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Abstract
In this study, the molecular structure of single crystal containing Schiff bases has been characterized by X-ray diffrac-
tion, NMR, IR and UV‒Vis spectral techniques and compared with similar molecules in the literature. For the purpose 
of supporting X-ray results, geometric parameters and spectroscopic studies of the title compound were theoretically 
performed by Hartree‒Fock and density functional theory methods. In addition, the title compound’s molecular energies, 
Mulliken‒ESP‒NPA‒Hirshfeld charges, molecular electrostatic potential surface, Frontier orbitals and thermodynamic 
properties to elucidate intermolecular interactions were calculated. All the calculations in gas and solid phases were car-
ried out using Gaussian 09 and Quantum Espresso programs. It was found that the studies of X-ray are more compatible 
with the calculations made in the solid phase.
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1  Introduction

Aromatic heterocycle compounds have attracted more 
attention than poly ring cyclic aromatic compounds con-
taining only carbon atoms, since they are very common in 
nature. Heterocyclic compounds also contain both carbon 
atoms and other atoms such as N, S and O in their struc-
ture. Thiazoles are also of the class of heterocycle com-
pounds. In a ring of five, this compound is called thiazole 
if the sulfur and nitrogen atoms are in position 1 or 3. Many 
antibiotics and biomolecules containing thiazole and its 
derivatives are known to have biological importance. The 
compounds with thiazole ring have applications in phar-
macology such as allergies [1], schizophrenia [2], hyper-
tension [3], anti-HIV [4], anti-bacterial [5], anti-thrombotic 

activity [6], anti-protozoal [7], anti-helminthic [8], anti-
microbial [9]. Furthermore, 2-aminothiazoles exhibit 
potential activity in many human cancer cell lines [10–13]. 
Thiazole rings are used as starting materials in many areas 
of chemistry. In addition, some thiazole compounds are 
used in the paint industry and in agriculture [14]. Cyclobu-
tanes, which have a ring system with four carbon atoms, 
are organic compounds. There is bond tension in the 
cyclobutane ring, and because of this tension, the rings 
can easily react and be converted to straight-chain com-
pounds. Furthermore, this tension makes the molecule 
more stable conformation by puckering the cyclobutane 
ring. Their carboxylic acid derivatives have antidepres-
sant activity and liquid crystal properties. They are used 
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for different purposes, especially in the synthesis of het-
erocyclic substances [15].

In this paper, newly synthesized chloro-acetic acid N′--
(2-hydroxy-naphthalen-1-ylmethylene)-N-[4-(3-methyl-3-
phenyl-cyclobutyl)-thiazol-2-yl]-hydrazide was character-
ized with the help of X-ray diffraction, FT-IR, NMR and 
UV–VIS spectroscopy. Also, these spectroscopic studies, 
molecular energy, net charge, Molecular Electrostatic 
Potential (MEP) and boundary orbitals of the title com-
pound were carried out theoretically.

2 � Materials and methods

2.1 � X‑ray crystallography

Diffraction data of the head crystal were collected using 
the STOE IPDS II (Imaging Plate Diffraction System) dif-
fractometer. X-AREA and X-RED32 [16] programs were 
used for data collection and reduction processes, respec-
tively. After the necessary corrections had been applied 
to the collected data, the title compound was solved by 
direct methods with the help of SHELXT-2015 [17] soft-
ware and refined by the least squares method with the 
help of SHELXL-2015 [18] software included in the Olex2 
[19] packet program. All non–hydrogen atom parameters 
were refined anisotropically and all H atom parameters 
were located geometrically and refined by using a riding 
model with Uiso (H) = xUeq, where x = 1.5 for CH3 and OH 
groups and 1.2 for CH2 and CH groups. The Uiso values for 
H atoms are in the range 0.063–0.236.

2.2 � Synthesis

The compound was synthesized as shown in Scheme 1 
by the following procedure. To a stirred solution of 
1-{[4-(3-methyl-3-mesityl-cyclobutyl)-thiazol-2-yl]-
hydrazonomethyl}-naphthalen-2-ol (0.456 g, 1 mmol) in 
30 mL of absolute ethanol, chloroacetyl chloride (1 mmol) 
in 10 mL of absolute ethanol was added dropwise in 2 h 

