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1. Introduction

ABSTRACT

This study is composed of X-ray diffraction and Density Functional Theory (DFT) based
molecular structural analyses of 2-phenyl-4-(prop-2-yn-1-yl)-2,4-dihydro-3H-1,2,4-triazol3-one (2PPT). Crystal data for C11H9N3O: Monoclinic, space group P21/c (no. 14), a =
7.8975(2) Å, b = 11.6546(4) Å, c = 11.0648(3) Å, β = 105.212(2)°, V = 982.74(5) Å3, Z = 4, T =
296.15 K, μ(MoKα) = 0.091 mm-1, Dcalc = 1.346 g/cm3, 13460 reflections measured (5.174°
≤ 2Θ ≤ 64.72°), 3477 unique (Rint = 0.0314, Rsigma = 0.0298) which were used in all
calculations. The final R1 was 0.0470 (I > 2σ(I)) and wR2 was 0.1368 (all data). The
experimentally determined data was supported by theoretically optimized calculations
processed with the help of Hartree-Fock (HF) technique and Density Functional Theory with
the 6-311G(d,p) basis set in the ground state. Geometrical parameters (Bond lengths and
angles) as well as spectroscopic (FT-IR, 1H NMR, and 13C NMR) properties of 2PPT molecule
has been optimized theoretically and compared with the experimentally obtained results.
Hirshfeld surface analysis with 2D fingerprinting plots was used to figure out the possible
and most significant intermolecular interactions. The electronic characterizations such as
molecular electrostatic potential map (MEP) and Frontier molecular orbital (FMO) energies
have been studied by DFT/B3LYP approach. The MEP imparted the detailed information
regarding electronegative and electropositive regions across the molecule. The HOMOLUMO energy gap as high as 5.3601 eV was found to be responsible for the high kinetic
stability of the 2PPT.
Cite this: Eur. J. Chem. 2021, 12(4), 459-468

Organic scaffolds containing 1,2,4-triazole moiety have
been investigated for their outstanding activities such as
antihypertensive, antiviral, and anticancer, etc. and hence, they
have established themselves as important pharmacophores [15]. In this study, we have synthesized a 1,2,4-triazole containing
molecule linked with ethynyl end (2PPT), which is a possible
synthon for carrying out interesting cycloaddition reactions [69].
Single-crystal X-ray crystallography (XRD) remains the
most important approach for generating the high-resolution 3D
structural information for small as well as biomacromolecules,
independent of their size. It is a non-destructive analytical tool
that can afford comprehensive data regarding the internal
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crystal-lattice of a crystalline matter. It can decipher critical
crystal related information, viz., unit cell dimensions, bond
lengths, bond angles and site-ordering, etc. In recent days, the
physical features of pharmacologically important organic
molecules can be predicted by various advanced computational
techniques [10,11]. For example, density functional theory is a
quantum-mechanical method used to calculate the electronic
structure of atoms, molecules and solids in chemistry and
physics. Density Functional Theory (DFT) has succeeded to
grab the attention of the researchers all over the world for
theoretical modelling. It has a broad spectrum of applications in
chemical and material sciences for the interpretation and
prediction of molecular geometry, spectroscopic and other
characteristic molecular properties and thereby accompanyments the experimental results.
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Scheme 1

