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ABSTRACT 
A novel triazole derivative was synthesized and characterized by vari
ous spectroscopic techniques such as FTIR, NMR and single crystal X- 
ray diffraction study. The title compound crystallizes in the triclinic 
space group P1 and exhibits inter-molecular hydrogen bonds of the 
type C–H … O and C–H … N. Hirshfeld surface analysis shows that 
the major intermolecular interaction is mainly due to H … H contacts. 
DFT calculations were performed to study their electronic properties. 
QTAIM and NCI studies were used to investigate the weak interac
tions in five triazole derivatives including the title compound.
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1. Introduction

The heterocyclic compounds containing triazole moieties have shown significant activity 
as drugs in treating various diseases. According to the position of nitrogen atoms tri
azole exists in two isomeric forms, namely 1,2,3-triazole and 1,2,4-triazole. These are 
essential aromatic heterocyclic chemical compounds with molecular formula C2H3N3, 
which have a five-membered ring of two carbon atoms and three nitrogen atoms [1]. 
The triazole compounds and their fused heterocyclic derivatives are interesting in syn
thetic and biological fields [2]. These compounds are found to possess antifungal [3], 
antibacterial [4], cytotoxicity [5], anti-mycobacterial [6], antiviral, anticancer, and anti- 
inflammatory activities. 1,2,3-triazole and its derivatives are well known due to their 
chemo-therapeutical value. They are used as DNA cleaving agents and potassium chan
nel activators [7]. They are also used as analytical reagents, photographic chemicals, 
polymer synthesis and light emitting diodes (electroluminescent devices).
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Enaminones are compounds that contain an amino group linked through a C¼C to 
a carbonyl group and can be easily synthesized in laboratories. Their major use is as 
reagents and synthetic intermediates. The synthesis procedure described here is as per 
our previous research on synthesis of various bio-active triazole derivatives [8]. 
Literature survey thus reveals that a compound that belongs to the class of enaminones 
and 1,2,3-triazole can have significant pharmaceutical value. In view of the above dis
cussion, one triazole derivative was synthesized, crystallized, and structure was eluci
dated using single crystal X-ray diffraction. The non-covalent interactions were 
investigated and compared with four other 1,2,3-triazole derivatives whose synthesis has 
been reported in our previous work [8].

2. Materials and methods

2.1. Synthesis

Chemicals required for synthesis of the title compound were purchased from Sigma 
Aldrich Chemical Corporation. Melting point was determined in open capillary tube 
and is uncorrected. The title compound (C1) was prepared by refluxing a mixture of 
1-[5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl]ethanone (2.46 g, 1.00� 10−2 mol) 
and dimethyl formamide dimethyl acetal (2.38 g, 2.00� 10−2 mol). The reaction mixture 
was refluxed for 4 h and then it was cooled to room temperature. The final product sep
arated was filtered and dried. It was then recrystallized using ethanol as a solvent. 
Suitable crystals for X-ray analysis were obtained from slow evaporation method using 
ethanol as a solvent. The scheme of synthesis is shown in Figure 1.

Along with the title compound (C1), the following four triazole derivatives were 
used in the present work for comparative studies: C2: (2E)-3-(dimethylamino)-1-[5- 
methyl-1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl]prop-2-en-1-one; C3: (2E)-3-(dime
thylamino)-1-[5-methyl-1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl]prop-2-en-1-one; C4: 
(2E)-3-(dimethylamino)-1-[5-methyl-1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl]prop-2-en-1- 
one and C5: 4-{4-[(2E)-3-(dimethylamino)-prop-2-enoyl]-5-methyl-2H-1,2,3-triazol-2-yl] 

Figure 1. Synthesis pathway of the title compound.
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benzene-1-sulfonamide. They contain bromophenyl (C2), chrolophenyl (C3), methoxy
phenyl (C4), and sulfanamide (C5) groups respectively in place of nitrophenyl in the title 
compound. Chemical synthesis of these four compounds (C2 to C5) are reported in our 
previous work [8].