period at room temperature in the presence of 1 mmol 
triethylamine. After the mixture was stirred 2  h more 
and poured into water. Thus, precipitated solid sub-
stance was filtered off, washed with aqueous NH3 solu-
tion several times and dried in air. Suitable single crys-
tals for crystal structure determination were obtained 
by slow evaporation of its ethanol solution. Yield: 67%, 
melting point: 428 K. Characteristic IR bands: 3390 cm−1 
ν(–OH), 2957–2858 cm−1 ν(aliphatics), 1706 cm−1 ν(C = O), 
1623 cm−1 ν(C = N azomethine), 1593 cm−1 ν(C = N thia-
zole), 736 ν(C–Cl), 639  cm−1 ν(C–S–C thiazole). Char-
acteristic 1H NMR shifts (CDCl3, δ, ppm): 1.60 (s, 3H, 
–CH3 in cyclobutane), 2.18 (s, 6H, o–CH3), 2.21 (s, 3H, 
p–CH3), 2.66–2.70 (m, 4H, –CH2– in cyclobutane), 3.64 (q, 
j = 8.78 Hz, 1H, > C–H in cyclobutane), 4.62 (s, 2H, –CH2–Cl), 
6.70 (s, 2H, aromatics), 6.90 (d, j = 0.73 Hz, 1H, = CH-S), 7.24 
(t, j = 6.22 Hz, 2H aromatics), 7.38–7.46 (m, 2H, aromat-
ics), 7.80–7.88 (m, 2H, aromatics), 7.90 (d, j = 9.15 Hz, 1H, 
aromatics), 9.82 (s, 1H, azomethine), 11.51 (s, 1H, –OH 
D2O exchangeable). Characteristic 13C NMR shifts (CDCl3, 
δ, ppm): 165.38, 160.15, 158.84, 157.05, 144.25, 135.44, 
135.30, 134.88, 132.94, 130.57, 129.50, 128.57, 128.40, 
124.21, 119.92, 119.23, 111.90, 107.61, 43.97, 42.79, 41.23, 
31.71, 24.78, 21.65, 20.65.

2.3 � Computational details

All theoretical calculations in the gas phase were per-
formed by the Gaussian 09 program package [20] which 
use the density functional theory (DFT)/B3LYP [21–23] 
functional and the 6−31G(d) [24] basis set. GaussView 5 
[25] program was used to visualize the obtained results. 
The solid phase calculations were performed using the 
Quantum Espresso software [26] within the density func-
tional theory (DFT). The correlation functionals were per-
formed by the generalized gradient approximation (GGA), 
as proposed by Perdew–Burke–Ernzerhof (PBE) [27] and 
Local Density Approach (LDA), as proposed by Perdew-
Zunger (PZ) [28].

Scheme 1   Synthetic route for the synthesis of the target compound
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3 � Results and discussion

3.1 � Geometrical structure

The crystal parameters, data collection and details of 
refinement process are shown in Table 1 and a diagram, 
which the crystal drawn with experimental 20% probabil-
ity ellipsoids, is shown in Fig. 1.

The molecule has non-coplanar thiazole, cyclobutane, 
trimethyl benzene and naphthalene rings. The angles 
between the cyclobutane-thiazole and the cyclobutane-
trimethyl benzene rings are 55.09° and 40.60°, respec-
tively. Experimental and calculated bond lengths, bond 
angles and torsion angles are also shown in Table 3. The 
bond lengths of O1‒C1, C11 = N1, C19‒C17, S1 = C15, 
C22‒C20 and C14 = N3 are experimentally 1.351 (3), 
1.279 (3), 1.527 (4), 1.704 (2), 1.522 (4) and 1.303 (3) Å, 
respectively and these lengths are in accordance with 
the literature values [29, 30]. The crystal has C‒H···O 
intermolecular and O‒H···N and C‒H···N intramolecular 

hydrogen bonds. The crystal is also stabilized by normal 
van der Waal’s forces and by π-π stacking interactions 
between the naphthalene rings. The molecular structure 
has adopted the enol-imine form and has been stabilized 
by the O‒H···N type intramolecular hydrogen bond-
ing. The bond lengths C1‒O1 showing the single bond 
character and C11 = N1 showing the double bond char-
acter support that the molecule adopts the enol-imine 
form. These bond lengths agree with the bond lengths 
obtained from similar enol-imine form structures [31, 
32]. It is observed that C‒H···O hydrogen bond between 
linking adjacent molecules formed a chain sequence 
along the b-axis direction with graph set analysis C(10) 
motif (Fig. 2) and N‒H···O hydrogen bond generates an 
S(6) ring motif.

In addition, within the title compound, there is a π···π 
interactions occur between the naphthalene rings of 
neighboring molecules linked by symmetry. The cen-
troid–centroid distance between Cg1 (C4–C9) and Cg2ii 
(C3/C4/C9/C1/C2/C10) [symmetry code: 1 − x, − 1/2 + y, 
1/2 − z] is 3.959 (2) Å. As a result of the structure solution 
and refinement, ORTEP-3 of the obtained structure and the 
packaging drawing of the title compound in the unit cell 
are shown in Figs. 2 and 3, and the information about the 
hydrogen bindings are shown in Table 2.

In order that the stable molecular structure may be 
found, the global minimum scanning (2-dimensional PES 
analysis) were realized on the potential energy surfaces 
using AM1 semiempirical method [33]. Single point ener-
gies were calculated, which can affect the lowest energy 
conformation belonging to the molecule, changing the 
torsion angle θ (N1–N2–C14–S1) in steps of 10° ranging 
from − 180° to 180°. The two-dimensional single point 
energy profile versus the torsion angle is shown in Fig. 4. 
With the help of this graphic, global and local minimums 
were determined.

