atoms are smaller than the experimental 
ones, indicating that the molecular conformation used in the 
calculations was the wrong one. Two factors may be responsible for 
the inconsistencies between experimental and calculated 1H-NMR 
data. The first is caused by the environment, and the second reason 

Table 7. Experimental and theoretical 1H-NMR data of compound II (ppm), TMS: 31.8821

δ Aliphatic-H 
(s, 6H -CH3)

δ Aromatic-H 
(9H, aromatic)

δethylenic C-H 
(s, 1H)

δ N-H 
(s, -NH)

Experimental 2.36 7.41-8.27 7.34 9.41

Calculated

𝓒1
2.21, 2.45, 3.07 
4.04, 4.14, 4.18

7.41-8.63 7.53 12.78

𝓒2
2.20, 2.38, 3.01 
4.21, 4.26, 4.28

7.40-8.68 7.53 10.42

𝓒3
2.09, 2.37, 2.87 
3.96, 4.01, 4.02

7.49-8.26 7.48 6.89

𝓒4
2.07, 2.35, 2.86 
3.74, 3.77, 4.06

7.40-8.26 7.51 6.91

𝓒5
2.14, 2.54, 2.93 
4.08, 4.17, 4.18

7.28-8.66 7.66 13.20

𝓒6
2.37, 2.58, 2.94 
4.12, 4.17, 4.18

7.57-8.75 7.58 12.84

𝓒7
2.26, 2.66, 3.05 
4.11, 4.18, 4.19

7.44-8.71 8.56 13.06

𝓒8
2.28, 2.44, 3.15 
4.06, 4.17, 4.23

7.36-8.66 7.56 10.81

𝓒9
2.11, 2.61, 3.00 
4.12, 4.18, 4.20

7.51-9.51 8.36 12.78

𝓒10
2.10, 2.62, 3.01 
4.26, 4.27, 4.29

7.52-9.62 8.39 10.81

𝓒11
1.94, 2.41, 2.86 
3.77, 3.79, 4.00

7.62-8.55 8.30 7.33

𝓒12
2.35, 2.60, 2.77 
3.78, 3.79, 4.02

7.66-8.47 7.43 7.46

𝓒13
2.17, 2.53, 2.92 
3.65, 3.66, 3.89

7.40-8.26 7.41 7.28

𝓒14
2.12, 2.56, 2.87 
3.63, 3.83, 4.01

7.53-7.99 7.40 6.64

𝓒15
2.13, 2.62, 3.03 
4.26, 4.29, 4.29

7.52-9.63 8.38 10.81

𝓒16
2.40, 2.63, 2.89 
4.25, 4.27, 4.29

7.51-9.64 7.58 10.82
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is the intramolecular interactions that are directly related to the 
conformer structure. Since theoretical calculations were carried out 
for single molecules, the effects of intermolecular interactions are not 
observed in the calculation results. In the experimental process, each 
molecule makes intermolecular interactions as well as intramolecular 
interactions. Since intermolecular interactions decrease the electron 
density on hydrogen bonds, the proton chemical shifts are smaller 
than those obtained in the theoretical calculations, that is, calculated 
1H-NMR data is expected to be larger than the experimental data. 
Considering the correlation between the minimum molecular energies 
Emin. and –NH chemical shifts, it is seen that the conformers in the 
ellipse in Figures 13a and 13b are the most suitable conformers for 
theoretical investigations.

QTAIM analysis was also conducted in this study to better 
illustrate the nature of the relationships between the electronic and 
spectral data.

QTAIM analysis of the compounds 

The relationship between charge distribution and the minimum 
molecular energy was investigated by QTAIM analysis. The QTAIM 
visualisation of compound I-𝓒9/𝓒5 and compound II-𝓒9/𝓒14 is given 
in Figure 14. Both compounds I-𝓒9 and II-𝓒9 had the minimum 
molecular energy, and compound I-𝓒5 and compound II-𝓒14 also 
had greater molecular energy than those of the other conformers. 

As shown in Figure 14, the aromatic rings of compounds I-𝓒5 
and II-𝓒14 were degenerated because of intramolecular interactions, 
and the minimum energies of these conformers were calculated to 
be higher than those of the other conformers. This was also true 
for the other conformers having higher molecular energy (the 
conformers whose –NH chemical shift values were lower than the 
experimental data; see Figures 13a and 13b, and Supplementary 
Material). In the other word, in the conformers 𝓒3, 𝓒4, 𝓒5, 𝓒6, 𝓒11, 
𝓒12, 𝓒13 and 𝓒14 of compound I, the O40 and the methoxy group 
were bound to the thiadiazole or benzene ring by overcoming the 
electronegative structure (N-H) closest to them. The same was true 
for the conformers 𝓒3, 𝓒4, 𝓒11, 𝓒12, 𝓒13 and 𝓒14 of compound II. The 

Figure 12. Representation of the correlation between the minimum molec-
ular energies Emin. and the –NH chemical shifts (δN-H) of the conformers of 
compounds I and II (values are scaled)

Figure 13. Experimental and theoretical –NH chemical shifts of a) compound 
I and b) compound II

molecular energies of these conformers were calculated higher and 
the spectral data were not compatible with the experimental results. 
Moreover, the conformers having a bond between H16 proton and 
highly electronegative O39 were more suitable for the theoretical 
calculation because the electronegative atoms are more inclined to 
bond and the electron distribution is more regular in the smaller 
molecular volume. 