Nobel Prize for the development of DFT in the year 1998
evidences its enormous importance in both the physics and
chemistry [12-14].
We had earlier reported the synthesis of 2-(4-methoxy
phenyl)-4-{[2'-(1H-tetrazol-5-yl)biphenyl-4-yl]methyl}-2, 4-di
hydro-3H-1, 2, 4-triazol-3-one and the XRD, Hirshfeld surface
analyses and corroborated the same with the help DFT studies
[15]. In the present study, X-ray diffraction analysis of the 2phenyl-4-(prop-2-yn-1-yl)-2,4-dihydro-3H-1,2,4-triazol-3-one
(2PPT) in order to obtain crystal structure as well as
geometrical parameters is reported. Further, XRD analysis
found beneficial in determining the intermolecular and
intramolecular hydrogen bonding in 2PPT. In addition, the
synthesized 2PPT molecule was well characterized by FT-IR, 1H
and 13C NMR spectroscopic techniques. This is an interesting
molecule since it is a potential starting material for click
chemistry [10-14]. There is a presence of C≡C-H group in this
molecule 2PPT and this proton is present in the shielded region
in the anisotropic magnetic field created by triple bond.
Therefore, the chemical shift values for this proton will be lower
(Up field shift). The analysis of experimental as well as
theoretical chemical shift (δ) values will be interesting for such
novel molecules. In this way, the experimental chemical shift
values of this proton (1H NMR), and that of C≡C (13C NMR) can
be compared with the theoretical chemical shift values obtained
from DFT studies. In order to explain hydrogen bonding,
chemical reactivity, dipole moment, detection of partial
positive, and negative charges over the atoms, and electronegativity, molecular electrostatic potential map is believed to
be very salutary. This MEP mapping was carried out for the title
compound 2PPT applying DFT studies.
2. Experimental
2.1. Materials
The starting materials and solvents used in the present
work have been purchased commercially. The reactions
according to Scheme 1 [4,5] were monitored by TLC plates
procured from Sigma-Aldrich. Melting point of the title
compound 2PPT has been recorded on electric melting point
apparatus and uncorrected. The FT-IT spectra (KBr) were
recorded in the region 4000-500 cm-1 on a Nicolet 170 SX FT-IR
spectrometer. 1H NMR (400 MHz) and 13C NMR (100 MHz)
spectra were recorded by Jeol-FT-NMR spectrometer using
DMSO-d6 as solvent and tetramethylsilane (TMS) as an internal
reference. Mass spectrometry was carried out using LC/MS
(Synapt G2 HDMS ACQUITY UPLC).
2.2. Synthesis

2.2.1. Synthesis of 3-(phenyl)-5-methyl-1,3,4-oxadiazol2(3H)-one (2)

A round bottom flask was charged with N-phenylsydnone
(1, 0.010 mol) in acetic anhydride (5.00 mL) to which bromine
(0.011 mol) in acetic anhydride (5.00 mL) was added drop-wise
with constant stirring for 45 min at 0-5 °C. After the addition
was completed, the solution was heated on water bath at 70-80
°C until the evolution of CO2 ceased. The solution was quenched
with crushed ice to get the crude product after attaining room
temperature [16]. The crude product 2 obtained was filtered
and washed with hexane.
2.2.2. Synthesis of 2-phenyl-2H-1,2,4-triazol-3(4H)-one (3)

The compound 2 (0.010 mol) in formamide (10.00 mL) was
refluxed for 5-6 hours. Completion of the reaction was
monitored by TLC. After the completion, the solution was
poured into ice cold water to get crude product 3. The crude
product obtained was recrystallized from ethanol to get yellow
crystals of compound 3 [16].
2.2.3. Synthesis of 2-phenyl-4-(prop-2-ynyl)-2H-1,2,4triazol-3(4H)-one (2PPT)

A mixture of 2-aryl-2H-1,2,4-triazol-3(4H)-one 3 (0.020
mol), anhydrous K2CO3 (0.025 mol) and 3-bromoprop-1-yne
(0.020 mol) in dry acetone (20 mL) was stirred at room
temperature for 4 hrs. After completion of the reaction, the
solvent was removed under reduced pressure to get the
colorless crystals of compound 2PPT was filtered. FT-IR (KBr, ν,
cm-1): 3295 (C-H str.), 3088 (C-H str.), 2973 (C-H str.), 2127
(C≡C str.), 1698 (C=O str.), 1599 (C=N str.), 1567 (C=C str.),
1397 (CH2 bend.), 978-795 (Ar-H bend.). 1H NMR (400 MHz,
CDCl3, δ, ppm): 2.495 (t, 1H, CH), 4.477 (d, 2H, CH2), 7.738 (s,
1H, CH, triazole), 7.929 (d, 2H, Ar-H), 7.413 (t, 2H, Ar-H), 7.217
(t, 1H, Ar-H).
2.3. X-ray data collection and refinement