2.2. Spectroscopy
1HNMR spectra was recorded on a Bruker AMX-300/AMX-400 (300/400 MHz) spec
trometer using DMSO-d6 as solvent and TMS as an internal standard. All chemical 
shifts values are reported in d-scale downfield from TMS. The infrared spectrum of the 
synthesized compound was recorded in the region 4000–400 cm−1 using a KBr pellet on 
a MATSON-1000 model FT-IR spectrometer. Mass spectra of the compound was 
recorded in Agilent mass spectrometer operating at 20 eV and C, H, N analysis was car
ried out on a Schimadzu Elementar Vario-EL (Elementar-III) model. Homogeneity of 
the compound was checked by TLC on silica gel plates.

2.3 X-ray diffraction

The crystals of the title compound were pale yellow in color. A crystal of size 0.30 mm 
� 0.20 mm � 0.20 mm was carefully chosen for X-ray diffraction study after checking it 
for visible defects using a microscope. Crystallographic data were collected using a 
Bruker Xcalibur diffractometer having Sapphire three CCD plate operating with CuKa 

radiation of wavelength 1.5417 Å. Data reduction and absorption correction were carried 
out using the APEX 2 package [9]. SHELXS was used to solve the crystal structure using 
intrinsic phasing and refinement was carried out using SHELXL [10] on the basis of 
least square refinement. All the non-hydrogen atoms were refined anisotropically and 
the hydrogen atoms were placed at chemically acceptable positions. The geometrical cal
culations were carried out using the program PLATON [11]. The molecular and packing 
diagrams were generated using the software MERCURY [12].

2.4. Computational details

CrystalExplorer 17.5 [13] was used to create the molecular Hirshfeld surfaces and associ
ated two-dimensional fingerprint plots for all the molecules. The intermolecular interac
tions that cause molecular packing in the crystal can be seen and studied using 
graphical displays of the molecular Hirshfeld surface. The ratio of the electron distribu
tion of a sum of spherical atoms for the molecule to the comparable sum over the crys
tal is known as the Hirshfeld surface [14]. The Hirshfeld surface projected over dnorm 
is highlighted in Figure 2. The normalized contact distance dnorm is

dnorm ¼
di − rvdW

i

rvdW
i

þ
de − rvdW

e
rvdW

e
(1) 

where di and de are the distances from the surface to the nearest nuclei internal and 
external to the surface respectively; rvdW

i and rvdW
e are the van der Waal’s radii of the 

atoms internal and external to the surface respectively [15].
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Also, the intermolecular interaction energies and the total interaction energy between 
the molecules were calculated using the method B3LYP/6-31G(d,p) energy model. The 
total interaction energy is calculated using the equations,

Etot ¼ Eele þ Epol þ Edis þ Erep (2) 
Etot ¼ keleE0ele þ kpolE0pol þ kdisE0dis þ krepE0rep (3) 

where E0ele represents the electrostatic energy of interaction, E0pol is the polarization 
energy, E0dis represents the dispersion energy, E0rep repulsion energy. K is the scale factor 
determined by the calibration against quantum mechanical results. These interaction 
energy values were employed to construct the three-dimensional energy frameworks 
which visualize the packing of the molecules in the crystal structure [16, 17].

The structure of the studied molecule was optimized in the gas phase using xB97X 
exchange–correlation functional with Grimme D3 dispersion corrections as well as a 
Becke–Johnson damping function (D3-BJ) method at the 6-311þG(d,p) [18] for all 
atoms with the help of the Gaussian 09 [19] software. Frequency analysis was used to 
check geometry optimizations to make sure they were at the potential energy surface’s 
minimum (PES). The findings demonstrated that there were no imaginary frequencies. 
The Koopman’s approximation was used to determine the energy gap between the high
est occupied and lowest unoccupied molecular orbitals (HOMO–LUMO), as well as the 
global reactive parameters. In Gaussview 06 [20], 3D molecular orbitals were viewed. To 
ascertain the possible reactive sites and charge distribution of the molecules, the 
molecular electrostatic potential (MEP) analysis was performed. In order to understand 
the electron density values, the bond critical points (BCPs), and the weak interactions 
present in the molecules, the quantum theory of atoms in molecules (QTAIM) and 
reduced density gradient (RDG) investigations were conducted [21]. The Multiwfn 3.7 
[22] package was used to do the appropriate calculations for MEP, QTAIM, and RDG, 
and the Visual Molecular Dynamics [23] software was used to show the results.

