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a b s t r a c t

The work here focusing on the synthesize of a novel (E)-N'-(thiophen-2-ylmethylene)-iso-
nicotinohydrazide as polydentate O-N-S-tridentate Schiff base ligand derived from isonicotinohydrazide
and their complexation with CuCl2 center. The structure of O-N-S-ligand was determined by XRD-crystal
diffraction and characterized by IR, UVeVis., CHN-EA, EDX, 1H and 13C-NMR spectroscopy. The DFT/NMR,
IR, UVeVis and optimized structure parameters of the free ligand were matched with their corre-
sponding exp. spectral. The XRD-packing intermolecular has been correlated with the computed
Hirshfeld surface analysis (HSA) and MEP-calculation. The Mulliken population and NPA charge analysis,
HOMO/LUMO, DOS and global reactivity descriptor quantum parameters (GRD) of the (E)-N'-(thiophen-
2-ylmethylene)isonicotinohydrazide ligand were also computed under B3LYP/6-311G(d) theory. The
coordination of the ligand to Cu(II) centered were monitored by EDX, FT-IR and UVeVisible analysis. The
thermal stability of free ligand and its Cu(II)-complex were evaluated by TG-analysis.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, many efforts have been carried out to utilize the
Schiff bases compounds like isonicotinohydrazide and other
hydrazones in industrial applications [1e7]. Poly-chelating ligands
designed for metal ions complexation as a serious objective in su-
pramolecular and coordination chemistry now finding global
attention [8].

The synthesis of simple chelate Schiff base by the condensation
of an aldehyde and isoniazid to produce at an isonicotinohydrazide
and their metal complexes have been given great importance in
therapeutic chemistry like biological anti-tubercular activity
[9e15].

The coordination of metal(II) ions by using Schiff base ligands
display a strong selectivity and affinity toward metal(II) centers
complexation that have numerous applications like anti-oxidative
properties, antitumor activities, photo-physical electronic and
attractive properties [10e18].

Copper(II) center exhibited a particularly typical thermody-
namic ability for N-S-O-chelate ligand and fast ligand-to-metal
binding affinity [16e20].
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Table 1
Crystal data and structure refinement of free ligand.

Empirical formula C11H9N3OS

Formula weight 231.28
Temperature 293 K
Wavelength 0.71073 Å
Refills, for cell

determination
6366

q range for above 3.06�e27.51�

Crystal system Triclinic
Space group P e 1
Cell dimensions a¼9:2477ð10Þ�A b¼10:5120ð5Þ�A c¼11:5837ð13Þ�A

a¼76:820ð16Þ� b¼88:034ð19Þ� g¼81:687ð19Þ�
Volume 1084.9(2) Å3

Z 4
Density (calculated) 1.416Mgm�3

Absorption coefficient 0.279mm�1

F000 480
Crystal size 0.220� 0.220� 0.220mm
q range for data

collection
3.06�e27.51�

Index ranges �12� h� 11
�13� k� 13
�11� l� 15

Reflections collected 6366
Independent reflections 4830 [Rint¼ 0.0424]
Refinement method Full matrix least-squares on F2

Data/restraints/
parameters

4830/0/289

Goodness-of-fit on F2 1.041
Final [I> 2s(I)] R1¼ 0.0551, wR2¼ 0.1409
R indices (all data) R1¼ 0.0775, w R 2¼ 0.1582
Extinction coefficient CIF-file generated for W-5 P-1 R¼ 0.06
Largest diff. peak and

hole
0.219 and �0.392 e Å�3
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Herein, as novel N-S-O-tridentate chelate Schiff base ligand the
(E)-N'-(thiophen-2-ylmethylene)-isonicotinohydrazide and its
CuCl2 complex were prepared, characterized and HSA/DFT-
computed.

2. Experimental

2.1. Measurements

A Jeol-400-NMR spectrometer was served for NMR spectral
measurements; the NMR was performed in CDCl3 solvent at RT.
UVeVis. measurements were performed in MeOH solvent using
TU- 1901 double-beam spectrophotometer. The FT-IR (MID. 4000-
500 cm�1) was recorded in solid state using PerkinElmer Spectrum
1000 FT-IR Spectrometer. MS data was carried out on a 711 A (8 kV)
Finnigan. TG spectra were recorded by using a TGA-7 PerkinElmer
in 25e900 �C temperature range and with heat rate¼ 10 �C/min.
CHN-analysis was measured using ElementarVarrio EL-analyzer.

