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ABSTRACT
A single crystal of 2-(2-(anthracen-9-ylmethylene)hydrazinyl)-4-(3-methyl-3-phenylcyclobutyl)
thiazole (C29H25N3S) containing anthracene, thiazole and cyclobutane rings has been synthesised.
The synthesised crystal structure was characterised using IR, 1H-NMR and 13C-NMR spectroscopic
and X-Ray analysis techniques. In the crystal, neighbouring molecules formed chains along [110] by
interconnectingwithN–H···Nhydrogenbonding andπ–π interactions. Thegeometrical parameters
of the title compound were optimised by Gaussian 09 software in the gas phase and Quantum-
Espresso software under Periodic Boundary Conditions (PBC) in the solid phase. Theoretically, IR,
NMR spectra,Mulliken,NPAandAIMatomic charges, Hirshfeld surface and frontiermolecular orbitals
(FMOs) of the title compoundwere examined. Using the Hirshfeld surface and two-dimensional (2D)
fingerprint graphics, the presence of intermolecular interactions in the crystal packing were anal-
ysed. The energies of these interactions and their distribution on the crystal structure were shown
graphically. In general, it was seen that theoretical calculations were consistent with X-Ray results.
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1. Introduction

Hydrazone-derived compounds, which are widely used
in chemistry, have biological activity, light emission
diodes (LEDs) [1–4] and chemosensory properties
[5–10]. Dyes containing azo group have C=N or N=N
groups. Azo dyes are widely used in the textile industry
and because of their colour quality and ability to adhere
to the fabric, azo dyes and derivatives are frequently used

CONTACT Tuncay Karakurt tuncaykarakurt@gmail.com Department of Chemical and Process Engineering, Faculty of Engineering-Architecture,
Kırsehir Ahi Evran University, Kirsehir, 40100, Turkey

for dyeing different fabrics. The synthesis of azo dyes con-
taining azo group and nitrobenzene group is well known
in the literature [11]. Heterocyclic azo dyes have been
reported to have positive effects against heat and light
resistance, abrasion and fading after impregnation with
different fabric types [12,13].

Compounds containing C=N group are called the
Schiff bases. Since these compounds have properties such
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as antibacterial, anticancer, antioxidant [14–16], antifun-
gal, weed killer and insecticide [17], they are used as
starting materials in the synthesis of many pharmaceu-
tical substances. These compounds are used as a spec-
trophotometric reagent in analytical chemistry since they
react to some metal ions [18]. Cu (II) complexes formed
from Schiff base ligands have become essential model
compounds in the study of the chemical and physical
behaviour of biological copper systems [19]. Thiazole and
its derivatives are important in biological systems as anal-
gesics, antitumor and inhibitory and anti-inflammatory
agents on lipoxygenase enzyme activities [20,21].

In this study, the structure of the synthesised new
compoundwas confirmed using IR, 1H-NMR, 13C-NMR
spectroscopic and X-Ray diffraction analysis techniques.
Theoretically, the frontier molecular orbitals, Hirshfeld
surface analysis, Mulliken, AIM and NPA atomic charges
to investigate intermolecular interactions of the title com-
pound, as well as NMR spectra in solution phase and IR
spectra in gas phase were calculated.

2. Material andmethods

2.1. X-Raymeasurements and refinement

X-Ray diffraction data of the title crystals was collected
with a Bruker APEX-II CCD [22] diffractometer using a
MoKα radiation. Using Olex2 [23] program, the struc-
ture was solved by the SHELXT-2014 [24] software using
direct methods. The SHELXL-2014 [25] software, which
uses the full matrix least-squares method, was used to
refine the location of the non-hydrogen atoms. Atomic
coordinates of all hydrogen atoms were determined geo-
metrically.

2.2. Synthesis and crystallization

To a solution of anthracene-9-carbaldehyde (2.0624 g,
10mmol) in 50mL of ethanol, a solution of thiosemicar-
bazide (0.9113 g, 10mmol) in 20mL of absolute ethanol
was added in the presence of catalytic amount of p-
toluene sulfonic acid and refluxed (TLC). After the mix-
ture was cooled to room temperature, a solution of
2-Chloro-1-(3-methyl-3-phenylcyclobutyl)ethan-1-one
(2.2271 g, 10mmol) in 20mL of absolute ethanol was

