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ABSTRACT
The title compound ([CuClL(H2O)]�2H2O) were synthesized. The copper(II) complex in square planar
geometry were identified by using elemental analysis, magnetic susceptibility, mass spectra, FT-IR,
UV-Vis. and ESR techniques. DFT calculations at the UB3LYP/LANL2DZ level of theory were con-
ducted to obtain vibrational and electronic properties of the copper(II) complex. Vibrational assign-
ments of the observed infrared spectra of title compound were carried out based on the
calculated potential energy distributions (PEDs). The sensitive measurement results indicated that
the observed values were reasonable. The energy values were determined to describe electronic
properties of the title molecules. Furthermore, NBO analysis was performed to analyze the hyper-
conjugative stability of the molecule, molecular orbital interaction and charge delocalization.
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Introduction

Schiff bases are extensively researched owing to their syn-
thetic flexibility, selectivity and sensitivity to central metal
ions. These ligands are often obtained directly by a synthetic
easy method with high purity and yield. Therefore, the form
of the synthesized ligands can offer a wide variety of chem-
ical, electronic and kinetic properties.[1] Schiff base ligands,
which contain N and O donor atoms, easily form complex
compounds in atmospheric environments and high yields
with numerous transition metal atoms.[2,3] Metal complexes
have many different chemical and structural properties.
Schiff base complexes of transitions metals are investigated
because of their variety of applications, including bio-
logical[4,5] and catalytic,[6–9] optical memory devices,[10] sen-
sors and photovoltaic materials.[11,12] Recently, the
coordination chemistry of copper(II) oxygen-free and nitro-
genous heterocyclic compounds has had great attention.
This may be associated with their biological activity, stability
and potential practices in many fields.[13] Many DFT (dens-
ity functional theory) researches are given a systematic the-
oretical study on some Schiff base complexes. By means of
computational chemistry, equilibrium geometries of the lig-
and and Schiff bases containing different metal ions and
optimized geometry parameters of the complexes are
obtained.[9,14]

Recently, DFT calculations have been widely used to
study the electronic structure of large molecules, such as
transition metal complexes, to give precise and reliable

results. In this study, we also made extensive DFT calcula-
tions to optimize the structure of the copper(II) complex, to
understand and analyze the spectral and electronic proper-
ties. Furthermore, NBO analysis were obtained with the
DFT/B3LYP/6-31G(d,p) mixed basis set.

Experimental section

Materials and reagents

Electron spin resonance (ESR) spectra for solution at low
temperature (105K) was attained from a JEOL spectrometer
operating at X-band (ca. 9.1GHz) with appropriate micro-
wave power (5–10mW) and 100 kHz magnetic field modula-
tion. DMF was used as solvent and concentration was
around 2� 10�3 M.

Elemental analyses (C, H and N) were determined using
PerkinElmer 240B elemental microanalyses. FT-IR was per-
formed using Perkin Elmer instrument applying KBr disk in
the range 4000–400 cm�1. Electronic spectra were measured
on a Shimadzu UV-vis spectrophotometry in the range
200–800 nm. Mass spectra was determined on an AGILENT
model 1100 MSD mass spectrophotometer. Furthermore,
magnetic susceptibility was measured by a modified Gouy
method and using Hg[Co(SCN)4] as a calibrate.

All chemicals and solvents used for the synthesis and
analysis were of Sigma-Aldrich products, and they were
used without purification.
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Synthesis of copper(II) complex

The copper(II) complex were obtained by refluxing the mix-
ture of the corresponding metal chloride (CuCl2�2H2O
(0.33 g, 2.2mmol)) and 1.0 g, 2.2mmol of the ligand ((E)-
ethyl 6-acetyl-2-(5-bromo-2-hydroxybenzylideneamino)-
4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate) in
20mL methanol until the complex precipitated out. The
color complex was filtered, washed with methanol and then
with diethyl ether. It was dried under vacuum. The struc-
tural formula of the complex was given in Figure 1. Yield
79%. mp.: 250–253 �C. IR (KBr, cm�1): 3374, 3247 �(OH),
3165 �(C–Haro.), 2963 �(C–Halip.), 1675 �(C¼O), 1608
�(CH¼Nazomethine), 1535, 1541 �(C¼Caro.), 1139
�(C–Ophenolic), 775, 760 �(C–S–C), 537 �(Cu–O), 561, 601
�(Cu–N). Anal. calc. for C19H24BrN2O7SClCu (602.91 g/
mol): C: 37.81, H: 3.98, N: 4.64, S: 5.30%; found: C: 38.10,
H: 3.85, N: 4.70, S: 5.33%. UV-Vis. spectra (in ethanol):
kmax/nm (e, L mol�1cm�1): 228 (2182), 294 (994), 332 (922),
803, 828, 881 (31), 921 (30), 978 (28),1052 (25). ESI-MS:
(m/z) 600.91 (calc.), 600.90 (found) [M-2H]2�. meff (B.M.):
1.61. Color: Dark green.