A single crystal of 2PPT has been grown by slow
evaporation method and a crystal (0.21×0.23×0.24 mm) was
chosen for XRD analyses and all the measurements were made
on Rigaku Saturn 724 diffractometer using graphite
monochromated MoKα radiation. The data were collected at
23±1 °C. All calculations were performed using the CrystalClear
[17] crystallographic software package and refinement was
performed by direct techniques and refined by full-matrix least
squares method on F2 using SHELXS and SHELXL programs
[18]. All non-hydrogen atoms were revealed within the first
difference Fourier map itself. Riding model was used to position
all the hydrogen atoms geometrically. The Fourier map did not
show any chemical significance after ten cycles of refinement.
PLATON [19] and MERCURY [20] were used for the execution
of geometrical computations and creating molecular packing
diagrams, respectively. Table 1 shows the crystal data and
structure refinement.
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Table 1. Crystal data and structure refinement details for the title compound 2PPT.
Empirical formula
C11H9N3O
Formula weight
199.21
Temperature (K)
296.15
Crystal system
Monoclinic
Space group
P21/c
a, (Å)
7.8975(2)
b, (Å)
11.6546(4)
c, (Å)
11.0648(3)
α (°)
90
β (°)
105.212(2)
γ (°)
90
Volume (Å3)
982.74(5)
Z
4
ρcalc(g/cm3)
1.346
μ (mm-1)
0.091
F(000)
416.0
Crystal size (mm3)
0.24 × 0.23 × 0.21
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection (°)
5.174 to 64.72
Index ranges
-11 ≤ h ≤ 11, -14 ≤ k ≤ 17, -16 ≤ l ≤ 16
Reflections collected
13460
Independent reflections
3477 [Rint = 0.0314, Rsigma = 0.0298]
Data/restraints/parameters
3477/0/136
2
Goodness-of-fit on F
1.031
Final R indexes [I≥2σ (I)]
R1 = 0.0470, wR2 = 0.1213
Final R indexes [all data]
R1 = 0.0716, wR2 = 0.1368
Largest diff. peak/hole (e.Å-3)
0.18/-0.21

Figure 1. Molecular structure of the 2PPT showing the atomic numbering system.

Figure 1 represents the Oak Ridge Thermal-Ellipsoid Plot
Program (ORTEP) of the molecule drawn at 50% probability
[20].
2.4. Computational methods

All the computations were accomplished on Becke’s three
parameter hybrid functional using the LYP correlation
functional (B3LYP) [21,22]. The vibrational frequencies were
scaled down by 0.9679 scaling factor. All computational work
was carried out with the help of Gaussian 09 software package.
The vibrational wavenumbers, 1H and 13C chemical shifts and
frontier molecular orbital energies were determined by means
of 6-311G(d,p) basis set [23,24]. Structural optimization of
2PPT was carried out by frequency analysis and the geometry
was fully optimized with TMS as internal. The δ values (1H and
13C NMR) in ppm were estimated with the help of GIAO
technique for calculating nuclear magnetic shielding tensors,
since it is the most accurate method than other approaches for
the same sized basis set. In addition, it allows the calculation of
the absolute chemical shielding formed as a result of the
electronic environment around particular nuclei [25].
2.5. Hirshfeld surface analysis

Intermolecular interactions of the molecule in a crystal
structure are studied quantitatively by the Hirshfeld surface
analysis, which also gives the insights of the crystal packing.
Crystal Explorer 3.1 software is useful in mapping the Hirshfeld
surfaces and fingerprint plots [26]. The surface was realized by
the normalized contact distance (dnorm), which was obtained
using a high surface resolution with a static color scale of -0.222