2.2. Computational

Gaussian09 software was used to perform all DFT-calculations
[21]. Optimizations and frequencies (DFT-IR) of the ligand and its
complex were carried out in gaseous state at DFT/B3LYP/6-311G(d),
the TD-SCF for the ligand was carried out in MeOH at DFT/B3LYP/6-
311G(d), the GIAO/DFT-1H and 13C-NMR for the free ligand were
performed in CDCl3 at B3LYP/6-311 þ G(2d,p) lever of theory. The
CIF file crystallographic data was taken as reference for the calcu-
lation when HSA was performed using the CRYSTAL EXPLORER 3.1
[22].

2.3. Crystal data

The X-Ray diffraction data was collected on a Bruker APEX-II D8
diffractometer and goniometre Kappa CCD, equipped with a
graphite monochromator using Mo/Ka radiation (l¼ 0.71073 Å) at
T¼ 293(2) K. Cell refinement and data reduction were carried out
with the APEX2 Software [23]. The structures were solved by direct
methods using SHELX97 package [24]. All non-H atoms were
refined anisotropically by the full-matrix least-squares method on
F2 using SHELXL [25]. The crystal data and structure refinement
parameters of the free ligand were illustrated as in Table 1.

2.4. Synthesis

2.4.1. Synthesis of (E)-N'-(thiophen-2-ylmethylene)
isonicotinohydrazide

A solution of isonicotinohydrazide (1 mmoL) and thiophene-2-
carbaldehyde (1.2 mmoL) in EtOH (40mL) was refluxed for 2 h.
Under vacuum the mixture volume was reduced until the product
was precipitated (~5mL). The product was filtered andwashedwell
with n-hexane. To obtain single colorless crystal from the product
which is good for X-ray analysis, the product was re-crystallized at
room temperature by slowly evaporation of ethanol solvent from
solution.

The white powder product with ~80% yield and
m.p¼ 115e120 �C was collected; molecular formula C11H9N3SO:
Cald. C, 57.13; N, 18.17 and H, 3.92%. Found: C, 57.01; H, 3.83 and N,
18.11%. [Mþ] m/z¼ 231.3 (231.1 theoretical). 1H NMR (CDCl3): ppm)
three peaks (1m and 2d) at d 7.1e7.8 ppm for thiophene protons,
singlet at d 8.3 ppm for HC¼NN-proton, 2d at 8.4e9.1 ppm for
pyridine ring protons, singlet at d 11.9 ppm for proton of amide (see
Fig. 4a). 13C-NMR (CDCl3, ppm) 9 Ar's signals from d 119e165 ppm
(Fig. 4b). FT-IR main vibrations, VN-H¼ 3204 cm�1, VC-HAr¼ 3105-
3020 cm�1, VC-Hald¼ 2880 cm�1, VC¼N ¼ 1615 cm�1, VC¼C ¼
1278 cm�1. UVeVis. in MeOH: lmax at: 350 nm.
2.4.2. Synthesis of the Cu(II) complex
A solution of ligand (0.41mmoL) in 10ml EtOHwasmixed to the

solution of CuCl2$4H2O (0.40mmol dissolved in 20ml EtOH under
refluxing conditions for 1 h. The change in color confirms the ligand
coordination to the metal center. The complex was precipitated
from the solution by slowly evaporation of ethanol solvent in a
period of 3 days; the solid complex product was filtered and then
washed with ethers several times with 75% yield with m.p. 185 �C,
conductivity in water: 82 (mS/cm). Molecular formula,
C11H9Cl2CuN3OS, CHN-EA Cald. C, 36.03; H, 2.75 and N, 11.46%.
Found: C, 35.97; H, 2.61 and N, 11.33%, [Mþ] m/z¼ 366.7 (365.8
theoretical). FT-IR (cm�1): VN-H¼ 3180 cm�1, 3162-2980 (vC-H of
Ar's), 1603 (vN¼C), 519 (vCu-N). UVeVis. in MeOH: lmax at: 350 nm
and 440 nm.
3. Results and discussion