added dropwise. The mixture was kept at room tem-
perature with continuous stirring for 2 h by check-
ing the reaction course with IR. The solution was then
made alkaline with an aqueous solution of NH3 (5%),
and light brown precipitate was separated by suction,
washed with aqueous NH3 solution several times and
dried in air and crystallized from EtOH (Scheme 1).
Yield: 58%,melting point: 455K. Characteristic IR bands:
3127 cm−1 ν(–NH–), 2966–2874 cm−1 ν(aliphatics),
1618 cm−1 (C=N thiazole), 1568 cm−1 ν(C=N hydra-
zone), 733 cm−1 ν(C–S–C thiazole). Characteristic 1H
NMR shifts (CDCl3, δ, ppm): 1.50 (s, 3H, –CH3 on
cyclobutane), 2.56–2.60 (m, 4H, –CH2–, in cyclobu-
tane ring), 3.75 (quintet, j = 8.8Hz, 1H, >CH– in
cyclobutane ring), 6.29 (s, 1H, =CH–S, in thiazole
ring), 7.16–7.21 (s, 3H, aromatics), 7.31–7.35 (s, 2H,
aromatics), 7.50–7.57 (m, 5H, aromatics), 8.03–8.04
(d, j = 1.6Hz, 1H, aromatic), 8.05 (s, 1H, –NH–), 8.50
(s, 1H, azomethine), 8.67–8.69 (m, 2H, aromatics), 9.00
(s, 1H, aromatic). Characteristic 13CNMR shifts (CDCl3,

Figure 1. (a) Difference fourier map (b) Experimental structure of
the title crystal.

Scheme 1. Synthetic pathway for the synthesis of the target compound.
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Table 1. Data collection and refinement values of C29H25N3S
crystal.

Empirical formula C29H25N3S
Formula weight 447.58
Temperature/K 293(2)
Crystal system monoclinic
Space group P21/c
a/Å 13.645(4)
b/Å 11.026(4)
c/Å 15.953(5)
α/◦ 90
β/◦ 101.746(15)
γ /◦ 90
Volume/Å3 2349.9(13)
Z 4
ρcalcg/cm3 1.265
μ/mm−1 0.160
F(000) 944.0
Crystal size/mm3 0.22× 0.18× 0.08
Radiation MoKα (λ = 0.71073)
2
 range for data collection/° 3.048 to 56.874
Index ranges −17 ≤ h ≤ 18, −14 ≤ k ≤ 14,

−17 ≤ l ≤ 21
Reflections collected 35837
Independent reflections 5733 [Rint = 0.0276, Rsigma = 0.0227]
Data/restraints/parameters 5733/0/299
Goodness-of-fit on F2 1.037
Final R indexes [I≥ 2σ (I)] R1 = 0.0539,wR2 = 0.1394
Final R indexes [all data] R1 = 0.0855,wR2 = 0.1614
Largest diff. peak/hole/e Å−3 0.51/−0.26
CCDC number 1953851

δ, ppm): 168.85, 155.86, 152.22, 140.08, 131.41, 130.11,
129.53, 129.04, 128.25, 126.92, 125.35, 124.95, 124.75,
101.99, 40.28, 38.89, 30.82, 30.07.

Table 2. The hydrogen bonding geometry of the title crystal
(Å, °).

D–H···A D–H H···A D···A D–H···A
X-Ray C18–H18···N3 0.93 2.40 2.998(3) 122

N2–H2N···N1i 0.86 2.29 3.043(3) 147
Q-Espresso LDA C18–H18···N3 1.10 2.15 2.90 122

N2–H2N···N1 1.08 1.68 2.76 172
GGA C18–H18···N3 1.09 2.27 2.97 121

N2–H2N···N1 1.05 1.99 3.04 169

Notes: Symmetry code: (i) 1− x, 1− y, 1− z.

2.3. Computational details

The Gaussian 09 program [26], which uses the B3LYP
[27,28] method and the 6–31G (d) [29] base set, was
used for the theoretical calculations in gas phase of
the title compound and GaussView 5 [30] program was
used to visualise the results obtained from the the-
oretical calculations. Calculations in solid phase were
made with Quantum Espresso 6.3 [31] program using
periodic boundary conditions (PBC). These calculations
were made using the density functional theory (DFT)
[32] and the Perdew-Zunger (PZ) [33] pseudopotential
(S/H/N/C.pz-van_ak.UPF) set under the Local Density
Approach (LDA) and Perdew–Burke–Ernzerhof (PBE)
[34] pseudopotential (S/H/N/C.pbe-van_bm.UPF) set
under generalised gradient approximation (GGA). Finally,
Hirshfeld surface [35] and Aim charge analysis calcu-
lations were performed using CrystalExplorer 17.5 [36]
and AIMAII [37] programs, respectively.

Figure 2. Representation of the title crystal ordered along a axis with symmetry operators.
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Figure 3. Repetition of the title crystal by inter-intramolecular
interactions.

3. Result and discussion

3.1. Geometrical structure of title compound

By looking at the fourier map (Figure 1a), it can be said
that the H2N atom is positioned correctly since there is
no proton deficiency or excess around the N1 and N2
atoms in the crystal. Details of the X-Ray data collec-
tion and structure refinement process of the title crystal
are given in Table 1. The single crystal of C29H25N3S
consist of A (Cg1) benzene, B (Cg2) cyclobutane, C (Cg3)
thiazole and D (Cg4)/E (Cg5)/F (Cg6) anthracene rings
(Figure 1b).