(red) to 1.274 Å (blue) and calculated using the Equation (1) as
given below.
d -rivdw de -revdw
dnorm = i vdw
+ vdw
(1)
ri
re

where de = Distance from the Hirshfeld surface to the nearest
nucleus outside the surface, di = Distance to the nearest nucleus
inside the surface, and rvdw is the van der Waals (vdW) radius of
the atom. The dnorm parameter shows a surface with a red-white
blue color scheme. Bright red spots exhibit intermolecular
contacts less than their vdW radii, while the blue spots indicate
intermolecular contacts longer than their vdW radii. White
spots are the sum of their vdW radii. The molecular electrostatic
potential is mapped on HS using Slater type orbital simulated
by 3 Gaussians basis set at the Hartree-Fock theory. Crystal
explorer integrated geometries were used as inputs to the
TONTO [27-29].
3. Results and discussion
3.1. Molecular geometry

An appraisal of the electronic properties of intermolecular
interactions in crystals is an important aspect of quantitative
crystal engineering and thus helps in designing novel functional
materials. Hence, single crystal X-ray diffraction study is useful
in understanding the 3D structural data and the binding
stereochemistry. This will help in understanding the mode of
binding of small molecules to bio-macromolecules and hence
this information can be used to predict how lead molecules will
interact with the biological receptors [30].
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Table 2. Bond lengths and angles for 2PPT molecule.
Atom
Atom
Length (Å)
O1
N1
N1
N1
N2
N2
N2
N3
Atom

C4
C3
C4
C9
N3
C4
C5
C9
Atom

C4
C9
C9
N3
C4
C4
C9
C1
N1
O1
O1

N1
N1
N1
N2
N2
N2
N3
C2
C3
C4
C4

Atom
C3
C3
C4
C5
N3
C5
N2
C3
C2
N1
N2

Atom

Atom

Length (Å)

1.2186(12)
1.4589(14)
1.3783(13)
1.3585(14)
1.3917(12)
1.3738(13)
1.4126(13)
1.2871(15)
Angle (°)

Theoretical
(Å)
1.248
1.466
1.408
1.378
1.415
1.393
1.423
1.310
Theoretical (°)

C1
C2
C5
C5
C6
C7
C8
C10
Atom

C2
C3
C6
C10
C7
C8
C11
C11
Atom

1.1710(19)
1.4590(17)
1.3879(15)
1.3860(15)
1.3846(17)
1.368(2)
1.375(2)
1.3815(17)
Angle (°)

123.49(9)
128.31(10)
108.19(9)
119.77(8)
111.78(8)
127.83(8)
104.17(8)
177.84(14)
112.55(9)
127.20(10)
129.69(10)

122.28
129.26
108.45
119.97
111.57
128.45
104.72
179.51
113.13
120.16
130.80

N2
C6
C10
C10
C7
C8
C7
N3
C11
C8

C4
C5
C5
C5
C6
C7
C8
C9
C10
C11

Table 3. Intermolecular and Intramolecular interactions.
D-H···A
D-H
H···A
C(6)-H(6)···N(3)
0.93
2.44
C(10)-H(10)···O(1)
0.93
2.33
C(9)-H(9)···O(1)
0.93
2.35

D···A
2.7794(17)
2.9445(16)
3.0961(16)

∠D-H···A
101
123
137

Atom
N1
N2
N2
C6
C5
C6
C11
N1
C5
C10

103.11(8)
118.93(9)
120.94(9)
120.12(10)
119.35(11)
120.93(12)
119.26(12)
112.75(9)
118.99(11)
121.34(12)

Theoretical
(Å)
1.204
1.462
1.402
1.402
1.394
1.398
1.396
1.397
Theoretical
(°)
103.03
118.97
120.54
119.49
120.63
119.37
112.22
119.11
120.91
103.03

Symmetry
x, 3/2-y, 1/2+z

Figure 2. Packing of the 2PPT molecule.