3.1. Chemistry

Spectroscopic, elemental analysis and MS provided the struc-
ture proof of the (E)-N'-(thiophen-2-ylmethylene)-iso-
nicotinohydrazide O-N-S-ligand and its ligand-CuCl2 complex
formation as shown in Scheme 1. The desired O-N-S-ligand struc-
ture only was proved by XRD-analysis and computed by DFT-
calculation for a reason of comparison. Treatment of O-N-S-ligand
with one equivalent amount of CuCl2$4H2O in methanol led to
formation of neutral complex in a very good yield. The desired
ligand and its complex were found to be slightly soluble in alcohols,
soluble in H2O and non-soluble in nonpolar solvents i.e. ether.



Fig. 1. Ligand structure: (a) ORTEP diagram and (b) optimized ground state geometries at B3LYP/6-311G(d).
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3.2. X-ray crystal structure and DFT-optimized structures of the free
ligand

The main crystal parameters of the free ligand are reported in
Table 2. The ORTEP diagram and B3LYP/6-311G(d) optimized
structure of the synthesized ligand are illustrated in Fig. 1.

The N-O-S-ligand crystallized in a triclinic system with P-1
space group (Z¼ 4) four unit per cell and two ((I) and (II)) inde-
pendent molecules like Christiane cross-shape interactions. The (I)
and (II) molecules are joined via strong H-bond of the type N-H
….O]C (2.218 Å) and N-H …. Npy (2.174 Å) subsist in a E-confor-
mation with regard to the C¼N unit but vary in the direction of the
thiophene to amide-pyridine rings which minimized the internal-
repulsion in both molecule backbone. In both A and B molecules,
the C¼Nimin. bond distance [1.280e1.284 Å] are similar to that re-
ported in (E)-4-Bromo-N-(2-chlorobenzylidene)-aniline [26,27].
The N-N bond length [1.380e1.387 Å] is longer compared to similar
recorded compounds [28,29]. This elongation may be due to the
intermolecular N-H/O]C H-bonds that connected A molecule
with Bmolecule. The thiophene/pyidine ring planes dihedral angles
C-N-N¼C is found to be 170.99� and 174.88�, in A and B,
respectively. The C¼N-N angle of 115e120� in both A and B mole-
cules reflected the sp2-hybridization characters of both N atoms
which revealed the E-isomer as a favored isomer, as seen in Table 2.

The crystallographic data, selected angles and bond lengths
structure parameters of (E)-N'-(thiophen-2-ylmethylene)-iso-
nicotinohydrazide ligand are listed in Table 2.

The XRD-parameters of the E-N'-(thiophen-2-ylmethylene)-
isonicotinohydrazide ligand structure like: bond distances and the
values of their angles were matched with those derived from the
computed DFT/B3LYP/6-311G(d,p) calculation. An excellent
matching between calculated andmeasured results, the correlation
between the experimental and calculated bond distances is 0.9966.
Similarly, the correlation between the calculated and experimental
angles is 0.9922.

3.3. Molecular packing, hirshfeld surface analysis (HSA) and MPE

The molecules are packed in the crystal lattice network as
layereby-layer awarding several short hydrogen bonds (Fig. 2), ten
different types of hydrogen-bonds were cited in the crystal-lattice,
the main shortest H-bonds are N-H …. Npy and Ne-H …. .O]C H-



Fig. 2. Molecular packing of free ligand: (a) four molecules connected by NeHeN and NeHeO hydrogen bond types and (b) all intermolecular forces including H-bond and Cph-H…

p bonds types.
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bond which connect the two molecules together with cross-shape
like dimer, these two H-bond play a critical role in strong linking of
four molecules in one unit, as seen in Fig. 2a. The other short
contacts with different bonds lengths detected in the crystal lattice
were illustrated in Table 3 and Fig. 4b. Two weak non-covalent
interactions of types Cph-H … p (chelate ring) bonds were also
detected per molecule (less than 3Å) which leads to the formation
of supramolecular extra interactions (Fig. 4c and Table 3).