Figure 2. (a) dnorm surface (b) shape index (c) curvedness, and (d) electrostatic potential surface of 
the triazole derivative.
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3. Results and discussion

3.1. Spectral analysis

Infrared (IR) and hydrogen NMR (1HNMR) spectroscopy were used to check the func
tional groups present in the compound. The chemical composition was checked using 
elemental analysis. The results obtained from these techniques are given below. 
Spectroscopic characterization of C2, C3, C4 and C5 are reported in our previous work 
[8] and are not repeated here.

3.1.1. IR
The following IR absorption peaks were observed in the IR spectrum. The carbonyl 
absorption band was seen at 1645 cm−1 while the C–H stretching was observed at 
2980 cm−1. The intense absorption peak appears at 1550–1470 cm−1 indicates the pres
ence of –NO2 group in the molecule. Further, appearance of vibrational peaks at 1220, 
1340, 1650, 1735, and 2140 cm−1 indicates the presence of tertiary amine (–N¼), 
N–CH3, alkene (C¼C), carbonyl (C¼O), and N–N¼N groups respectively.

3.1.2. 1H NMR
In the 1H-NMR spectrum of this compound, the two N-methyl groups appeared as two 
singlets each integrating for three protons at d 2.96 and 3.18 thereby indicating the 
non-equivalency of these two methyl group. The olefinic CH protons come into resonance 
as doublets with coupling constant J¼ 12.4 Hz each integrating for one proton at d, 5.89 
and 7.82 respectively. The methyl group attached to the triazole ring appeared as a singlet 
at d, 2.71 integrating for three protons. The meta and ortho protons of p-nitrophenyl group 
appeared as two doublets with J¼ 8.8 Hz each integrating for two protons at d, 8.12 and 
8.27, respectively.

Yield: 71%. M.P. 148-1490C. (Molecular Formula - C14H15N5O3.)

3.1.3. Elemental analysis
CHN elemental analysis was carried out in order to confirm the chemical composition 
of the synthesized compound. The obtained results are: C-55.83(55.81), H-5.00(5.02), 
N-23.22(23.24), where the calculated percentages of elements are given in brackets. The 
differences between experimental and calculated percentages of Carbon (C), Hydrogen 
(H) and Nitrogen (N) are very small and within the experimental errors. This confirms 
that the product formation is in stoichiometric proportion.

3.2. Single crystal X-ray diffraction

From X-ray diffraction study, the title compound (C1) is found to crystallized in the tri
clinic crystal system in space group P1: with cell parameters a¼ 7.8179(14) Å, 
b¼ 10.1899(17) Å, c¼ 10.3734(17) Å, a¼ 109.603(7)�, b¼ 90.114(7)�, c¼ 108.043(8)�, 
Z¼ 2 and V¼ 735.0(2) Å3. A total of 203 parameters were refined with 2340 unique 
reflections which converged the residual to R¼ 0.0399. The details of crystal data and 
structure refinement are given in Table 1. Figure 3 shows the ORTEP diagram of the 
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molecule with thermal ellipsoids drawn at 50% probability. Selected bond lengths and 
bond angles, and torsion angles are listed in the Tables 2 and 3, respectively. All the 
bond lengths and bond angles are comparable with compounds having similar structure 
[5, 15, 16]. Hydrogen bond geometry details are provided in Table 4. The intermolecu
lar hydrogen bond interactions of type C3–H3 … O3 and C5-H5 … N3 exhibited by the 

Table 1. Crystal data and structure refinement details of the title compound.
Parameters Values

CCDC 2040631
Empirical formula C14H15N5O3

Formula weight 301.31
Temperature 293
Wavelength 1.54178 Å
Reflections for cell determination 2340
h range for above 4.56�–64.55�

Crystal system triclinic
Space group P�1
Cell dimensions a¼ 7.8179(14) Å

b¼ 10.1899(17) Å
c¼ 10.3734(17) Å
a¼ 109.603(7)�

b¼ 90.114(7)�

c¼ 108.043(8)�

Volume 735.0(2) Å3

Z 2
Density(calculated) 1.352 Mg m−3

Absorption coefficient 0.806 mm-1

F000 316
Crystal size 0.30� 0.20� 0.20 mm
h range for data collection 4.56�–64.55�

Index ranges −9� h� 9
−11� k� 9
−12� l� 11

Reflections collected 5309
Independent reflections 2340 [Rint ¼ 0.019]
Absorption correction Multi-scan
Refinement method full matrix least-squares on F2

Data / restraints / parameters 2340/0/203
Goodness-of-fit on F2 1.039
Final R indices [I> 2 r(I)] R1¼ 0.0399, wR2¼ 0.1048
R indices (all data) R1¼ 0.0423, wR2¼ 0.1071
Extinction coefficient 0.015(4)
Largest diff. peak and hole 0.160; −0.179 e Å−3

Figure 3. ORTEP diagram of the title compound with 50% probability ellipsoids.
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adjacent molecules construct R2
2 (16) and R2

2 (10) supramolecular synthon respectively, 
leading to 1D molecular chains (Figure 4).

The phenyl ring C1–C6 and triazole ring N2–N3–N4–C8–C7 are highly planar and 
sp2 hybridized. The maximum deviation from the mean plane in these rings are for 
atoms C3(0.0079(18) Å) and N4(−0.0018(15) Å) respectively. The angle between least 
square planes containing these rings is 41.9 Å and hence they are syn-clinal. Interactions 
between N–O–phenyl ring provides stability to the crystal structure.

The molecules are stacked in anti-parallel fashion forming interpenetrating layers as 
shown in Figure 5. The plane containing phenyl rings of two molecules belonging to alter
nate layers are parallel to each other and are stacked on top of one another. The plane con
taining triazole rings of molecules of adjacent layers are parallel to each other with the 
triazole rings oriented in anti-parallel fashion. The inter-planar distance between molecules 
is 3.596 Å which was measured with reference to the plane containing phenyl ring. The 
intermolecular distance between two neighboring molecules in each layer is 5.497 Å.

3.3. Hirshfeld surface analysis

The dnorm surface of the triazole molecule in the asymmetric unit of the crystal struc
ture has been displayed in Figure 2a. The bright red spots emerged on dnorm surface 

Table 2. Selected bond lengths and bond angles.
Atoms Bond length (Å) Atoms Bond angle (�)

O1–N1 1.216(2) O1–N1–O2 123.9(2)
C1–C2 1.371(2) O1–N1–C1 118.14(19)
N1–C1 1.470(3) N3–N2–C4 118.38(12)
N2–N3 1.367(2) N3–N2–C7 111.06(12)
N3–N4 1.2983(19) C4–N2–C7 130.54(13)
N2–C7 1.3581(17) N2–N3–N4 107.06(12)
C7–C8 1.384(2) N1–C1–C2 118.83(18)
C11 –C12 1.355(2) C2–C1–C6 122.31(17)
C7–C9 1.484(2) O3–C10–C8 118.21(14)
C10–C11 1.432(2) C12–N5–C14 121.09(17)
O3–C10 1.2394(18) C10–C11–C12 119.05(14)
N5–C14 1.451(2) C13–N5–C14 117.57(17)

Table 3. Selected Torsion angles.
Atoms Angle (�) Atoms Angle (�)

O1–N1–C1–C2 165.1(2) C6–C1–C2–C3 0.4(3)
O1–N1–C1–C6 −15.3(2) N1–C1–C6–C5 179.3(2)
O2–N1–C1–C2 −15.1(3) C2–C1–C6–C5 −1.1(3)
O2–N1–C1–C6 164.6(2) C1–C2–C3–C4 0.9(2)
C4–N2–N3–N4 178.8(1) C2–C3–C4–N2 179.9(2)
C7–N2–N3–N4 0.3(2) C2–C3–C4–C5 −1.6(2)
N3–N2–C4–C3 138.0(2) N2–C4–C5–C6 179.5(1)
N3–N2–C4–C5 −40.6(2) C3–C4–C5–C6 1.0(2)