Figure 3. Optimized geometry of the 2PPT.

The extracted data from X-ray analysis, collected reflections
and other parameters of the final refinement are reported in
Table 1. Bond lengths and angles of 2PPT are given in Table 2.
The molecular structure of 2PPT is given in Figure 1. The
packing diagram of the 2PPT molecule is shown in Figure 2.
Single crystal XRD analysis of 2PPT shows that in the
triazolone ring distance N3-C9 (1.2871(15) Å) is smaller than
that of N1-C4 (1.3783(13) Å), which in turn signifies the double
bond between N3 and C9. Akin bonds N1-C4 and N2-C4 having
distances of 1.3783(13) and 1.3738(13) Å, respectively, are
single bonds as they are greater than N3-C9 bond. The distance
C1-C2 (1.1710(19) Å) is clearly a triple bond.
In the 1,2,4-triazolone ring the sum of the bond angles O1C4-N1 (127.20(10)°), O1-C4-N2 (129.69(10)°) and N2-C4-N1
(103.11(8)°) is clearly a 360° which confirms the sp2
hybridization of the C4 carbonyl carbon atom. The slightly
deviated bond angle C1-C2-C3 (177.84(14)°) from 180°
confirms the presence of a triple bond between C1 and C2.

XRD analysis of 2PPT confirms the presence of
intermolecular and intramolecular hydrogen bonding. The
2PPT molecules are linked via C(9)-H(9)···O(1) intermolecular
hydrogen bond, which further shows the presence of C(6)H(6)···N(3) and C(10)-H(10)···O(1) intramolecular hydrogen
bonds. Details of these interactions are as shown in Table 3.
In order to support the experimental parameters, the
molecular structure of the 2PPT was deployed for theoretical
calculations and the molecular geometry was optimized using
DFT in ground state (Figure 3). The optimized parameters
(Bond lengths and angles) are compared with those of the
experimental values (Table 2). However, a very minor
difference that occurred between the theoretical and
experimental values which is due to the fact that the theoretical
results correspond to the isolated gaseous phase and the
experimental data is obtained for a molecule in solid phase.
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Figure 4. dnorm mapped Hirshfeld surface for representing intercontact of 2PPT with different orientations.

3.2. Hirshfeld surface analyses

Intermolecular attractions were ascertained by the
Hirshfeld surface computational analysis. Figure 4 represents
the dnorm mapped Hirshfeld surface using red-blue-white color
plot. The red color region with -dnorm value corresponds to the
closer contacts and the longer contacts represent the blue
region with +dnorm values, and the dnorm = 0 indicates the white
regions [31-34]. Short interatomic interactions result into dark
red spots and the other interactions are shown as light red spots
on dnorm surfaces. Intercontact with respect to di and de were
plotted with the help of 2D fingerprint plots. The molecule acts
as a donor if the molecule shows di ˂ de and the molecule acts as
the acceptor if di > de [35,36].
Red region exhibits the dominant interactions between O
and H as shown in Figure 4. The bifurcated long spikes resulted
because of strong H-bonds. The outer spikes are due to the N···H
type of interactions and the inner spikes are the result of O···H
interactions. The spikes closer to de axis illustrate the
interaction of the molecule as a donor, whereas the spikes on
the opposite end (ie., near di axis) illustrates the interactions of
the molecule as an acceptor. The little spike in between two
extreme bifurcated spike represents H-H type of interactions.
The percentage contributions of various intermolecular
contacts to the Hirshfeld surface have been represented in
Figure 5. We observed that the maximum contribution to
Hirshfeld surface was from H-H interaction which was about
39.8%. This was followed by contributions from C-H, O-H, and
N-H which were found to be 29.0, 10.4 and 9.3%, respectively.
3.3. Molecular electrostatic potential map