The maximum deviations from the planarity of the
atoms of these rings were found to be 0.005 and −0.005

(C3 and C4 atoms), 0.131 (C10 atom), −0.002 (C12
atom) and −0.013 (C28 atom)Å. In addition, the pla-
nar angles between these rings are A/B = 39.72 (14)°,
B/C = 41.96 (13)° and C/D = 63.44 (9)o. The cyclobu-
tane ring is puckered by deviating from its planarity due
to steric interaction between the side groups. This puck-
ering angle in the cyclobutane ring was observed as being
26.88 (2)° and has been reported in the literature as
being 25.98 (2)° [38]. Figure 2 shows the crystals ordered
along the a-axis with symmetry operators.While the grey
molecules repeat themselves with x, y, z symmetry oper-
ator, the pink molecules repeat with glide plane (Glide
plane perpendicular to [0, 1, 0] with glide component
[0, 0, 1/25]), the yellow molecules repeat the centre of
inversion (inversion at [0, 0, 0]) and the green molecules
repeat with the screw axis (2-fold) (2-fold screw axis with
direction [0, 1, 0] at 0, y, 1/4 with screw component [0,
1/2, 0]) symmetry element.

WhenX-Ray diffraction results of the title crystal were
examined, it was observed that, as expected, the double
bond of C14=N1 in the thiazole ring is shorter than
the single bond length of N1–C12. These bond lengths
were found to be 1.303 (2) Å and 1.392 (3) Å, respec-
tively. The double bond character C13=C12 bond length
in the ring is 1.338 (3) Å, and the lengths of S1–C13
and S1–C14 were found to be 1.734 (2) Å and 1.728
(2) Å, respectively. These bond lengths are consistent
with the values given in the literature for the thiazole
ring [39]. In the crystal, dimer structure was formed
by the intermolecular N–H···N hydrogen bonds which
characterised by an R2

2(8) motif and the intramolecular
C–H···N interactions, which characterised by an S (6)
motif, stabilise the conformation of the monomer struc-
ture. N2 atom (symmetry code: x, y, z) has formed the
N2–H2N···N1 hydrogen bonding with N1 (symmetry
code: 1−x, 1−y, 1−z), by acting like a donor atom. There
are also three weak π–π interactions in the molecular
ordering within the title crystal. These interactions took

Figure 4. Packing of the title crystal with π–π interactions along the a axis.
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Figure 5. 3D PES analysis graph of the title molecule.

Table 3. Conformation of the title molecule.

place between the A (Cg1)–A (Cg1), E (Cg5)–D (Cg4)
and E (Cg5)–F (Cg6) rings. As a result of these interac-
tions, the ring systems are arranged in parallel with each
other and the nearest perpendicular distance is 3.922
(2) Å between the centres of the A rings and 3.8176
(18) Å between the centres of the E and D rings, and
also 3.8038 (19) Å between the centres of the E and F
rings. Symmetry information of hydrogen bonding inter-
actions are given in Table 2. The N–H··· N, C–H···N and

π–π interactions in the unit cell are shown in Figures 3
and 4.

Theoretically, 3-dimensional potential energy sur-
face scan (PES) was performed using the AM1 (Austin
Model 1) [40] semiempiricalmethod for the θ1(C13–C12
–C10–C11) and θ2(S1–C14–N2–N3) dihedral angles to
determine local minimum points of the title compound.
Dihedral angles were changed in the range from −180
to 180° for 10° steps and single-point energies were
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Figure 6. Calculated optimise structure of the title compound.

calculated in each step. As a result of the PES analysis
(Figure 5), 8 conformations (Table 3) corresponding to
local minimum points were obtained. All the conforma-
tional structures were optimised by DFT/B3LYP/6–31G
(d) method and these optimised structures are shown
in Table 3. As shown in Table 3, Conf7 structure is the
most stable structure with the smallest energy relative to
other conformations (Figure 6). The Conf7 structure was
used to calculate geometric parameters of the optimised
molecule using Gaussian 09 software.

The X-Ray diffraction data, calculated bond lengths,
bond angles and torsion angles in the gas and solid
phase of the C29H25N3S crystal are given in Table 4.

Table 5. Comparison of the experimental and optimised unit-cell
parameters calculated by the Quantum ESPRESSO (QE) VC-Relax
method of the title crystal.

Experimental QE-VC-Relax QE-VC-Relax

Space group P21/c Space group P21/c LDA Space group P21/c GGA

a = 13.645(4) Å a = 13.185 Å a = 13.84950 Å
b = 11.026(4) Å b = 10.659 Å b = 11.19874 Å
c = 15.953(5) Å c = 15.393 Å c = 16.04186 Å
β = 101.75(15) ° β = 105.24 ° β = 101.39007 °
Z = 4 Z = 4 Z = 4
V = 2350(13) Å3 V = 2087 Å3 V = 2439 Å3

LDA with PZ pseudopotential and GGA with PBE pseu-
dopotential approaches were used for the solid phase
calculations. The root mean square error (RMSE) values,
which are determined in order to understand the agree-
ment between the parameters calculated in gas and solid
phase and experimental data, are presented in Table 4.
When the RMSE values are examined, it is seen that
GGA approach is more successful in representing exper-
imental geometry than other methods for all geometric
parameters.