Computational details

The Gaussian package program was used to make calculation
for the copper(II) complex.[15] The results were determined
with the help of the GaussView5 program.[16] To find
the most stable structure of the copper(II) complex, it was
primarily optimized using the DFT/UB3LYP/6-
31G(d,p)þLANL2DZ hybrid method. The harmonic frequen-
cies were multiplied by the scaling factor[17] to approximate
the calculated vibration frequencies to the experimental vibra-
tion frequencies. These calculated vibration modes were
assigned with the help of the VEDA 4 program.[18] Frontier
molecular orbitals called HOMOs and LUMOs were identi-
fied and analyzed conductivity and reactivity in the complex.
Molecular orbital interactions and coordination states around
the copper(II) atom were determined by NBO analysis.

Results and discussion

The copper(II) complex was created in distorted square
plane geometry such that it has three coordination with the
ligand molecule, around the center of the copper metal ion,
and one coordination with the chloro atom. The optimized
geometrical structure of the copper(II) complex molecules
were shown in Figure 2.

Spectroscopic characterization

Copper(II) complex were synthesized by reacting the ligand
with metal ion in methanol medium in 1:1 molar ratio. The
characterizations of the complex were given in experimental
section. FT-IR, calculated IR spectrum and the potential
energy distributions (PED values) of the vibrational modes
for the title molecule were showed in Figures 3 and 4 and
summarized in Table 1. The IR spectrum of the ligand was
compared with the spectra of copper(II) complex to study the
type of bonding in metal complex. The ligand acted as a
bidentate coordinate through oxygen and nitrogen donor
atoms. The FT-IR spectrum of the complex showed a sharp
band at about 1605 cm�1, which was attributed to the azome-
thine (CH¼N) vibration. This band performed at 1601 cm�1

for Schiff base ligand.[19] The CH¼N stretching band was
calculated at 1610 cm�1 (43% PED). The FT-IR spectrum of
the complex exhibited a sharp band at about 1675 cm�1 for
C¼O groups. It was also observed that the band associated
with the C¼O groups was at the region of 1636 and
1696 cm�1 for ligand, but these groups did not significantly
affect the metal complex.[13] This suggested that C¼O
groups did not coordinate with the metals complexes. The
comparison of copper(II) complex (1139 cm�1) with the free
ligand (1189 cm�1) showed that phenolic C–O band was
shifted to lower value by 50 cm�1, which showed the partici-
pation of the oxygen atom of the phenolic group in coordin-
ation to the metal ions.[19] The C¼O and C–O bands were
computed at 1664 cm�1 (94% PED) and 1134 cm�1 (93%
PED), respectively. Furthermore, the characteristic peak at
775 and 760 cm�1 were attributed to the stretching vibration

Figure 1. Synthesis scheme of free ligand and suggested structure of the copper(II) complex.
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of the C–S–C in the thiophene moiety. The IR spectra of
copper(II) complex also showed a few new bands in the 537
and 561, 601 cm�1 fields, which were likely because of the
formation of Cu–O and Cu–N bands, respectively.[20–22] As
can be seen from the data in Table 1, both experimental and
computational results are compatible with the literature.

UV-vis spectrum of copper(II) complex was recorded in
ethanol (1� 10�5mol/L). In the copper(II) complex, the bands
were shifted from 228 to 294 for the p ! p� transition and
332 to 1052nm for the n ! p� transition. The transitions of
p ! p� and n ! p� in the copper complex appeared to shift
to longer wavelengths as a result of coordination of the metal
atom to the ligand center. This indicated the formation of the
M ! L coordination bond.[19,23] Magnetic moment value of
the copper(II) complex was measured as 1.61 B.M. This
showed that the structure corresponded to square planar
geometry.[19,20,24]

Figure 2. The optimized structures of the copper(II) complex.

Figure 3. The calculated infrared spectra of the copper(II) complex.

Figure 4. The experimental infrared spectra of the copper(II) complex.
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Frontier molecular orbitals and natural bonding
orbital analysis

In a molecule, the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) energy levels, called frontier molecular orbitals
(FMOs), are important for the electronic, optical and
molecular charge transfer of the molecule.[25] While HOMO
orbitals tend to give electrons, LUMO orbitals also tend to
receive electrons. These molecular orbitals (MOs) are
important because their interaction with other molecules is
through HOMO-LUMO priority orbitals. The FMOs energy
was calculated same method in ethanol. HOMO-LUMO
shapes for the complex were given in Figure 5. In Figure 5,
the HOMO orbitals were localized throughout the molecule,
except from the ethyl acetate group, carbonyl group, and
pyridine ring. The LUMO orbitals were localized throughout
the molecule, excepting the Br, Cl atoms, carbonyl group,
ethyl acetate group and pyridine ring. The energy gap (Eg)
which is the energy difference between the HOMO and
LUMO is a critical parameter in measuring electron con-
ductivity and molecular reactivity. As shown in Figure 5,
this value is 0.54 eV (2277 nm) in the ethanol solvent. It is
seen that the complex studied with an energy range of
0.54 eV has a metal energy range.