Molecular electrostatic potential (MEP) is an important
concept in molecular modelling calculations as it provides
accurate information on the active sites of chemical entities. It
is crucial in assessing chemical addition nature by which a
chemical structure is most probable to go through. Molecular
electrostatic potential maps are the peripheral area of a
structure resulted from a group of intersecting spheres, where
their centers are aligned with the nucleus of every atom. These
spheres are formed from van der Waals radii of the interested
atoms. Also, MEP maps explain valuable information about the
interaction, active sites as well as resolving the nature of
chemical addition, through which a molecule is most probable
to undergo whether electrophilic or nucleophilic addition [3744]. Based upon this idea, molecular modelling was conducted
for mapping the molecular electrostatic potential of 2PPT. In
this regard, calculations were done using high theoretical DFT
level through B3LYP/6-31G(d,p) method.
On the basis of the positive and negative values of the
electrostatic potential V(r), we can obtain useful information
about electropositive and electronegative sites of the molecule.
The MEPS region of the molecule ranges from -6.544 to +6.544
a.u. The red color region around the carbonyl oxygen O1 of
triazolone ring and phenyl ring represents a negative
electrostatic potential which shows affinity towards electrophilic moieties, whereas on the flip side the blue color across

the nitrogen atom N1 and ethynyl end reveals positive
electrostatic potential and thereby these sites are more prone
for nucleophilic attacks (Figure 6).

3.4. Vibrational spectroscopy

A very useful illustration on the bonding force and the
intermolecular bond strength can be obtained by analyzing the
vibrational spectroscopy. Hence, by using DFT/B3LYP with 6311G(d,p) basis set, the theoretical vibrational frequencies of
the 2PPT molecule were calculated and compared with the
experimentally observed values. The experimental and
theoretical IR spectra of 2PPT are given in Figure 7. The
molecule has some of the characteristic stretching vibrations in
the IR spectrum, they are CO, CH, CC, and CN. The alkyne CH ie.,
≡C-H shows distinctive stretching frequency and is observed
experimentally at 3295 cm-1 whereas theoretically it is
calculated at 3289 cm-1. The stretching vibration of alkyne C≡C
is experimentally observed at 2127 cm-1 while calculated at
2216 cm-1. The band at 2973 cm-1 is corresponding to the
stretching vibration of CH of methylene protons of 2PPT and the
same is theoretically computed at 2989 cm-1. The carbonyl
(triazolone ring) of 2PPT shows a sharp strong band at 1698
cm-1 and calculated at 1683 cm-1. The bands at 3089 and 1567
cm-1 corresponds to stretching vibrations of CH and CC (phenyl
ring) of 2PPT, respectively, and were calculated at 3066 and
1572 cm-1. The CN (imine) band of 2PPT was observed
experimentally at 1599 cm-1 and computed at 1630 cm-1. For
2PPT, methylene CH bending vibrations experimentally
observed at 1397 cm-1 and calculated at 1399 cm-1. The bending
vibrations of aromatic CH observed in 978-797 cm-1 region and
are calculated at 982-795 cm-1.
3.5. NMR spectroscopy

NMR spectroscopic technique is of great use in identifying
the hydrogen and carbon environment of the organic
molecules. The experimental 1H and 13C NMR spectra of 2PPT
were recorded in CDCl3 at 400 MHz by using tetramethylsilane
(TMS) as internal standard. With the help of DFT (B3LYP)
method with 6-311G(d,p) basis set and the theoretical GIAO
(Gauge including/invariant atomic orbitals) 1H and 13C chemical
shifts were calculated and compared with experimentally
obtained results. The positions of atoms are numbered as
shown in Figure 8.
In the experimental 1H NMR spectrum of 2PPT, the alkyne
proton (C1-H) was resonated at δ 2.495 ppm. The same proton
has been calculated at δ 1.39 ppm for B3LYP methods with the
6-311G(d,p) set. Both the methylene protons (H-C3-H) have
resonated at δ 4.477 ppm while the calculated chemical shifts
at δ 3.07-3.97 ppm. Azomethine proton of 1,2,4-triazolone ring
(C9-H) of 2PPT observed at δ 7.738 ppm, whereas, the
computed chemical shift of corresponding protons has been
found at δ 7.94 ppm. Finally, the protons of the phenyl ring of
2PPT resonated at δ 7.199-7.939 ppm. which are calculated at
δ 6.10-6.50 ppm (Table 4).
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H···H, 39.8%