The HSA analysis of the synthesized ligand was performed by
using the crystal data file (CIF). Intermolecular contacts were
identified as red-spots on the molecule surface [29e33]. Because
the desired product contains many heteroatoms like O, S and N in
addition to C atoms creating several polar functional groups. Many
red-spots were cited on the molecule surface, two big red and two
small-spots ones (big spots for strong and small spots for weak
interactions) were detected, as in Fig. 3a and b. Interesting, Fig. 3a
HSA analysis confirmed the cross-shape like dimer connected
perpendicularly through two types of H-bonds, like the XRD anal-
ysis. The shortest (big spots) were cited to NeHeNpy and
NeHeO¼C which is strongly consisting with the XRD packing.
Moreover, HSA provided the surface also with intermolecular in-
teractions fingerprint (FP) plot as seen in Fig. 3c. Atom-to-atom
fingerprint intermolecular forces percentage reflected HeH
intermolecular bonds as the largest contributor with 29.6%. The 3
D-FP analyses can document the presence of intermolecular con-
tacts in the following order: H/H> C$$$$H>N$$$$H>
O$$$$H> S$$$$H.

A MEP map of (E)-N'-(thiophen-2-ylmethylene)-iso-
nicotinohydrazide is very useful in locating the nucleophilic and
electrophilic positions in order to figure out the hot interaction
positions between molecules in the lattice theoretically [32,33].
The red-color indicated the electron-rich nucleophilic positions,
which in the molecule cited to O of carbonyl and N of pyridine
(Fig. S1a). The blue color indicated the electrophilic positions
(electron-poorness), which in are related only to H atom of the
amide functional group. The contour-map lines are used to support
MEP result, the electron-rich lines are more around the sulfur, ox-
ygen and nitrogen of imine atoms (Fig. S1b), such seen is consisted
with tridentate donation effect of such ligand, as well as the MEP
collected result. The presence of red and blue colors together on the
surface of the molecule indicated suitable H-bonds interactions
since H-donor and acceptor are there. Therefore, N/H$$$$Npy and
N/H$$$$$O]C H-bonds were MEP-computed. The crystal
molecular-packing and HSA computed analysis reflected the for-
mation of such H-bonds experimentally. Therefore, the MEP theo-
retical calculation is consistent with experimental analysis.



Fig. 3. a) Mapped dnorm, b) HSA packing and c) 3D-FP network on the ligand surface.
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Fig. 4. 1H-NMR of free ligand in CDCl3: (a) Exp., (b) DFT/B3LYP/6-311 þ G(2d,p) GIAO
and (c) exp/DFT NMR correlation.

Table 2
XRD-exp. bond lengths (Å) and angles (o) compared to the DFT-calculated ligand
structure.

No. Bonds Exp. XRD DFT No. Angles (o) Exp. XRD DFT

1 S1 C4 1.714 1.749 1 C4 S1 C1 91.4 91.1
2 S1 C1 1.704 1.733 2 C11 N3 C10 116.7 116.8
3 N3 C11 1.340 1.340 3 N2 N1 C5 115.3 116.9
4 N3 C10 1.324 1.337 4 N1 C5 C4 120.7 121.9
5 N1 N2 1.387 1.383 5 N1 N2 C6 118.5 120.8
6 N1 C5 1.28 1.286 6 N2 C6 O1 123.1 123.0
7 N2 C6 1.344 1.358 7 O1 C6 C7 120.3 121.5
8 O1 C6 1.231 1.218 8 S1 C4 C5 121.6 122.3
9 C7 C11 1.385 1.392 9 S1 C4 C3 111.2 110.9
10 C7 C6 1.500 1.511 10 S1 C1 C2 112.8 112.4
11 C7 C8 1.388 1.399
12 C4 C5 1.448 1.443
13 C4 C3 1.363 1.360
14 C1 C2 1.336 1.340
15 C3 C2 1.42 1.421
16 C10 C9 1.372 1.379
17 C8 C9 1.383 1.401

Table 3
H-bond in (E)-N'-(thiophen-2-ylmethylene)-isonicotinohydrazide molecule.