Table 1   Data collection and refinement values of title compound

Empirical formula C30H30ClN3O2S
Formula weight 532.08
Temperature/K 293 (2)
Crystal system Monoclinic
Space group P21/c
a/Å 16.4126 (9)
b/Å 23.5804 (9)
c/Å 7.1367 (4)
α/° 90
β/° 96.558 (4)
γ/° 90
Volume/Å3 2743.9 (2)
Z 4
ρcalcg/cm3 1.288
μ/mm−1 0.247
F (000) 1120.0
Crystal size/mm3 0.50 × 0.28 × 0.14
Radiation MoKα (λ = 0.71073)
2Θ range for data collection/° 2.498 to 53.574
Index ranges − 20 ≤ h ≤ 20, − 29 ≤ k ≤ 29, − 9 ≤ l ≤ 8
Reflections collected 28,334
Independent reflections 5816 [Rint = 0.0683, Rsigma = 0.0514]
Data/restraints/parameters 5816/0/339
Goodness-of-fit on F2 0.961
Final R indexes [I >=2σ (I)] R1 = 0.0505, wR2 = 0.1088
Final R indexes [all data] R1 = 0.1000, wR2 = 0.1257
Largest diff. peak/hole/e Å−3 0.27/− 0.28
CCDC 761,391

Fig. 1   ORTEP-3 shape of the title compound
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Fig. 2   Representation of inter-
molecular hydrogen bonds of 
the title compound. Hydro-
gens that do not contribute to 
binding have been deleted for 
clear indication

Fig. 3   Packing of the title compound with C‒H···O and π‒π interactions along the c axis
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As seen in Fig. 4, the two most stable conformer (conf1 
and conf2) were identified corresponding to global and 
local values at nearly − 120° and 100° angles. As a result 

of the re-optimization of the obtained two conformer, 
the corresponding total energy values were determined 
as − 2334.315800 a.u. (conf1) (Fig. 5a) and − 2334.310532 
a.u. (conf2) (Fig. 5b). The conf1 conformation, which has a 
lower total energy, is more stable and has been used in all 
theoretical calculations.

Experimental and theoretical bond lengths, bond 
angles and torsional angles in the gas and solid phases 
of the title compound are listed comparatively in Table 3. 
When the calculated values in the Table 3 are examined, 
it is seen that HF method for bond lengths and B3LYP 
method for bond angles are more successful in repre-
senting experimental geometry in gas phase. Likewise, 
the GGA method has yielded better results than the LDA 
method for all parameters in the solid phase.

Figure  6 shows the overlap of X-ray and calculated 
molecular geometries. The RMS values resulting from the 
superposition of the experimental and theoretically struc-
tures were found to be 0.631 Å for HF level and 0.470 Å for 
B3LYP level. According to these results, DFT method has 
less error and characterizes the three dimensional struc-
ture of molecular geometry better than HF method.

3.2 � Periodic boundary calculations (PBC)

The coordinates of 268 atoms in the unit cell were 
obtained from the cif file of the title compound and the 
kinetic energy cut-off (Ecut) value to model the system 
in the Plane Wave Self-Compliance field program was 
selected as 80 Ry. Furthermore, lattice constant was taken 
as 31.0155 a.u. and the numbers of k-point mesh for the 
Brillouin region were determined by MP (Monkhorst–Pack) 
method [34] and taken as 2 × 2 × 2. In order to increase the 
accuracy of the results of the total energy calculation, a 
convergence value of 10−6 Rydberg (Ry) was used. The 
optimized parameters of the unit cell were obtained using 

Table 2   Hydrogen bond geometry for the title single compound

Symmetry codes (i): − x, + y− 1/2, − z + 1/2, (ii): − x, 1 − y, z

Cg1 the centroid of the (C4–C9) ring; Cg2 the centroid of the (C3–
C4/C9/C1–C2/C10) ring

D‒H···A D‒H (Å) H···A (Å) D···A (Å) D‒H···A (°)

C5‒H5···O2i 0.930 2.130 2.767(3) 125
O1‒H1···N1 0.820 1.930 2.643(3) 146
C11‒11···N3 0.930 2.130 2.769(3) 125
Cg(I) Cg(J) Cg···Cg (Å)
Cg1 Cg2ii 3.959

Fig. 4   Molecular energy profile versus the selected torsional 
degree of freedom

Fig. 5   Optimized conformations of the title compound crystal; a conf1, b conf2
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Table 3   Some experimental 
and theoretically obtained 
geometric parameters

X-ray HF DFT LDA GGA​

Bond lengths (Å)
 O1‒C1 1.351(3) 1.324 1.345 1.325 1.350
 O2‒C12 1.205(3) 1.189 1.215 1.219 1.226
 N2‒C14 1.406(3) 1.402 1.414 1.390 1.415
 C14‒N3 1.303(3) 1.275 1.304 1.302 1.311
 C11‒N1 1.279(3) 1.27 1.301 1.294 1.307
 C12‒N2 1.389(3) 1.379 1.404 1.377 1.403
 S1‒C15 1.704(2) 1.735 1.738 1.702 1.723
 S1‒C14 1.723(2) 1.739 1.768 1.721 1.752
 N3‒C16 1.379(3) 1.385 1.384 1.359 1.378
 C17‒C18 1.529(3) 1.535 1.543 1.537 1.553
 C19‒C17 1.527(4) 1.540 1.552 1.521 1.543
 C20‒C18 1.557(4) 1.563 1.574 1.554 1.575
 C20‒C21 1.544(4) 1.538 1.543 1.512 1.537
 C22‒C20 1.522(4) 1.536 1.534 1.504 1.530
 RMS 0.010 0.012 0.015 0.012