C···H, 29.0%

O···H, 10.4%

N···H, 9.3%

N···C, 5.5%

C···C, 2.0%

O···C, 1.3%

O···N, 0.5%

N···N, 0.2%

Full

Figure 5. 2D Fingerprint plots of the 2PPT molecule. The contribution to the whole intermolecular interactions can be seen.

Figure 6. The molecular electrostatic potential surface of 2PPT.

13C NMR spectrum of 2PPT has only one signal in aliphatic
region at δ 32.326 ppm due to C3. This signal was computed at
δ 26.0 ppm for B3LYP level. There are two signals at δ 75.27 and
75.634 ppm for C1 and C2, respectively, in the alkyne region
which indicate the presence of C-C triple bond in 2PPT, while
these signals were evaluated at δ 73.0 and 76.0 ppm. Chemical
shift at δ 150.878 ppm corresponds to C4 of 2PPT since this
carbon is doubly bonded to electro negative and hence appears
in the deshielded region, while the same is computed at δ 151.0

ppm. Imine carbon (C9) of 2PPT resonated at δ 135.021 ppm.
while calculated at δ 136.0 ppm. Rests of the signals were
observed in the aromatic region. C5 of the phenyl ring was
observed at δ 137.713 ppm which is slightly downfield (as
compared to other C atoms of the phenyl ring) because of the
direct attachment of electron withdrawing triazolone ring,
which is to be calculated at δ 138.0 ppm. Due to chemical and
magnetic equivalence, C6 and C10 show single peak at δ 118.809
ppm in experimental spectrum.
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Table 4. Experimental and theoretical 1H and 13C NMR chemical shifts of 2PPT.
Nucleus
Atoms
Experimental (ppm)
1H
1H (C1-H)
2.495
2H (C3 CH2)
4.477
1H (C9-H)
7.738
2H (C6, C10 Ar-H)
7.929
2H (C7, C11 Ar-H)
7.413
1H (C8 Ar-H)
7.217
13C
C1
75.270
C2
75.634
C3
32.326
C4
150.878
C9
135.021
C5
137.713
C6, C10
118.809
C7, C11
129.118
C8
125.849

465

B3LYP/6-311G(d,p) (ppm)
1.39
3.01-3.97
7.91
6.40-6.50
6.18-6.20
6.12
73.00
76.00
26.00
151.00
136.00
138.00
114.50-116.00
126.80-127.00
124.00

(a)

Figure 7. Experimental (a) and theoretical (b) IR spectra of 2PPT.
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Figure 8. Numbering of carbon atoms in 2PPT.

These are computed at δ 114.5 and 116.0 ppm, respectively,
by B3LYP. Similarly, C7 and C11 resonated experimentally at δ
129.118 ppm and corresponding signals were computed at δ
126.8 and 127.0 ppm, respectively. Finally, C8 of 2PPT
resonated at δ 125.841 ppm while calculated at δ 124.0 ppm.
3.6. Frontier molecular orbital analysis