No. H-bond Length Å

1 H2/N6 2.174
2 H5A/O1 2.218
3 H20/O1 2.638
4 H3/O2 2.637
5 H11/N6 2.538
6 H5/N6 2.718
7 H2A/N4 2.742
8 H14/N3 2.701
9 H22/N1 2.674
10 H22/O1 2.698
11 H21/C8 2.77
12 H10/C13 2.879
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3.4. Mulliken and natural atomic charge population (NPA) analysis

Mulliken atomic charges and NPA play a critical role in
quantum-theoretical charge calculations; it gives also helpful in-
formation on nucleophilic and electrophilic functional groups that
are acting as acceptor/donor atoms [31e33]. B3LYP/6-311G(d) NPA
and Mulliken population charge analysis of the ligand data were
illustrated in Table S1 and Fig.S2. The study reflected several
nucleophilic (e-donor) and electrophilic (e-acceptor) atomic
charges. In general, the NPA showed higher atomic-charges
compared to Mulliken (Fig.S2). As expected, the Mulliken and
NPA reflected the O, N and most of carbon atoms are with nucle-
ophilic characters. The electrophilic sites are localized at: all the
hydrogen atoms. The highest electrophilic sites were the amide
proton (H21), and carbonyl carbon atom (C7) found to be with
positive charge in addition to the sulfur atom of the thiophene ring.
The Mulliken and NPA charge result is strongly consistent with
MEP, HSA and XRD packing results.
Scheme 1. Preparation of (E)-N'-(thiophen-2-ylmeth
HOMO-LUMO, the density of state (DOS) and Global reactivity
descriptors (GRD).

HOMO/LUMO and HOMO-1/LUMOþ1 level of energies reflect-
ing the electron donation capacity and degree of electrons accep-
tance. The HOMO/LUMO orbital shape and energy diagram of the
free ligand was illustrated as in Fig.S3a. The density of state (DOS)
spectrum has been carried out for the free ligand using GaussSum
3.0 Program, as seen in Fig. S3b. The red and green lines in the
computed DOS spectrum indicated all the important molecular
orbitals like HOMO, LUMO, HOMO-1 and LUMOþ1 energies levels
are less than zero, which increased the stability and softness of the
ligand, moreover, there are many states ready to be occupied, DOS
also reflected the energy gaps (Eg) with 3.898 eV, which is corre-
sponding with the calculated DFT-HOMO/LUMO energy gap
(3.974 eV) performed under the same level of theory.

With the help of DFT-calculation, the Global reactivity de-
scriptors (GRD) like: the chemical potential (m), hardness (ƞ),
electronegativity (c), electrophilicity (u) and softness (s) of the
ylene)-isonicotinohydrazide and Cu(II) complex.
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molecule were predicted by using the reported GRD equations S1-
S8.

The GRD data values were collected in Table S2. The molecular
orbital energy levels together with their energy gap (3.974 eV) are
strongly agreed with the UV-experimental result.

3.5. NMR spectroscopy

The 1H NMR spectrum of (E)-N'-(thiophen-2-ylmethylene)-iso-
nicotinohydrazide ligand dissolved in CDCl3 reflected protons with
high chemical shifts only, which is consistent with the molecular
structure of the ligand (Fig. 4a), d 7.1e7.8 ppm three peaks (m and
2d) are related to thiophene protons, the broad signal at d 8.3 ppm
is for HC¼NN-proton. The pyridine ring protons were appeared as
two doublet signals at d 8.4e9.1 ppm. Proton of amide
eNHNC(¼O)- is the most acidic one and it appeared as singlet at
d 11.9 ppm.
Fig. 5. 13C-NMR of free ligand in CDCl3 (a) Exp. (b) DFT/B3LYP/6-311 þ G(2d,p) GIAO
and (c) Exp/DFT NMR correlation.
GIAO 1H NMR DFT/B3LYP/6-311þ G(2d,p) was computed for the
free ligand in same exp. solvent (CDCl3) as seen in Fig. 4b, excluding
the high shielded amide proton, all the other protons are cited to
their expected positions with negligible positive/or negative
chemical shifts compared to their corresponding exp.1H NMR
chemical shifts. Therefore, an excellent matching with 0.9922 cor-
relation coefficient was recorded by comparing the exp./DFT 1H
NMR (Fig. 4c).