Bond angles (°)
 C11‒N1‒N2 120.0(2) 124.93 123.27 120.08 120.81
 N2‒C12‒C13 115.0(2) 114.27 115.71 115.20 115.46
 O1‒C1‒C10 122.9(2) 124.35 122.58 121.26 121.41
 C12‒N2‒N1 115.1(2) 116.94 114.03 116.38 115.18
 C12‒N2‒C14 120.5(2) 122.36 119.73 119.11 119.36
 N1‒N2‒C14 124.5(2) 122.85 126.22 124.49 125.44
 C17‒C18‒C20 90.1(2) 89.67 89.74 89.705 90.51
 C19‒C17‒C18 87.6(2) 88.01 88.01 88.400 88.40
 C22‒C20‒C18 117.1(2) 117.98 118.14 116.84 116.14
 C24‒C23‒C22 119.6(3) 120.09 119.87 119.74 119.75
 C25‒C24‒C23 123.4(3) 122.37 122.50 122.32 122.66
 RMS 1.896 1.346 0.860 0.841

Dihedral angles (°)
 N1‒N2‒C14‒S1 − 161.16(15) − 165.62 − 175.55 − 162.10 − 170.34
 C12‒N2‒N1‒C11 − 164.89(19) 129.60 178.40 − 167.94 − 162.99
 C15‒S1‒C14‒N3 − 0.4(2) − 0.59 − 0.47 − 0.00 0.19
 N3‒C16‒C17‒C18 172.6(2) − 171.81 − 171.54 174.23 179.78
 C23‒C22‒C20‒C19 − 143.46(18) − 142.35 − 142.46 − 143.08 − 145.86
 C23‒C22‒C20‒C21 85.9(3) 89.40 88.32 88.00 85.04

Fig. 6   The overlapping of the geometry (black) obtained from the 
X-ray diffraction of the crystal and the optimized geometries deter-
mined using HF and DFT methods

Table 4   Comparison of the experimental and optimized unit-cell 
parameters calculated by the Quantum ESPRESSO (QE) VC-Relax 
method

Unit cell 
parameters

Experimental GGA​ LDA
X-ray PBE PZ

a (Å) 16.4126(9) 16.60550 15.79458
b (Å) 23.5804(9) 24.30976 22.88768
c (Å) 7.1367(4) 8.19235 6.70280
β (°) 96.558(4) 99.5814 96.5681°
Z 4 4 4
V (Å3) 2743.9(2) 3260.9193 2407.1674
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QE–VC-Relax method and BFGS (Broyden–Fletcher–Gold-
farb–Shanno) quasi-Newton optimization algorithm. 
Table 4 shows the unit cell parameters obtained from 
X-ray and calculated using GGA and LDA methods while 
Fig. 7a–c is shown the distribution of atoms within the unit 
cell. In addition, the total lattice energy values per unit 
cell were obtained using the scf (self-consistent field) set 
included in Quantum-Espresso packet program for GGA 
and LDA methods. The energy values according to GGA 
and LDA methods were found to be − 2208.76400880 Ry 
and − 2201.94258365 Ry, respectively, which indicate that 
the GGA method has reached a more stable structure than 
the LDA method. 

3.3 � Spectroscopic studies

The experimental and calculated IR spectra of the title 
compound is shown in Fig. 8 and vibration frequency 
values are given in Table 5. The molecule has 195 normal 
modes of vibration. The essential characteristic vibrations 
of the title compound are C–H (aromatic), C = O, C = N 
(thiazole) and N–C = S vibrational frequencies connected 
to the ring groups were experimentally observed to be 
3098, 1706, 1593 and 1207 cm−1, respectively, as compat-
ible with the literature [35, 36]. These modes have been 
calculated at 3083, 1781, 1476 and 1192 cm−1 for HF level 
and at 3148, 1726, 1472 and 1217 cm−1 for B3LYP level. 
While the O–H group, which does not contain an intra-
molecular or intermolecular hydrogen bonding, has a 
free vibration frequency between 3700 and 3550 cm−1, 
this vibration frequency containing hydrogen bonding is 
observed between 3550 and 3200 cm−1 [37]. In our study, 
this frequency value was observed at 3293 cm−1, while it 

was calculated at 3459 cm−1 for HF level and at 3224 cm−1 
for B3LYP level and compares well with the value reported 
previously as 3436 cm−1 for experimentally and 3406 cm−1 
for B3LYP level [38]. 