Table 4. Hydrogen-bond geometry.
D–H … .A D - H H … A D … A D … A Symmetry

C3–H3 … O(3) 0.93 2.35 3.249(2) 163 −x,1 − y,1 − z
C5–H5 … N(3) 0.93 2.49 3.349(2) 153 −x,−y,−z
C9–H9A … O(1) 0.96 2.50 3.450(2) 169 1 − x,1 − y,−z

MOLECULAR CRYSTALS AND LIQUID CRYSTALS 7



Figure 4. (a) Various intramolecular interactions present in the molecule (b) C–H … O and C–H … N 
intermolecular interactions between adjacent molecules.

Figure 5. Packing diagram of the molecules showing anti-parallel arrangement of molecules in neigh
boring layers and intermolecular hydrogen bonds along crystallographic b-axis.
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clearly indicates the existence of intermolecular hydrogen bond interactions, and have 
been shown in the supramolecular ring motifs present in the molecule. From Figure 2b, 
one can observe that the molecules are stacked by p -p interactions as adjacent red and 
blue patches appeared on the shape index surface. Also, N-O … p interactions are evi
dent on the Hirshfeld surface as a large flat region across the molecule, which is clearly 
visible on the curvedness surface of the molecule (Figure 2c). Figure 2d highlights the 
electrostatic potential regions like electropositive (blue) and electronegative (red) regions 
on the surface. The appearance of red colored regions around the oxygen atoms of the 
nitro group, carbonyl group, and around the nitrogen atoms of the triazole ring indicate 
the electronegative spots, and the blue (hydrogen bond donors) colored regions near 
the dimethylamine and around hydrogen atoms present in the molecule indicate the 
electropositive spot.

The two-dimensional fingerprint plots are examined to obtain individual contribution 
of H … H (36.9%), O … H (23.2%), N … H (12.8%), and C … H (15.0%) intermolecular 
contacts to the total Hirshfeld surface as shown in Figure 6. The pair of large spikes in 
the O … H and short spikes in the N … H fingerprint plots corresponds to the O-H and 
N-H intermolecular contacts respectively, and revealed the occurrence of weak hydrogen 
bond interactions. The blue-green region on the fingerprint plot signifies the existence 
of p -p and N-O … p interactions in the title molecule.

3.4. Interaction energy and 3D energy frameworks

The software CrystalExplorer 17.5 was employed to compute the interaction energy 
between molecules in the most effective way by creating a molecular cluster with a 

Figure 6. The relative major contributions of various intermolecular contacts to the Hirshfeld surface 
area of the title structure.

MOLECULAR CRYSTALS AND LIQUID CRYSTALS 9



radius of 3.8 around the chosen molecule, as shown in Figure 7 [24]. The B3LYP/6- 
31G(d,p) energy model was used for the energy framework calculations with the scale 
factors Etot: kele ¼ 1.057, kpol ¼ 0.740, kdis ¼ 0.871, and krep ¼ 0.618. This method 
involved using symmetry operations to compute molecular wave functions and generate 
electron densities of the cluster of molecules present around the chosen molecule.

The crystallographic symmetry operations and the corresponding molecular inter
action energies are summarized in Table 5. The light blue colored molecule with sym
metry operation (-x, -y, -z) located at distance of 5.77 Å from the centroid of the 

Figure 7. Molecular interactions between the selected molecule (at the center) and the molecules 
present in a cluster of radius 3.8 Å.