13C-NMR spectrum has shown nine carbons-signals in between
119 and 165 ppm, the carbons chemical shifts in (E)-N'-(thiophen-
2-ylmethylene)-isonicotinohydrazide molecule appeared directly
according to their expected positions cited at the spectrum (Fig. 5a).
The GIAO 13C NMR DFT/B3LYP/6-311 þ G(2d,p) was recorded in
CDCl3 and illustrated in Fig. 5b, a good correlation coefficient
~0.9041 was obtained by comparing the exp.13C-NMR to the DFT
one (Fig. 5c).

3.6. EDS, MS and elemental analysis

The free ligand and its complex compositions were monitored
by EDS-analysis, as seen in Fig. 6. Fig. 6a revealed the free ligand
contains: C, O, N and S, whereas the complex contain in addition to
C, O, N, S, the Cl and Cu signals atoms, as shown in Fig. 6b, such
spectra confirmed the L/M complexation one to one ratio. The
absence of un-cited peaks reflected the high purity the prepared
material.

The elemental analyses andMS of the desired ligand and ligand-
CuCl2 complex are consistent with their proposed molecular
formulas.

3.7. Infrared spectra

FT-IR of starting materials, the free ligand and ligand-CuCl2
products were reported as in Fig. 7. The ligand formation during the
condensation reactionwas monitored by twomajor changes: 1) the
N-H in the isonicotinohydrazide startingmaterial at 3204 cm�1 was
disappeared by the end of reaction (Fig. 7b). 2) C¼O stretching
Fig. 6. EDS spectra of: (a) free ligand and (b) ligand-CuCl2.



Fig. 7. Exp. FT-IR of (a) thiophene-2-carbaldehyde, (b) isonicotinohydrazide, (c) free ligand, (d) ligand DFT-IR, (f) ligand DFT-far-IR (gaseous state), (e) ligand exp./DFT-IR correlation,
(g) solid state of the complex, (h) complex DFT-IR, (i) exp./DFT-IR correlation and (j) complex DFT-far-IR (gaseous state).
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vibration in thiophene-2-carbaldehyde starting material at
1665 cm�1 (Fig. 7a) was shifted to 1615 cm�1 owing to the ligand
C¼N- formation with Dn¼ 50 cm�1 (Fig. 7c), the free ligand pre-
dicted a N-H in-plane deformation with higher intensity than the
C¼N stretching modes which is consistent with the reported result
[34,35]. The main other functional groups stretching vibrations of
polar bonds like C-N, C-S, N-N and non-polar bonds like C]C and C-
C in the free ligand were sited to their expected area [32e38].

The DFT-IR/B3LYP/6-311G(d) was carried out in gaseous state
and illustrated in Fig. 7d, the excellent exp./DFT-IR with its corre-
lation coefficient¼ 0.9956 reflected a high degree of matching as
seen in Fig. 7f, moreover, the 200-500 cm�1 DFT -far-IR region was
manufactured as seen in Fig. 7e, the N-H out-of-plane deformation
is predicted at 422 cm�1, the C pheH out-of-plane deformation is
recorded at 380 cm�1, the C¼N out-of-plane deformation is
detected at 236 cm-1 (Fig. 7e).

In the complex, the n(N¼C) peak at 1603 cm�1 was shifted by
12 cm�1 to lower wavenumber compared to the free ligand
(1615 cm�1) due to C]N/Cu(II) bond formation. The presence of
broad peaks at ~517 cm�1 in the vision of the ligand-CuCl2 indicated
the N/Cu(II) bonding (Fig. 7g), The gaseous state DFT-IR/B3LYP/6-
311G(d) was also illustrated in Fig. 7h, the high correlation coeffi-
cient ~ 0.9982 of the plotted DFT/exp.-IR relation reflected an
excellent degree of matching (Fig. 7i). In DFT-fareIR region (Fig. 7j),