Experimental and calculated 1H and 13C chemical shift 
values for the title molecule are given comparatively in 
Table 6. The peaks of the C14, C15 and C 16 atoms in the 
13C-NMR spectrum (Fig. 9) may indicate that the mol-
ecule has a thiazole ring. The chemical shift values of 
these atoms are higher than other carbon atoms. Due 
to deshielding by the electronegative property of the N 
and S atoms, the chemical shift values of C14, C15 and 
C16 atoms are greater than the other carbon atoms and 

Fig. 7   Representation of atoms within the unit cell of the title compound a X-ray, b QE–VC-relax; GGA, c QE-VC-Relax; LDA

Fig. 8   Experimental and calculated IR spectra
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were experimentally found to be 165.38, 107.61 and 
153.3 ppm, respectively which is consistent with the val-
ues reported previously (168.54, 99.58 and 151.07 ppm) 
[38]. Similarly, the C1 and C12 carbon peaks linked to O1 
and O2 atoms were experimentally found to be 157.05 
and 160.15 ppm. These values agree with similar mole-
cules [39]. The C1, C12, C14, C15 and C16 peaks were cal-
culated at 162.95, 174.60, 173.11, 109.32 and 151.23 ppm 
for HF theory, respectively and at 153.3, 159.31, 155.56, 
109.34 and 146.55 ppm for DFT theory. 

In the 1H-NMR spectrum (Fig. 10), the hydroxy hydro-
gen peak in the naphthalene ring was experimentally 
observed as a single proton peak at 11.51 ppm due to the 
formation of O–H···N intramolecular hydrogen bonding. 

In theoretical calculations, it was found that this peak 
was close to the experimental results at 10.85 ppm for 
HF and at 10.04 ppm for DFT.

Table 5   Comparison of the experimental and calculated vibrational 
spectra

ν stretching; ρs makaslama; ρt rocking; ρw wagging; γ out of plane 
bending

Assignments FT-IR (cm−1) Scaled frequen-
cies (6−31G(d)) 
(cm−1)

HF DFT

ν O–H 3293 3459 3224
ν ring C–H 3098 3083 3148
ν aliphatic C–H 2957 3058 3141
ν aliphatic C–H 2928 – –
ν C = O 1706 1781 1726
ν azometine C = N 1623 1583 1565
ν thiazole C = N 1593 1476 1472
ν aromatic C–C 1572 1631 1602
ν thiazole C = C 1525 1622 1599
ρs CH2 1465 1573 1523
ρt aromatic C–H 1425 1466 1465
ρw CH3 1376 1430 1426
ν C–N 1324 1396 1386
ρt C–H + C–CH 1282 1287 1328
ν C–N + ρw CH2 1245 1230 1279
ν N–C = S 1207 1192 1217
ρt aromatic C–H 1182 1179 1193
ρt aromatic C–H 1145 1142 1188
ρt N–H + ρt C–H + ν C–N 1099 1132 1074
ρt C–H 1069 1074 1077
ρw CH3 1032 1055 1034
ρw CH 954 973 947
ν C–H 853 867 856
γ C–H 812 866 845
ν C–CI 778 799 784
γ C–H 736 756 731
γ C–H 638 641 647

Table 6   Experimental and calculated NMR spectra

Atoms Experimental 
(ppm) (CDCl3)

HF 6−31G(d) 
(ppm) (CDCl3)

B3LYP 
6−31G(d) 
(ppm) (CDCl3)

C1 157.05 162.95 153.3
C2 119.23 114.58 112.13
C3 132.94 141.11 129.76
C4 130.57 124.27 121.22
C5 129.50 131.44 123.74
C6 119.92 121.02 117.09
C7 128.40 130.94 121.83
C8 124.21 117.94 114.1
C9 135.44 136.96 127.55
C10 111.90 101.41 104.2
C11 158.84 162.48 145.99
C12 160.15 174.60 159.31
C13 43.97 46.58 50.63
C14 165.38 173.11 155.56
C15 107.61 109.32 109.34
C16 153.3 151.23 146.55
C17 31.71 28.41 32.38
C18 42.79 35.56 39.84
C19 42.79 39.45 44.04
C20 24.78 35.64 44.09
C21 41.23 23.73 24.08
C22 144.25 142.62 138.1
C23 134.88 136.18 129.56
C24 128.57 128.67 124.09
C25 135.3 134.85 128.23
C26 128.57 128.57 124.05
C27 134.88 136.17 129.79
C28 20.65 21.56 22.57
C29 21.65 19.81 20.94
C30 20.65 21.34 22.78
H(OH) 11.51 10.85 10.04
H(CH3 cyclobutane) 1.60 1.60–1.92 1.56–1.93
H(o–CH3) 2.18 2.17–2.40 1.97–2.32
H (p–CH3) 2.21 1.97–2.61 1.76–2.55
H (–CH2 cyclobu-

tane)
2.66–2.70 2.40–3.00 2.50–2.99

H (C–H cyclobu-
tane)

3.64 3.59 3.86

H (–CH2–Cl) 4.62 4.54–4.62 4.66–4.75
H (aromatic) 6.70–7.89 7.01–8.54 6.66–8.64
H(N = CH) 9.82 12.50 11.74
H(= CH-S) 6.90 5.43 6.28
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3.4 � Total charge distribution, electronic properties 
and MEPs of the title compound