Table 8 summarises the correlation of the electron density 
distribution on atom N4 and the minimum energy, IR and 1H-NMR 
data. The delocalisation index (DI) between N4 and H16, the average 
number of electrons localised on atom N4 (LI) and the percentage of 
electrons localised on atom N4 (%L) were calculated and showed that 
the charge distribution of the N–H bond was strongly related to all of 
the spectral and electronic data (Table 8 and Figure 15). 

The electronic properties of the N–H covalent bond played an 
important role in determining both the molecular energy and the 
spectral properties of the compounds. In particular, the correlation 
between the DI of the N–H bond and the molecular energies of the 
compounds was very high (R > 0.96). Since the interaction of the 
N–H bond with the atoms or group of atoms in the local environment 
determines the DI, the molecular energies of the compounds, in 
cases where delocalisation was high, were calculated to be lower. 
It is also clear that the delocalisation between N and H is effective 
in determining the spectral properties of the compound. These 
results showed that, in the geometric optimisation process, the 
choice of the initial geometry that had the highest delocalisation 
on the electronegative atoms is very important both in terms of 
calculation time and the accuracy of the calculation processes, and 
such a selection will also allow for more accurate interpretation of 
spectral data.

The QTAIM analysis revealed that the initial geometry of the 
optimisation process should be selected by considering the positions 
of the electronegative atoms and the probability of bonding with 
nearby atoms or groups of atoms. In other words, the molecular 
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energies of the conformers, in which electronegative atoms can 
degenerate the symmetry of the molecular charge distribution by 
bonding to atoms or groups of atoms at distant locations, are more 
likely to be highly calculated and give distant results than the 
experimental data. Furthermore, the minimum molecular energy 
is directly dependent on electron delocalisation, and Figure 15 
clearly shows the relationship between the N–H delocalisation and 
the minimum molecular energy and spectral data of the compound.

CONCLUSION

A molecule can be studied theoretically by considering a number 
of initial conformations. In this study, the effects of the possible 
conformational structures of two compounds on the theoretical results 
were investigated using DFT. It was demonstrated that the choice of 
optimised starting geometries of the compounds was important in 
assessing the theoretical results and in supporting the experimental 
data. The electronic, IR, UV and 1H-NMR data of 16 conformers 
of compounds I and II were theoretically analysed. Tips for the 
selection of the geometry of the initial conformation of a molecule 
are presented.

A strong correlation was observed between the electronic data 
and the observed UV absorption wavelengths, non-aromatic IR 
vibration frequencies and non-aromatic proton chemical shifts of 
the conformers. How the intramolecular interactions affected the 
calculation results was also revealed. The importance of choose of 
initial conformation of a molecule for optimisation by considering 
intramolecular interactions was also demonstrated. The role of 
electronegative atoms or groups in the intramolecular interaction was 
shown to be more dominant. 

This study shows that the compatibility of the results obtained 
from the theoretical calculations with the experimental data does 
not indicate that the selected conformation is the most accurate. In 
addition, there may be more than one conformer which is compatible 
with the experimental data, and the electronic data of these conformers 
have different values. This may cause problems, especially in the 
interpretation of the calculated electronic data.

In the spectral data analysis of the conformers, the –NH 
proton chemical shift had a high correlation with the N–H 
vibration frequency. A weak correlation between the electronic 
and spectral data of the conformers was generally observed 
for conformations where the aromatic structures contributed 
greatly to the intramolecular interaction. It was observed that 
conformers whose proton chemical shifts are larger than those of 
the experimental data were more suitable for theoretical analyses 
supporting and interpreting experiments.

Figure 14. QTAIM visualisation of compound I (𝓒9, 𝓒5) and compound II (𝓒9, 𝓒14); green points: BCPs, red points: RCPs

Table 8. Pearson correlation coefficients of the relationship between DI, LI, 
%L and the electronic parameters of the conformers of compounds I and II

δ N-H
νN-H) 

(stretching)
νC=O E

Comp. I

DI -0.9822 0.9065 0.8257 0.9625

LI 0.9486 -0.8273 -0.729 -0.9527

%L 0.9457 -0.8103 -0.7231 -0.9647

Comp. II

DI -0.9884 0.9389 0.8542 0.9154

LI 0.967 -0.8832 -0.8024 -0.937

%L 0.9102 -0.8103 -0.7139 -0.881

DI: Delocalisation index between N4 and H16, LI: Average number of 
electrons localised on atom N4, %L: Percentage of the number of electrons 
localised on atom N4.

Figure 15. Representation of the correlation between the LI, DI, %L-N4, 
ν(N–H) and δ(N–H) of the conformers of compound I (values are scaled)
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Furthermore, it was shown that the minimum molecular energies 
of structures where the optimisations of molecules approximated 
a planar geometry might not be the smallest. Careful use of the 
commands forcing the molecule into a planar symmetry during 
optimisation was therefore emphasised. Finally, some clues on how 
the initial conformation of the compound should be chosen in the 
most accurate way were determined.
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