Table 5. Molecular interaction energies (kJ/mol) of the cluster of molecules.
N Symmetry operations R in Å E_ele E_pol E_dis E_rep E_tot

1 −x, −y, −z 6.13 −40.3 −8.2 −31.1 34.7 −54.3
1 x, y, z 10.37 −17.3 −5.3 −24.9 17.6 −33.0
0 x, y, z 17.16 −8.1 −1.6 −5.7 5.2 −11.5
1 −x, −y, −z 8.20 3.7 −3.6 −55.7 22.4 −33.5
1 −x, −y, −z 10.53 −19.9 −4.6 −32.9 24.0 −38.1
1 x, y, z 10.75 0.5 −0.8 −7.6 2.6 −5.0
0 −x, −y, −z 8.63 3.2 −1.9 −28.1 12.7 −14.7
0 −x, −y, −z 5.77 −40.8 −12.2 −45.5 49.7 −61.0
1 x, y, z 13.00 3.0 −0.4 −3.3 0.1 0.1
1 −x, −y, −z 10.21 −15.0 −3.9 −33.2 27.6 −30.6
0 −x, −y, −z 7.92 −2.8 −0.2 −4.5 0.3 −6.9
0 −x, −y, −z 18.87 2.9 −0.6 −4.7 1.5 −0.5

10 M. K. USHA ET AL.



selected molecule has been showing highest total interaction energy of −61.0 kJ/mol. 
The total interaction energy (−289 kJ/mol) comprising of electrostatic (−130.9 kJ/mol), 
polarization (−43.3 kJ/mol), dispersion (−277.2 kJ/mol), and repulsion (−198.4 kJ/mol) 
as per the energy evaluated by the interaction energy and 3D energy frameworks calcu
lation. The molecule’s energy frameworks for electrostatic, dispersion, and total energy 
terms were constructed and they were presented as different colored cylinders with a 
scale factor (cylinder tube size) of 150 and a cutoff energy of 50 kJ/mol. These cylinders 
show the strength of the molecular packing in various orientations as well as the size of 
the interaction energy between molecule pairs. The molecular cluster has blue cylinders 
for total interaction energy, green cylinders for dispersive energy, and red cylinders for 
electrostatic energy (Figure 8). The energy framework calculations demonstrated that in 
the crystal environment, the dispersion energy dominates the electrostatic and polariza
tion energies.

3.5. DFT calculations

In accordance with the atom labeling in Figure 3, the optimized structural parameters 
determined using the basis set xB97X/6-311þþG(d,p) are provided in Table 6. As a 
result of potential energy scan, there are no imaginary frequencies were obtained for the 
optimized geometry. Therefore, molecule’s optimized geometry is situated at the real 
minimum. The overlay of the experimental and theoretical structure yields rmsd value 
of 0.980 Å for the title compound as shown in Figure 9. The majority of the optimized 
bond lengths are somewhat longer than the experimental values, as shown in Table 6, 
and the bond angles are in excellent agreement with the experimental data. The torsion 
angles change slightly between the theoretical and experimental methods (Table 7). This 
is because theoretical calculations belong to isolated molecule in the gaseous phase while 
the experimental data belongs to molecule in crystalline phase.

3.5.1. Frontier molecular orbitals (FMO) analysis
As the basis for understanding the chemical stability and reactivity of organic compo
nents, the concepts of HOMO and LUMO are of fundamental prominence. The LUMO 

Figure 8. The energy frameworks of the compound along c-axis for Coulomb energy, dispersion 
energy and total energy terms.
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energy is immediately explained by the electron affinity, and the HOMO energy is dir
ectly explained by the ionization potential (IP). The energy gap, which refers to the 
energy difference between the HOMO and LUMO orbitals, is a crucial stability element 
for the molecule. The molecule with the smallest HOMO-LUMO gap is hence more 
reactive. Further, the higher the intermolecular interaction, the larger the dipole 
moment. The neutral atom with the highest potential for losing an electron is known as 
the ionization potential (IP). The frontier molecular orbitals (HOMO-LUMO), and their 
energy gap for all the compounds is shown in Figure 10, and their calculated chemical 
characteristics is reported in Table 8.

Thus, among all the compounds, molecule C5 acts as a good electrophile as the mol
ecule shows a slightly higher value for global electrophilicity index (x) at 2.135 eV. To 
analyze the chemical behavior of these derivatives, we evaluated their global and reactive 

Table 6. Comparison of selected bond lengths and bond angles obtained by XRD and DFT study.