Mulliken, ESP, NPA and Hirshfeld charge distributions 
of the title compound were calculated using the DFT/
B3LYP/6−31G(d) method and are shown in Table 7. When 
the charge distributions are examined, it is seen that the 
most negative charges are collected on N, O and Cl atoms 
while the most positive charges are on C11, C12, C14, 
C16 and H1 (OH) atoms with neighboring electronega-
tive atoms. Since these atoms are used in a strong intra-
molecular hydrogen bonding, the charge densities may 
be increased. As a result of theoretical calculations, the 
fact that both the N1 and N3 atoms are more negatively 
charged than the N2 atom and the O1 atom than the O2 

atom support the intermolecular interactions within the 
crystal obtained by X-ray diffraction. According to these 
results, it is possible to say that these atoms play an impor-
tant role in the formation of intermolecular hydrogen 
bonds.

Schiff bases obtained from aldehydes containing 
o-hydroxy group have two types of tautomeric structures: 
enol-imine and keto-amine. The presence of these two 
types structures was also determined by UV–VIS spectral 
analysis. It is known that electronic transitions occurring 
below 400 nm are enol-imine transitions and electronic 
transitions above 400 nm are keto-amine forms [40].

In our study, UV–VIS spectra (Fig. 11) of C30H30N3O2SCl 
molecule were recorded in ethanol and it was deter-
mined that C = C, N–N and C = O groups may belong to 

Fig. 9   13C NMR spectrum of 
target compound

Fig. 10   1H NMR spectrum of 
target compound
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π → π* and n → π* transitions. The two major maximum 
peaks observed in the experimental UV–VIS spectra are 
at 306.57 nm (molar absorption coefficient; ε = 2800 L/
mol cm) and 277.24 nm (molar absorption coefficient; 
ε = 3050  L/mol  cm). These values correspond to the 
transitions n → π* and π → π*, respectively. This result 
supports that the molecule crystallizes in enol-imine 
form and agree with similar molecule [41]. Using the 
DFT method, these peaks were theoretically obtained 

at 366.93  nm (ε = 20,089  L/mol  cm) and 249.13  nm 
(ε = 18,833 L/mol cm) (Fig. 12) and the two peaks cor-
respond to the electron transitions HOMO → LUMO 
(98%) for 366.93  nm and HOMO-6 →  LUMO (9%), 
HOMO-5 →  LUMO (60%), HOMO-4 →  LUMO (2%), 
HOMO-4 → LUMO + 2 (3%), HOMO-3 → LUMO + 1 (2%), 
HOMO-3 → LUMO + 2 (4%), HOMO → LUMO + 3 (16%) for 
249.13 nm. The experimental and calculated two major 
maximum peaks of UV–Vis spectral data (excitation ener-
gies, wavelength, oscillator strength) were showed com-
paratively in Table 8.  

The HOMO and LUMO orbitals and energy values of 
the title compound are given in Fig. 13. As it is seen, the 
orbitals, which the molecule react by giving electron, 

Table 7   Mulliken, ESP, NPA and Hirshfeld charges

Atoms Mulliken ESP NPA Hirshfeld

O1 − 0.543518 − 0.620822 − 0.67014 − 0.07609
O2 − 0.316729 − 0.476052 − 0.56762 − 0.2496
N1 − 0.376231 − 0.464844 − 0.38205 − 0.081197
N2 − 0.320716 − 0.076626 − 0.28657 0.001814
N3 − 0.3982 − 0.144398 − 0.55112 − 0.17071
S1 0.345211 0.086626 0.44333 0.082128
Cl1 − 0.039878 − 0.109578 − 0.02771 − 0.08903
C1 0.283861 0.62824 0.39746 0.090429
C2 − 0.209474 − 0.308187 − 0.23809 0.005857
C3 − 0.192083 − 0.222032 − 0.12912 0.029339
C4 0.042201 0.108398 − 0.08012 − 0.015333
C5 − 0.211168 − 0.225695 − 0.16081 0.009711
C6 − 0.193433 − 0.149512 − 0.20627 − 0.001056
C7 − 0.198985 − 0.087315 − 0.17624 0.007563
C8 − 0.226593 − 0.337852 − 0.19679 − 0.002904
C9 0.001138 0.370369 − 0.0088 − 1.01E−4
C10 − 0.135345 − 0.684995 − 0.17873 − 0.049288
C11 0.037169 0.631222 0.11473 0.076351
C12 0.506353 0.718559 0.69702 0.177285
C13 − 0.63576 − 0.458508 − 0.43425 0.110769
C14 0.242139 0.144673 0.25162 0.104748
C15 − 0.489673 − 0.40026 − 0.41578 − 0.02537
C16 0.255446 0.082715 0.15582 0.024414
C17 − 0.288577 0.101774 − 0.22575 0.00405
C18 − 0.397613 − 0.426924 − 0.36538 0.013357
C19 − 0.38624 − 0.481257 − 0.35452 0.015278
C20 − 0.136972 1.102273 − 0.03828 0.007235
C21 − 0.596149 − 0.537262 − 0.55688 0.011724
C22 0.042416 − 0.799344 − 0.05055 − 0.017391
C23 0.092553 0.503086 − 0.00317 − 0.008579
C24 − 0.231652 − 0.584253 − 0.20522 − 0.021639
C25 0.07507 0.474382 − 0.01024 − 0.011029
C26 − 0.231643 − 0.569096 − 0.20464 − 0.020895
C27 0.09357 0.454103 − 0.00155 − 0.007661
C28 − 0.721792 − 0.453566 − 0.57494 0.021466
C29 − 0.678798 − 0.433329 − 0.5703 0.030066
C30 − 0.722128 − 0.388889 − 0.57546 0.023827
H1 0.429121 0.391567 0.49022 0.137013
H11 0.312528 − 0.150880 0.22710 0.047622