Frontier molecular orbital (FMO) analysis is of great use in
determining the electronic and optical properties of the organic

molecule [45,46]. The highest occupied molecular orbital
(HOMO) acts as electron donor whereas on the other hand
lowest unoccupied molecular orbital (LUMO) acts as electron
acceptor. For 2PPT, the energies of HOMO and LUMO are 6.1802 and -0.8201 eV, respectively. The band gap (Eg) is the
difference between the energy of LUMO to that of HOMO, which
has been important in explaining the reactivity and stability of
organic molecules. Lower the Eg of the molecule corresponds to
the least stability and more reactivity whereas higher Eg has
relevance to most stability and less reactivity.
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Table 5. Global reactivity parameters.
Global reactivity parameter
Chemical hardness, (η)
Electronegativity (χ)
Electronic chemical potential (μ)
Global electrophilicity index (ω)
Chemical softness (s)

Value (eV)
2.68
3.50
-3.50
2.285
0.186

1.50
1.45

Figure 9. The HOMO-LUMO plot of the 2PPT molecule.
y = 0.9123x + 0.1383
R² = 0.993

Theoretical, Å
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Experimental, Å

190.0
180.0

(a)

y = 1.0134x - 1.8161
R² = 0.9878
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180.0
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Figure 10. Correlation graphs between the experimental and theoretical (a) bond lengths and (b) bond angles.

For 2PPT, Eg has found to be 5.3601 eV. The large Eg value
indicates the high stability of the 2PPT (Figure 9). The global
reactivity parameters have been calculated using HOMO and
LUMO energies as given in Table 5. The equations for the
calculation of these parameters are given in electronic supplementary information.

3.7. Structural correlation of 2PPT by DFT and XRD studies

Conventionally, two methods were used in comparison of
the molecular structures. The first method is to calculate the
correlation value (R2). The optimized geometrical parameters
(bond lengths and angles) calculated by the B3LYP/6311G(d,p) basis set. We have created the correlation graph in
Figure 10 based on the correlation calculations.
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Figure 11. Superimposition diagram of 2PPT [Experimental (X-ray, blue stick model); Theoretical (DFT, red stick model)].

Calculated R2 values are 0.993 and 0.988 for bond lengths
and angles, respectively. According to correlations values, the
B3LYP/6-311G(d, p) method gave accurate results for the bond
lengths, bond angles, compared with X-ray diffraction studies.
The optimized parameters such as bond length and bond angles
which are compared with those of experimental values (Table
2).
The second method involves the comparison of the structures obtained with the theoretical calculations by superimposing the molecular skeleton with that obtained from X-ray
diffraction giving a RMSE of 3.1 Å for B3LYP/6-311G(d,p) basis
sets (Figure 11). According to these results, it may be concluded
that the B3LYP/6-311G(d,p) calculation reproduced the
geometry of the title compound. Theoretical calculations were
carried out in the gas phase while making these comparisons.
From the obtained results, it is observed that the B3LYP/6311G(d,p) calculations very well reproduced the geometry of
2PPT.
4. Conclusions

Interesting developments in electronic devices, geosciences, and pharmaceutical sciences were led by the
structural insights from single crystal X-ray diffraction and DFT
studies. In addition, knowledge of accurate structural information of active pharmaceutical ingredients (APIs) is a
prerequisite for rational drug design. In view of these practical
applications, the single crystal X-Ray diffraction, Hirshfeld
surface, and DFT based structural analyses of 2PPT is reported.
It is interesting to note that the optimized geometrical (DFT)
results are found in good conformity with the obtained single Xray diffraction results (XRD). The Hirshfeld surfaces and
fingerprint plots predicted that 2PPT molecule is stabilized by
various intermolecular contacts such as C···C, C···H/H···C, H···H,
N···C/C···N, N···H, N···N, O···C/O···H, and O···N interactions.
MEP predicts the most reactive component in the molecule.
Both experimental and theoretical HOMO and LUMO energies
determine the charge transfer within the molecule and the
difference between HOMO and LUMO energy has supported the
chemical and bioactivity properties of 2PPT. Eg of the order of
5.3601 eV indicates the high stability of the 2PPT. B3LYP/6311G(d,p) calculations very well reproduced the geometry of
2PPT as evidenced by the overlay diagram obtained by X-ray
diffraction data.
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