Atoms

Bond length (Å)

Atoms

Bond angle (�)

XRD DFT XRD DFT

O1–N1 1.216 (2) 1.230 O1–N1–O2 123.9 (2) 124.78
C1–C2 1.371 (2) 1.392 O1–N1–C1 118.14 (19) 117.61
N1–C1 1.470 (3) 1.470 N3–N2–C4 118.38 (12) 118.33
N2–N3 1.367 (2) 1.381 N3–N2–C7 111.06 (12) 110.57
N3–N4 1.2983 (19) 1.289 C4–N2–C7 130.54 (13) 131.07
N2–C7 1.3581 (17) 1.369 N2–N3–N4 107.06 (12) 107.17
C7–C8 1.384 (2) 1.388 N1–C1–C2 118.83 (18) 118.98
C11 –C12 1.355 (2) 1.364 C2–C1–C6 122.31 (17) 121.91
C7 –C9 1.484 (2) 1.493 O3–C10–C8 118.21 (14) 119.40
C10–C11 1.432 (2) 1.452 C12–N5–C14 121.09 (17) 120.81
O3–C10 1.2394 (18) 1.241 C10–C11–C12 119.05 (14) 118.44
N5–C14 1.451 (2) 1.454 C13–N5–C14 117.57 (17) 117.39

Figure 9. Superimposition of the structure of the triazole derivative obtained by XRD and DFT study.

Table 7. Comparison of selected torsion angles obtained by XRD and DFT.

Atoms

Angle (�)

Atoms

Angle (�)

XRD DFT XRD DFT

O1–N1–C1–C2 165.1(2) −179.54 C6–C1–C2–C3 0.4(3) 0.14
O1–N1–C1–C6 −15.3(2) 0.21 N1–C1–C6–C5 179.3(2) 179.42
O2–N1––C1–C2 −15.1(3) 0.49 C2–C1–C6–C5 −1.1(3) −0.82
O2–N1–C1–C6 164.6(2) −179.75 C1–C2–C3–C4 0.9(2) 0.86
C4–N2–N3–N4 178.8(1) 178.76 C2–C3–C4–N2 179.9(2) −179.81
C7–N2–N3–N4 0.3(2) 0.42 C2–C3–C4–C5 −1.6(2) 1.18
N3–N2–C4–C3 138.0(2) 143.86 N2–C4–C5–C6 179.5(1) 179.15
N3–N2–C4–C5 −40.6(2) −34.80 C3–C4–C5–C6 1.0(2) 0.49
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parameters. The values of l, v, S, g and x were calculated and the results are listed in 
supplementary Table 8. The global hardness value of the compound C2 is lesser com
pared to all other molecules. Hence, molecule C2 is more reactive than all the com
pounds. Further, the molecule C5 has a higher electronegativity value (v¼ 4.030), 
hence, it is the best electron acceptor.

3.5.2. Molecular electrostatic potential (MEP) analysis
A three-dimensional diagram called MEP map can be used to see how the molecules’ react
ive sites and charges are distributed. It is helpful in biological recognition processes and 
hydrogen bonding interactions and serves as an example of feasible places for electrophilic 
and nucleophillic attacks. With the aid of this computation, the polarity of the molecule 
can also be understood visually. The color scale depicts the region of the molecule’s surface 
with the highest electrostatic potential; red signifies this region, blue the region with the 
highest positive electrostatic potential, and green the region with the lowest potential. The 
electrostatic potential value ascends in the order red< green< blue [25].

Figure 10. FMO diagram of all the compounds.

Table 8. The energy values of FMOs and their global reactive parameters of all the compounds.
Parameters C1 C2 C3 C4 C5

EHOMO −7.653 eV −7.711 eV −7.710 eV −7.589 eV −7.831 eV
ELUMO −0.280 eV 0.276 eV 0.302 eV 0.616 eV −0.228 eV
Energy gap (DE) 6.873 eV 7.436 eV 7.408 eV 6.973 eV 7.604 eV
Ionization energy (I) 7.653 eV 7.711 eV 7.710 eV 7.589 eV 7.831 eV
Electron affinity (A) 0.280 eV −0.276 eV −0.302 eV −0.616 eV 0.228 eV
Electronegativity (v) 3.618 eV 3.718 eV 3.704 eV 3.486 eV 4.030 eV
Chemical potential (l) −3.618 eV −3.718 eV −3.704 eV −3.486 eV −4.030 eV
Global hardness (g) 4.069 eV 3.993 eV 4.006 eV 4.102 eV 3.802 eV
Global softness (s) 0.258 eV-1 0.250 eV-1 0.250 eV-1 0.244 eV-1 0.263 eV-1