Fig. 11   Experimental UV–Vis spectrum

Fig. 12   Theoretically UV–Vis spectrum
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are located on thiazole and naphthalene rings and the 
orbitals, which the molecule react by taking electron, are 
located on naphthalene, thiazole rings and N atoms. These 
orbitals on the compound indicate the regions where 
nucleophilic and electrophilic attacks occur.

The MEP map of the molecule was obtained using the 
DFT/B3LYP/6–31G(d) method and is shown in Fig. 14a, b. 
In the MEP map, negative regions (red, yellow) are on O 
and S atoms, while positive regions (blue) are on hydrogen 
atoms. The most negative region is on O atoms and the 
maximum MEP value is − 0.050 a.b., while the MEP value 
for S atom is − 0.035 a.b. and these results indicate that O 
and S atoms are the most suitable regions for electrophilic 
reaction. The maximum MEP value in the positive region 
on the H atoms bound to the benzene and naphthalene 
rings was calculated as + 0.023 a.b.. According to these 
results, the nucleophilic and electrophilic regions deter-
mined by net charge analysis, Frontier orbitals (FMO) and 
MEP analysis are in good agreement with each other.

3.5 � Thermodynamic parameters of the title 
compound

Scheme 1 shows the complete synthesis scheme of the 
title compound. Heat capacity ( C0

m
 ), entropy ( S0

m
 ) and 

enthalpy ( H0
m

 ) values, which are the standard thermody-
namic functions for each reagent and products in the for-
mation reaction, were calculated and are listed in Table 9, 
while enthalpy change (ΔH), Gibbs free energy change 
(ΔG) and entropy change (ΔS) values were calculated and 
are listed in Table 10. As can be seen in Table 9, the stand-
ard heat capacity, entropy and enthalpy of reactance and 
products were calculated between 100 and 500 K tem-
perature and it is seen that the ( C0

m
 ), ( S0

m
 ) and ( H0

m
 ) values 

increase as the temperature increases. In Table 10, the ΔS 
values of the title compound are negative in all tempera-
ture and the ΔH values are positive. This result indicates 
that the formation of the title compound occurs between 

Table 8   Experimental and 
calculated absorption 
wavelength (λmax), excitation 
energies (E), Oscillator strength 
(f ), assignment and Excited 
State of the title compound

Major excited state and 
contributions

E (eV) Wavelength (nm) Oscillator 
strength (f )

Assignment

Experimental Calculated

Excited state-1
H → L (%98) 3.379 306.57 366.93 0.4850 n → π*
Excited state-2
H-6 → L (%9) 4.977 277.24 249.13 0.2570 π → π*
H-5 → L (%60)
H-4 → L (%2)
H-4 → L+2 (%3)
H-3 → L+1 (%2)
H-3 → L+2 (%4)
H → L+3 (%16)

Fig. 13   HOMO and LUMO orbitals
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100 and 500  K by an endothermic process. Using the 
ΔG = ΔH − TΔS equation, Gibbs free energy change (ΔG) 
was also obtained between 100 and 500 K temperatures. 
In Table 10, the ΔG values above 100 K temperature are 
positive (ΔG > 0), indicating that the formation process of 
the title compound is not spontaneous.

According to the data in Table 9, The correlations 
equations of the C0

m
 , S0

m
 and H0

m
 versus T temperatures 

were obtained as follows;

The values C0
m

 , S0
m

 ve H0
m

 can be obtained at all other 
temperatures with these equations. Also, their correla-
tion graphs are shown in Fig. 15.

The sign and size of these thermodynamic parame-
ters are useful for determining the intermolecular bind-
ing mode (particularly receptor-ligand interactions). It 
has been reported that a hydrophobic interaction is 
characterized by ΔH > 0 and ΔS > 0 and van der Waals 
force or hydrogen bond formation is characterized 

H
0

m
= −2.040884 + 0.083518T + 7.321438 × 10−4, T

2
(

R
2
= 0.999984

)

C
0

m
= 50.983585 + 1.649169T − 3095901 × 10−4, T

2
(

R
2
= 0.999749

)

S
0

m
= 311.759639 + 2.134661T − 5.93033 × 10−4, T

2
(

R
2
= 0.999887

)

by ΔH < 0 and ΔS < 0. However, ΔH ≃ 0 and ΔS > 0 are 
caused by an electrostatic force [42]. In our study, nega-
tive values of calculated ΔH and ΔS at temperatures cor-
responding to 100–500 K range indicate that van der 
Waals force or hydrogen bond interactions may play 
an important role in binding the title compound to a 
receptor. In addition, negative values of ΔG indicate 
the nature of the spontaneous formation of the bind-
ing process [43].