3.2. Periodic boundary calculations (PBC)

The coordinates of 232 atoms in the unit cell were
obtained from the cif file of the title crystal and the each
energy value was calculated by changing kinetic energy

Table 4. Experimental and calculated geometric parameters of the title compound in gas and
solid phases.

Bond lengths (Å) X-Ray Diffraction Gas Phase Solid Phase (LDA) Solid Phase (GGA)

S1–C13 1.734(2) 1.752 1.721 1.734
S1–C14 1.728(2) 1.758 1.732 1.749
N2–N3 1.379(2) 1.348 1.348 1.378
N3–C15 1.275(3) 1.290 1.293 1.302
N1–C14 1.303(2) 1.301 1.317 1.320
N1–C12 1.392(3) 1.388 1.378 1.397
N2–C14 1.364(3) 1.372 1.344 1.357
C12–C13 1.338(3) 1.363 1.362 1.371
C7–C9 1.550(3) 1.565 1.544 1.563
C10–C11 1.548(3) 1.559 1.538 1.554
C1–C6 1.382(3) 1.401 1.393 1.406
C1–C2 1.381(3) 1.401 1.389 1.402
C1–C7 1.505(3) 1.517 1.490 1.512
C16–C17 1.422(3) 1.426 1.417 1.428
RMS 0.01466 0.015818 0.011894

Bond Angles (o)
C12–N1–C14 109.89(17) 110.34 110.85 110.18
C14–N2–N3 117.28(17) 121.28 117.32 117.46
C13–S1–C14 87.90(10) 87.32 88.42 88.25
C9–C7–C11 87.38(14) 87.88 88.15 87.81
N2–N3–C15 114.88(17) 117.44 114.95 114.40
C5–C6–C1 121.40(2) 121.01 120.96 121.19
RMS 1.802044 0.43175 0.286914

Dihedral Angles (o)
N1–C12–C10–C11 62.10(2) 68.56 61.20 62.12
N3–N2–C14–S1 −12.20(3) −2.10 −8.37 −11.85
N1–C12–C13–S1 −0.30(2) 0.17 −0.45 −0.90
N2–N3–C15–C16 173.58(18) −178.21 169.24 171.77
N1–C12–C10–C9 167.54(17) 174.95 168.08 168.65
RMS 148.438867 2.554348 1.253062
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Table 6. Experimental and theoretical 1H and 13C isotropic chem-
ical shift values of the title molecule (with respect to TMS, all
values in ppm).

Atoms Experimental in solution DFT in solution

C1 152.22 145.1
C2 124.95 117.22
C3 130.11 120.25
C4 129.04 117.48
C5 130.11 120.22
C6 124.95 117.32
C7 38.89 40.33
C8 30.07 29.6
C9 40.28 36.85
C10 30.82 31.57
C11 40.28 40.99
C12 155.86 147.87
C13 101.99 102.28
C14 168.85 165.2
C15 152.22 132.05
C16 131.41 120.16
C17 131.41 122.67
C18 129.53 120.09
C19 128.25 120.89
C20 126.92 118.74
C21 129.53 122.63
C22 140.08 123.9
C23 124.75 124.79
C24 140.08 123.15
C25 129.53 123.55
C26 125.35 118.4
C27 125.35 120.33
C28 129.53 117.03
C29 131.41 124.31
–NH– 8.05 11.25
Azomethine 8.67–8.69 9.16
= CH–S 6.29 5.73
–CH2–cyclobutane ring 2.56–2.60 2.05–2.47
Benzene ring 7.16–7.35 6.59–7.03
CH3 1.5 0.12–0.52
Anthracene ring 7.50–9.0 7.56–9.18

cut-off (Ecut) between 10 and 200 Ry to determine the
optimal Ecut for the system modelled in the plane wave
self-compliance field program. In these calculations,
LDA with Perdew-Zunger (PZ) pseudopotential and
GGA with Perdew–Burke–Ernzerhof pseudopotential
approaches were used. As can be seen from the figures
(Figure 7a,b), it is seen that the total energy of the sys-
tem converges towards a certain energy value as the Ecut
value increases in both LDA and GGA approaches. Since
the change in total energy afterEcut � 30 Ry is very small,
the effect on the system is alsominimal. It is observed that
there is no significant change in the total energy of the
system after this value (∼30 Ry). In addition, in order
to define a lattice constant suitable for the system, by
changing the lattice constant in the range from 13.1 to
14.2 a.u., total energy has been calculated for each value
(Figure 7a,b). In this calculation, it was determined that
the lattice constant value corresponding to the minimum
energy of the system is a �13.65 a.u in both LDA and
GGA approaches. For the calculations, k-point mesh was
determined by MP (Monkhorst-Pack) method [41] and
taken as 1× 1× 1 in the Brillouin-zone.