Fig. 8. Exp. UVeVis. and TD-SCF spectra of the free ligand and its CuCl2 complex (exp.).
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Cu-Cl antisymmetric mode is predicted at 361 cm�1, while the
symmetric mode at 339 cm�1, the O/Cu(II) and S/Cu(II) coordi-
nation bonds vibrations were sited to 505 and 390 cm�1, respec-
tively [32e38].
3.8. UVevis. spectral analysis

The absorption behavior of the desired ligand and its complex
were performed in MeOH at room temperature. The ligand
Fig. 9. Optimized structu
reflected broad peak with lmax¼ 350 nm (ε¼ 2.5� 104M�1L�1)
cited to p to p* electrons transition, as shown in Fig. 8, an excellent
matching between exp. UVeVis. and the computed TD-SCF B3LYP/
6-311G(d) in MeOH was recorded, only Dl¼ 2.5 nm shift was
detected when lmax values was compared. The complex showed
two signals; unchanged ligand's peak lmax at 350 nm and ligand to
metal charge transfer (LMCT) bands [17] at lmax¼ 440 nm
(ε¼ 6.4� 103M�1L�1) for ligand-CuCl2 complex (Fig. 8).
3.9. DFT optimized structure of ligand-CuCl2 complex

The structure of ligand-CuCl2 complex (Fig. 9a) was optimized
using DFT/B3LYP/6-311G (d) method, selected bond lengths and
angles are cited directly to Fig. 9b. The tridentate N-O-S-ligand
coordinated Cu(II) through the N-imine, O-carbonyl and S-thio-
phene atoms, molding two five-membered chelate rings. The Cl1
and Cl2 atoms are coordinated the center in cis-form with Cl-Cu-
Cl¼ 101.4� angle. In general, slightly distorted square-pyramid co-
ordination geometry around the copper center was observed. The
Cu-Cl apical distance (2.303 Å) is longer than the Cu-Cl basal dis-
tance (2.272 Å), consistent with the probability of finding Jahn-
Teller elongated distortion in copper complexes [35e38].

The free ligand structure found to be planar by XRD and this is
expected since no sp3 hybridizations atoms are in its structure, the
optimized structure of the Cu-complex reflected the thiophene ring
bent away toward the basal Cu-Cl position which lost the ligand
planarity (Fig. 9a).
3.10. Thermal stability

TG analysis of the ligand and its CuCl2 complex were performed
in an open atmosphere and illustrated in Fig. 10. The ligand
re of Cu(II)-complex.



Fig. 10. TG curves: (a) the free ligand and (b) ligand-CuCl2 complex.
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decomposed in broad one thermal step at 150e250 �C temperature
range (Fig. 10a), meanwhile, the ligand-CuCl2 complex decomposed
through two main steps (Fig. 10b). The first step in range of
280e380 �C, attributed to the ligand de-structure from the complex
living CuCl2 residue as reflected by a mass loss of ~60%. The second
step was decomposing of CuCl2/CuO (18.3%) as final product in
range of 610e740 �C [29].

4. Conclusions

New tridentate O-N-S-Schiff base ligand was synthesized in a
good yield; the coordination mode of the desired ligand was
evaluated using CuCl2 center. The structure formation of the free
ligand and its complex were monitored by FT-IR, EDX, UVeVis.,
elemental analysis and MS analyses. The desired ligand structure
was proved by X-ray single crystal, CHN-elemental analysis,
UVeVis., FT-IR, EDX, MS, 1H and 13C-NMR. The XRD-structure and
molecular packing parameters found to be in a very good matched
mode with HSA, Mulliken, NPA charge and MEP computed analysis.
The computed 1H, 13C-NMR. IR and TD-SCF UVeVis. were matched
very well compared to their experimental corresponding spectra.
Solid state intermolecular forces in the crystal lattice of the free
ligand have been clarified experimentally and DFT-theoretically.
HOMO/LUMO, DOS and GRD quantum parameters of the ligand
were also computed. The TG-thermal behavior of ligand processed
with one step thermal decomposing mechanism; meanwhile, the
ligand-CuCl2 complex was decomposed via two step mechanism.
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