Fig. 14   a MEP map (blue arrow), b secondary MEP map derived from electron density

4 � Conclusions

In this study, molecular structure of chloro-acetic acid N′--
(2-hydroxy-naphthalen-1-ylmethylene)-N-[4-(3-methyl-3-
phenyl-cyclobutyl)-thiazol-2-yl]-hydrazide crystal has been 
determined by X-ray diffraction and IR, NMR and UV–Vis 
spectroscopic methods. In addition, spectroscopic spec-
tra were obtained theoretically. Finally, the Mulliken, ESP, 
NPA and Hirshfeld charge distributions, molecular electro-
static potential and FMO were investigated. The geometric 
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Table 9   Thermodynamic 
properties of the reactants 
and products at various 
temperatures

E total energies (kJ mol−1); ZPE zero point energies (kJ mol−1)

Structure Temperature (K) H0
m

 (kJ/mol) C0
m

 (J/molK) S0
m

 (J/molK)

Reactants
A 100 11.82218756 196.196128 469.9477779

150 23.50811085 273.006 563.7145103
200 38.84793544 348.92468 651.4883447
250 57.86437204 426.111112 736.0686482
298.5 79.70198381 500.954504 815.7782137
350 107.0557753 579.747592 900.2257886
400 137.0641968 651.716576 980.2772309
450 170.4085695 718.342592 1058.764084
500 206.8113183 779.098456 1135.432958
ZPE 1289.003
E − 4520436.958

B 100 3.820446525 40.08272 246.0667834
150 6.34890585 48.500928 266.4788353
200 9.273540937 56.450528 283.2468835
250 12.56911766 64.0152 297.9274726
298.5 16.07666104 70.87696 310.7418169
350 20.19487024 77.69688 323.4676755
400 24.47457784 83.654896 334.8903804
450 29.02429058 89.002048 345.6051994
500 33.81877433 93.780176 355.7046403
ZPE 98.277
E − 2816705.973

Products
C (title compound) 100 13.26810293 223.710112 501.440658

150 26.48069078 308.712256 607.4867982
200 43.71055132 391.835784 706.0920919
250 64.95768458 476.022048 800.5988868
298.5 89.25814695 557.379928 889.3018215
350 119.5920886 642.792104 982.9478915
400 152.7724396 720.61032 1071.469833
450 189.5562236 792.51236 1158.04911
500 229.6381077 857.966856 1242.472552
ZPE 1364.799
E − 6127579.111

D 100 2.79594105 20.786112 148.8772616
150 4.196434988 20.786112 160.2195249
200 5.594405513 20.786112 168.2677054
250 6.992376038 20.786112 174.5099723
298.5 8.339878313 20.790296 179.4370193
350 9.7908405 20.79448 183.9256597
400 11.18881103 20.811216 187.6621713
450 12.58930496 20.848872 190.9602763
500 13.99232231 20.915816 193.9165045
ZPE 16.847
E − 1209588.697
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parameters of the title compound in the gas and solid 
phases were calculated, and generally good agreement 
were observed when compared with the experimental 
structure. It was observed that the experimental and cal-
culated IR values were consistent with the literature val-
ues. The presence of O–H and C = N stretching vibrations 
in the experimental IR spectrum supports that these mol-
ecules are in enol-imine form. When the charge distribu-
tions and molecular electrostatic potential surface were 
examined, it was observed that negative charges were 
generally located on electronegative atoms. The red and 
blue regions on the molecular electrostatic potential map 
represent regions that are prone to chemical reaction and 
are unstable to react.

Table 10   The entropy, enthalpy and free energy change of the for-
mation reaction

*ΔH = (H0
m

 +ZPE + E)productC + (H0
m

 + ZPE + E)productD  −  (H0
m

 + ZPE + E
)reaktantA − (H0

m
 + ZPE + E)reaktantB

*ΔS = (S0
m

)productC + (S0
m

)productD − (S0
m

)reaktantA − (S0
m

)reaktantB

*ΔG = H0
m

 − TΔS

Temperature ΔH (kJ/mol) ΔS (kJ/molK) ΔG (kJ/mol)

100 − 30.089590 − 0.065696 − 23.519925
150 − 29.690891 − 0.062487 − 20.317837
200 − 29.327520 − 0.060375 − 17.252433
250 − 28.994429 − 0.058887 − 14.272613
298.5 − 28.691620 − 0.057781 − 11.472825
350 − 28.378716 − 0.056819 − 8.4917469
400 − 28.088524 − 0.056035 − 5.6742810
450 − 27.798332 − 0.055359 − 2.8863774
500 − 27.510663 − 0.054748 − 0.1363915

Fig. 15   Correlation graphs of the C0
m

 , S0
m

 and H0
m

 versus various temperatures
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