In order to increase the accuracy of the results, a
convergence value of 10–7 Rydberg (Ry) for energy
calculation was used. Stable parameters of the unit
cell were obtained by using the QE-VC-Relax option
method and a Broyden-Fletcher-Goldfarb-Shanno
(BFGS) quasi-Newton optimisation algorithm using
the lattice constant (a = 13.65 a.u.) and energy cutoff
(Ecut = 30 Ry). Table 5 shows the unit cell parameters
obtained (X-Ray) and calculated (QE-VC-Relax), and
Figure 8a–c shows the packing of atoms in the unit cell
obtained from QE-VC-Relax and X-Ray.

3.3. IR studies

The dimer structure was optimised with DFT/B3LYP/6–
31G(d) theory usingX-Ray experimental atomic position
of the title molecule (Figure 9). The vibration frequencies
were calculated using the optimised dimer structure. The
title compound has C1 point group symmetry with 58
atoms in symmetric unit and 171 fundamental vibration
frequency. A scale factor of 0.9613 [42] was used to cor-
rect the calculated vibrational frequencies. Experimental
and calculated spectra (obtained from dimer structure)
are shown in Figure 10.

While the stretching vibration frequency of N–H
group, which has made an intermolecular bonding,
decreases, the bending vibration frequency increase [43].
While the free vibration frequency of N–H group peaks
at 3500–3300 cm−1, the bonded N–H group frequency
occur in 3200–2400 cm−1 [44,45]. In our study, the vibra-
tion frequency of this mode was observed at 3127 cm−1

and calculated at 3119 cm−1. In the literature, this fre-
quency was reported at 3179 cm−1 and calculated at
3101 and 3075 cm−1 [46]. In-plane bending vibration
frequency of NH group has been observed at 1494
and 1434–1586 cm−1 [46] in literature. This vibration
mode was calculated at 1446–1583 cm−1. The out-of-
plane bending vibration frequency of this group was
observed at 760 cm−1 and calculated at 716 cm−1. Con-
sidering all these results, it can be concluded that the NH
group has been used for intermolecular bonding. The
vibrational frequencies of C=N (thiazole) and C=N
(Hydrazone) of the other groups of the molecule were
observed at 1618 and 1568 cm−1, respectively, and are
consistent with the literature [46]. These peaks were
calculated at 1601 and 1565 cm−1. In most hydro-
carbons, CH2 symmetrical stretching vibrations were
expected to appear at 2900–2850 cm−1 ranges, while
their asymmetric stretching vibrations were observed at
3000–2900 cm−1 [47]. In the present study, symmetrical
and asymmetric CH2 stretching vibrations were recorded
at 2864 and 2966 cm−1, respectively and calculated at
2950–2957 and 3004–3011 cm−1.
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Figure 7. Total energy graphs according to Ecut and lattice constant (a) LDA, (b) GGA approaches.

Figure 8. Representation of atoms within the unit cell of the title crystal (a) X-Ray, (b) LDA-QE-VC-Relax, (c) GGA-QE-VC-Relax.

3.4. NMR studies

The 13C and 1H NMR spectra were recorded
on a Varian-Gemini 400MHz spectrometer using
tetramethylsilane (TMS) as the internal reference. GIAO
(Gauge-Independent Atomic Orbital) [48,49] method
and Gaussian 09 program were used to calculate chem-
ical shift values of the isolated single molecule in solu-
tion (in CDCl3 solution) and TMS molecule was taken
as reference. Experimentally, when the 13C-NMR spec-
trum of the compound is examined in Figure 11a, the
peaks of C12 at 155.86 ppm, C13 at 101.99 ppm and C14

at 168.85 ppm indicate that the thiazole ring is formed.
In particular, the C14 signal is larger than other car-
bon atoms due to the electronegative atoms (N and S
atoms) around it. The chemical shift values of C12, C13
and C14 atoms were calculated at 147.87, 102.28 and
165.2 ppm, respectively.

Experimentally, in the 1H-NMR spectrum (Fig-
ure 11b), the hydrogen peak of the NH group was experi-
mentally observed at 8.05 ppm.As it is known, acidic pro-
ton peaks such as OH andNHwere expected to appear at
1–14 ppm ranges. In the theoretical calculation, the value
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Figure 9. Representation of dimer structure of the title crystal.

of this peak was calculated at 11.25 ppm. The peak of
azomethine group (−CH=N) was observed experimen-
tally at 8.67–8.69 ppm and calculated at 9.16 ppm. The
proton signal of the CH group in the thiazole ring was
determined at 6.29 ppm and calculated at 5.73 ppm. The
CH3 and CH2 proton peaks on the cyclobutane ring were
observed at 1.5 and 2.56–2.60 ppm, respectively. These
peaks were calculated at 0.12–0.52 and 2.05–2.47 ppm.
Other NMR values of the synthesised compound are
given in Table 6.