Electrophilicity index (x) 1.531 eV 1.731 eV 1.410 eV 1.481 eV 2.135 eV
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Figure 11 displays the MEP map of the five chosen triazole derivatives. From the dia
gram, it can be seen that the positive electrostatic potential corresponds to the repulsion of 
a proton by the nucleus (red region) and the negative electrostatic potential corresponds to 
the attraction of a proton by the cluster of electron density in the molecule (blue region). 
The color scale of the presented MEP ranges from −0.03 to þ0.03 a.u. Figure 11 clearly 
reveals that the negative regions are concentrated around the oxygen atoms of the nitro 
group, carbonyl group, and around the nitrogen atoms of the triazole ring whereas most 
positive regions are around the hydrogen atoms which are most reactive sites for a nucleo
phillic attack. These regions are responsible for the existence of inter-molecular interactions 
in the compound and behave as donor and acceptor regions.

3.5.3. QTAIM and NCI analyses
To comprehend the inter- and intra- molecular interactions inherent in the molecules, 
the quantum theory of atoms in molecules (QTAIM) is carried out. The regions of the 
non-covalent interactions are graphically visualized owing to the NCI-RDG analysis. 
The RDG isosurfaces and 2D scatter plots with the surface color of blue-green-red have 
the advantage of making it easier to see how they relate to one another. Sign (k2)q is a 
measure of the attractiveness or repulsiveness of an interaction. Sign (k2)q> 0 indicates 
a repulsive interaction, Sign (k2)q< 0 indicates an attractive interaction, and Sign (k2)q 

equal to zero indicates a weak van der Waals interaction [26]. The QTAIM analysis for 
five triazole derivatives was established to search all (3, -1) bond critical paths (BCP). 
The paths generated are shown in Figure 12a. The presence of BCP corresponding to 
C-H … C and C–H … O validates intramolecular interactions present in the experimen
tal structure. The QTAIM analysis does not include some weak non-covalent interac
tions since it only considers bond critical points in the electron density. To overcome 
this problem the NCI index is used since it is based on the reduced density gradient 
(RDG), which is a function of the electron density q(r) and its first derivative rq(r).

In Figure 12 the red spikes indicate the steric repulsion noticed in the centers of ben
zene and triazole ring which is due to the steric repulsive force between the carbon 
atoms present in the rings. The mixed red-green colored spikes observed near the 

Figure 11. MEP map of all the compounds.
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aromatic rings and the attached substituents indicate the attractive interaction between 
the hydrogen atoms and the other atoms. The absence of blue colored isosurface in the 
3D NCI isosurface and blue peaks in the 2D scattered map indicates that there is no 
strong hydrogen bond interaction in the molecule.

4. Conclusions

The present report aims to shed a light on structure investigation of a triazole derivative. 
The synthesized molecule is subjected to FTIR, NMR and XRD analyses. Structural analysis 
revealed that nitrobenzene group is slightly deviates from the mean plane. The C–H … O 
and C–H … N intermolecular interactions are mainly responsible for the crystal packing of 
the title molecule. Hirshfeld surface analysis visualized the presence of intermolecular inter
actions in the molecule. The various interaction energies like electrostatic, dispersion, 
polarization, repulsion energies are calculated using 3D energy framework calculations 
and it was found that dispersion energy dominates the other two energies. DFT calcula
tions validate the geometry of the structure of the molecule. FMO analysis revealed that 
the HOMO-LUMO energy gap was found to be 2.869 eV. MEP analysis unveiled the 
reactive sites present in the molecule. Further, QTAIM and NCI analyses corroborate the 
weak interactions present in the molecule. FMO, MEP, QTAIM and NCI studies of four 
related compounds shows that triazole derivatives have reactive sites which make them 
potential candidates for pharmaceutical applications.
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