3.5. Frontiermolecular orbitals (FMOs)

HOMO and LUMO orbital energy values were inves-
tigated on the optimised structure of the title com-
pound. These orbitals describe intramolecular interac-
tions. HOMO energy determines the tendency to give

Figure 10. Experimental and Theoretical IR spectra of the title
compound.

electrons and LUMO energy determines the tendency to
take electrons. The small energy value between HOMO
and LUMO explains the charge transfer interactions that
occur within the molecule and are effective in chemi-
cal and biological activities [50] and initiates also charge
transfer that makes the material active as NLO [51]. The
molecularmechanismof the interaction area between the
ligand-receptor at the quantum chemical level explains
that it interacts with HOMO orbitals on the nucleophilic
molecule (drug) and LUMO orbitals on the electrophilic
receptor active site [52]. More favourable interactions
between the high-value HOMO energy ligand and its
receptor have been reported in previous studies [53].

Figure 11. Experimental (a) 13C NMR (b) 1H NMR spectra of target compound in solution.
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Figure 12. Molecular orbital surfaces and energy levels for the
HOMO and LUMO.

The calculations were carried out in the gas and solid
phase, and the HOMO-LUMO energy values and the
difference between these two orbitals were calculated as
being −5.03, −2.04 and 2.99 eV in the gas, respectively
and −3.05, −1.23 and 1.82 eV in the solid phase. As
shown in Figure 12, the title molecule contains 118 occu-
pied and 431 unoccupied molecular orbitals, the positive
phase which is blue and the negative phase which is

yellow and the highest energy occupiedHOMO ismainly
localised on the N2 andN3 atoms and anthracen and thi-
azole rings, and the lowest energy unoccupied LUMO is
mainly located on the N2 and N3 atoms and anthracen
ring.

3.6. Mulliken, NPA, AIM charges andMEP analysis

For further information on the nature and strength
of inter-intramolecular hydrogen bonding interactions
within the title molecule, the QTAIM approach of
the Bader, Mulliken and NPA charge analyses were
used.

To give information about the strength and charac-
teristics of a chemical bond, electron density (ρBCP),
Laplacian of electron density (∇2(ρBCP)), the potential
energy density (V (r)) and the kinetic energy density
(G (r)) at different bond critical points (BCPs) were cal-
culated using the QTAIM approach. The total electron
energy density (H (r)) was obtained by using formula
H(r) = G(r)+V(r) [54,55]. While ∇2(ρBCP) is nega-
tive in covalent bonds (∇2(ρBCP) < 0), it is positive
in bonds formed by ionic, Van der Waals and hydro-
gen interaction (∇2(ρBCP) > 0). It has been reported as
covalent hydrogen bonds; ∇2(ρBCP) < 0 and HBCP < 0,
medium hydrogen bonds in partial-covalent character;
∇2(ρBCP) > 0 andHBCP < 0 and weak hydrogen bonds
in electrostatic character; ∇2(ρBCP) > 0 and HBCP > 0,
according to Rozas et al. [56] based on the QTAIM

Figure 13. Molecular graph of dimer structure: bond critical points (small green spheres), ring critical points (small red sphere).
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theory. According to the QTAIM theory, the interaction
of the dimer structure using AIMAII program is shown
in Figure 13.

Topological parameters of inter-intramolecular inter-
actions are given in Table 7. As shown in Table 7, HBCP
value is negative for N2–H2N···N1 interaction and pos-
itive for C18–H18···N3 interaction. According to the
criteria given by Rozas et al. and the literature [57],
the intermolecular N2–H2N···N1 interaction is stronger
than the intramolecular C18-H18···N3 interaction. Posi-
tive ρBCP and∇2ρBCP values of both interactions showed
that these interactions were natural electrostatic bind-
ings. Also, the AIM approach could also be used to evalu-
ate inter-intramolecular hydrogen bonding interactions.
The presence of a bond critical point (BCP) and the bond
path connecting two atoms together provide conclusive
evidence of hydrogen bonding [58]. The relationship
between interaction energy (Eint) and potential energy
density was reported by Espinoza; Eint = 1/2 (VBCP)
[59]. These calculated Eint values are given in Table 7 and
based on theEint values, it can be said that the intermolec-
ular N2–H2N···N1 interaction (Eint of−5.49 kcal/mol) is
stronger than the intramolecular C18–H18···N3 interac-
tion (Eint of −3.48 kcal/mol). Furthermore, as shown in
Figure 13, there is weak C–H···π interaction between the
C8 atom and the Cg6 ring with an interaction energy of
−0.44 kcal/mol.

The Mulliken, NPA and AIM atomic charges which
have been calculated from the optimised molecular
geometry of the title crystal are given in Figure 14.

According to the results of the whole charge analy-
ses, all hydrogen atoms in the molecule have positive
charges.

The most negative atomic charges in the molecule is
on the N1 (−0.57), N2 (−0.244) and N3 (−0.508) for
Mulliken, N1 (−0.581), N2 (−0.264) and N3 (−0.387)
for NPA andN1 (−1.228), N2 (−0.775) andN3 (−0.841)
for the AIM analysis as well as the most positive atomic
charge is on the H2N (0.396 for Mulliken, 0.390 for NPA,
0.483 for AIM) atom. The three methods displayed simi-
lar results to each other. According to all of these results,
it can be said that N1, N2, N3 and H2N atoms could be
used for inter-intramolecular interaction.

When themolecular potentialmap (MEP) (Figure 15a)
of optimised geometry is examined, it is seen that the
regions encoded with the most negative region that is
determined by the red colour and the most positive
region, which is determined by the blue colour, give
equivalent results with partial charge values obtained
fromMulliken, NPA and AIM analysis. Furthermore, the
most negative atoms are clearly seen in orange regions
in the secondary MEP map obtained from electron den-
sity (Figure 15b). In MEP plots (Figure 15a,b), the most
negative regions were found to be on N1 (−0.039 a.u.)
and N3 (−0.035 a.u.) atoms, and are consistent with the
AIM,NPAandMulliken charge analysis. In the sameway,
in Figure 15a, the most positive region is on the H2N
(+0.048 a.u.) atom and it shows excellent with the results
of AIM, NPA and Mulliken charge analysis. According
to this results, N1 and N3 atoms are the most suitable

Table 7. Topological parameters for bonds of interacting atoms: electron density (ρBCP), Laplacian of electron density (∇2ρBCP), kinetic
electron energy density (GBCP), potential electron energy density (VBCP), total electron energy density (HBCP), hydrogenbond energy (Eint)
at bond critical point (BCP).

Interaction ρBCP (a.u.) ∇2ρBCP (a.u.) GBCP (a.u.) VBCP (a.u.) HBCP (a.u.) Eint (kcal/mol)

N2–H2N···N1 +0.0248 +0.0632 +0.0167 −0.0175 −0.0008 −5.49
C18–H18···N3 +0.0166 +0.0585 +0.0129 −0.0111 +0.0018 −3.48
C8–H8b···π +0.0036 +0.0105 +0.0020 −0.0014 −0.0006 −0.44

Table 8. Interaction Energies (kJ/mol) between a reference molecule and its neighbours. R: the distance between molecular centroids
(mean atomic position) in Å.

C N S R Interaction Eelectrostatic Epolarization Edispersion Eexchange−repulsion Etotal

1 −x,−y,−z 15.65 −4.0 −0.4 −13.5 11.8 −9.0
2 x,−y+1/2, z+1/2 18.21 −0.4 −0.2 −7.1 1.6 −5.8
1 −x,−y,−z 10.49 Cg4···Cg5/Cg5···Cg6 −9.5 −3.5 −79.9 45.7 −54.0
2 −x, y+1/2,−z+ 1/2 17.09 −2.5 −0.4 −14.5 7.3 −11.1
2 x,−y+ 1/2, z+ 1/2 17.84 −0.9 −0.2 −8.6 5.4 −5.2
2 x, y, z 11.03 −1.4 −0.3 −9.9 7.6 −5.7
2 −x, y+ 1/2,−z+ 1/2 8.81 −7.4 −3.0 −54.8 24.1 −42.9
1 −x,−y,−z 13.95 Cg1···Cg1 −4.5 −1.5 −48.0 32.0 −27.8
2 x,−y+ 1/2, z+ 1/2 9.36 −5.8 −0.9 −29.7 16.4 −22.5
1 −x,−y,−z 5.28 N2–H2N···N1 −67.6 −15.3 −92.5 103.5 −99.4
0 −x,−y,−z 11.67 0.1 −0.0 −1.7 0.0 −1.3

Notes: C: colour of each molecule; N: the number of equivalent neighbours; S: symmetry operator.
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Figure 14. Mulliken, NPA and AIM charges of (a) non-hydrogen (b) hydrogen atoms of the title compound.

Figure 15. (a) Primary (b) secondary MEP surfaces obtained from the electron density of the title compound.

regions for electrophilic reaction and H2N atom is also
the most suitable for nucleophilic reaction.

3.7. Hirshfeld surfaces

Hirshfeld surface analysis examining intermolecular
interactions is also of great interest in the field of crystal-
lography because it provides detailed information about

the solid-state behaviour of compounds, and the Hir-
shfeld surface (dnorm) is expressed by the following
equation;

dnorm = di − rvdwi

rvdwi
+ de − rvdwe

rvdwe

In the equation, di is the distance from the Hir-
shfeld surface to the nearest nucleus inside and de

Figure 16. dnorm Hirshfeld surfaces of structures obtained by (a) X-Ray (b) GGA-QE-VC-Relax.



MOLECULAR PHYSICS 13

Figure 17. The Hirshfeld surface mapped over (a) shape-index (b) over curvedness of title compound.

outside the surface. rvdwi and rvdwe represent van der
Waals radii of atoms [60]. The red, blue and white
regions in the Hirshfeld surface map associated with the

dnorm indicate that the interatomic distance is smaller,
greater and equal than the van der Waals radii sum,
respectively [61]. The molecular electrostatic potentials

Figure 18. 2D fingerprint plots for the title compound, showing (a) all interactions (b) C···H/H···C% 23.8, (c) C···C%6.6 (d) H···H%53.7,
(e) N···H/H···N% 8.1.
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Figure 18. Continued.

of the three-dimensional Hirshfeld surfaces (dnorm) of
the experimental and optimised structures obtained
by the GGA method were −0.362 to +1.510 and
−0.472 to +1.555 a.k.b. mapped on the colour scale
using Hartee–Fock theory with STO-3G [62,63] basis
set (Figure 16a,b). On Hirshfeld surfaces map obtained
from the X-Ray structure, the two bright dark red
spot circles that emerge on the dnorm surface represent
strong N–H · · ·N interactions which H2N · · ·N1 inter-
action length is 2.163Å (Figure 16a). Furthermore, the
H2N · · ·N1 interaction length in the structure obtained
from GGA approach has been observed at 2.000Å
(Figure 16b) and shorter than the other.

The Hirshfeld shape index and curvedness surface
describes π–π interactions that occur planarly between
molecular pairs [64]. These interactions have been rep-
resented by red and blue adjacent ‘triangles’ in the shape
index of the Hirshfeld surface. The Hirshfeld shape index
is shown in Figure 17a, and the adjacent red and blue
triangular symbols on the circled rings Cg1 and Cg4-
6 indicate that these rings interact π–π between the
molecular pairs. At the same time, these interactions on
the curvedness surface are seen as flat regions on the ring
(Figure 17b).

The 2D fingerprint represents a way to define and
summarise the contact type of all interactions between

molecular pairs [65]. The 2D fingerprint graphs given
in Figure 18 show the presence of H···H, O···H, N···H
and C···H interactions in the crystal. H···H interaction
corresponds to 53.7% of the total interaction on the Hir-
shfeld surface, while C···H/H···C interactions to 23.8%,
C···C interactions to 6.6% and N···H/H···N interactions
provide the lowest contribution with 8.1%.

The H···N/N···H contacts, which correspond to the
N2–H2···N1 hydrogen bonding, appear as two sharp
symmetric spikes in the two-dimensional fingerprint
map with a protruding long spike at de+ di = 2.13Å.
The H···H/H···H contacts, which represent the short
interatomic interactions, were represented by a single
broad peak at de = di � 1.06Å in themiddle of the scat-
tered points on the two-dimensional fingerprint maps.
The C···C/C···C contacts, which are the measure of
π–π stacking interactions, are shown by a unique tri-
angle at de = di � 1.75Å. The total interaction energy
between molecular pairs is sum of the energies of the
four major components including electrostatic, polari-
sation, dispersion, and exchange-repulsion components
with scale factors of 1.057 (k_ele), 0.740 (k_pol), 0.871
(k_disp) and 0.618 (k_rep), respectively for bench-
marked energy models [66]. These energies of the title
compound were obtained using a dispersion-corrected
CE-B3LYP/6-31G (d, p) quantum level of theory. The
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Figure 19. (a) Interactions between the reference molecule, which are indicated by yellow colour, and the molecules present within a
radius of 3.8 Å (b) coulombenergy (red cylinders) framework, (c) dispersion energy (green cylinders) framework and (d) total energy (blue
cylinders) framework.

energies were calculated using the Crystal-Explorer for
the 3.8 Å radius cluster of molecules around a selected
reference molecule. The data reported in Table 8 shows
that crystal packaging in the title compound is mostly
equilibrated with electrostatic, dispersion and exchange-
repulsion components, and that the major contribu-
tion to electrostatic energy is due to the strong hydro-
gen bonding. In Figure 19a, within the supramolecular
architecture, the magnitude of the four intermolecular
interaction energies of the crystal structure is visualised
in 2× 2× 2 block unit cells using energy frames. The
energy frameworks have been represented as cylinders
that connect centroids of molecule pairs. The radius of
these cylinders is proportional to the magnitude of the
energy frameworks and is represented by red cylinders
for Eelec, green for Edis and blue for Etot (Figure 19b–d).
All energy frameworks were adjusted to the scale for
tube/cylinder size of 100 with a cut-off value of 4 kJ/mol.

4. Conclusions

In this study, the structure of 2-(2-(anthracen-9-ylmethy
lene)hydrazinyl)-4-(3-methyl-3-phenylcyclobutyl)thiaz-
ole compound was elucidated by experimental and
theoretical studies using X-Ray diffraction, IR and NMR

spectroscopic methods. In particular, the geometric
parameters of the title compound were also calculated in
the Solid phase. Nucleophilic and electrophilic reaction
sites on the title molecule were determined by Mulliken,
NPA and AIM charge analyses. The hydrogen bonding
and π–π interactions in the molecule were examined by
calculatingHirshfeld surfaces of the title crystal. All inter-
actions between the molecular pairs were elucidated in
detail with 2D fingerprint graphics on the Hirshfeld sur-
face. Finally, the interaction energies between the molec-
ular pairs of the title compoundwere calculated using the
Hirshfeld surface.
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