The natural bonding orbital (NBO) analysis is used to
calculate the distribution of bonds, donor-acceptor interac-
tions and electron density between atoms, depending on the
density of electrons. The value of E(2) indicates the magni-
tude of the interaction between the electron donors and
their receptors, the tendency to electron donate between
them. This value is calculated with the help of a second-
order perturbation approach.[26,27] NBO calculations of the
copper(II) complex was attained by using DFT/UB3LYP/
LANL2DZ level and the results are reported in the Table 2.
As shown from the Table 2, the strongest stabilization
energy was calculated as LP(1)C36 ! LP�(1)C35 interaction
at 688.82 kcal/mol. Alike, the interaction energy of C22-O23
! C3-C4 is calculated to be 77.16 kcal/mol. Moreover,
LP(2)O45 ! LP�(6)Cu46, LP(1)N21 ! LP�(6)Cu46 and
LP(4)Cl47 ! LP�(6)Cu46 interactions of Cu and Cl atoms
are also among strong interactions (see Table 2). As seen
from Table 2 that the stabilization for the title molecule is
largely realized by the strong interactions of LP(1)C36 !

LP�(1)C35 and C22-O23 ! C3-C4 in the benzene ring.
Similarly, we see that this stabilization is achieved by charge
transfer between the bonding and anti-bonding orbitals.

Determination of g values by electron spin resonance
measurements

ESR spectrum (simulated and experimental) of the
copper(II) complex was given in Figure 6. The g value was
distillated from the frozen liquid spectrum using the simula-
tion program WinEPR Simfonia v1.25 (Bruker) and the
components of the g value, g== and g?, were the inputs for
this program. The best-fitted g== and g? values were taken
when the simulated and the experimental spectrums were
matched, after optimization of the input values.

The g values were assigned to be g== ¼ 2:294 and g? ¼
2:061: The measured ingredients of the g-factors showed
that the paramagnetic copper center in copper(II) complex
was axially symmetric, with gz ¼ g== and gx ¼ gy ¼ g?:[28]

The g values of copper were in the order of g== > g? > ge
(free electron g value,ge ¼ 2:0023) which performed that the
dx2�y2 orbital was taken part by an unpaired electron.[29]

Recorded low temperature ESR spectrum in solution gave
better resolution and the possibility to distinguish hyperfine
and super hyperfine splitting. In the low field region ESR
spectrum of copper(II) complex in DMF exhibited resolved
parallel hyperfine properties owing to copper (I¼ 3/2). The
hyperfine interaction because of copper had also axial sym-
metry and values were assigned to be ACu

== ¼ 156 G and
ACu? ¼ 5 G: On the other hand, our simulations suggested

Table 1. Comparisons of observed and calculated infrared spectra of
copper(II) complex.

Copper(II) complex

Experimental Theoretical Frequency and Assignments

O-H 3374, 3247 3287 (82%)
Aromatic C-H 3165 3183 (100%)
Aliphatic C-H 2963 2953 (85%)
C¼O 1675 1664 (92%)
CH¼N 1605 1610 (43%)
Aromatic C¼ C 1535, 1541 1542 (60%)
C-O 1139 1134 (93%)
C-S 775 773 (75%)
S-C 760 754 (78%)
M-O 537 534 (54%)
M-N 561, 601 552, 601 (76%)

Figure 5. The HOMO and LUMO frontier molecular orbitals of the
copper(II) complex.
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that the superhyperfine interaction due to N (I¼ 1) and Cl
(I¼ 3/2) were presented and determined as A

14N
== ¼ 7 G

and A
35Cl

== ¼ 10 G respectively. This further split because of
superhyperfine interaction with one nitrogen nuclei and one
Cl nuclei could not be resolved owing to intermolecular
dipolar interactions. The obtained values were shown in
Table 3.

Conclusions

The copper(II) complex were successfully synthesized and
characterized using various spectroscopic methods, element
analysis, magnetic susceptibility measurements. Structural
optimization and other calculations were performed using
DFT calculations. Theoretical and experimental results were
found to be compatible with each other. TD-DFT calcula-
tions were performed to obtain HOMO and LUMO orbitals
of the synthesized crystal. Egap energy difference value
between HOMO-LUMO orbitals is calculated as 0.54 eV.
This energy value indicates that the copper(II) complex is a
metal material and it has high properties such as

Table 2. Second order perturbation theory analysis of Fock matrix in natural bonding orbital basis for copper(II) complex.

Donor (i) Type ED/e Acceptor (j) Type ED/e E(2)a (kJ mol�1) E(j)-E(i)b (a.u) F(i.j)c (a.u)

C1-C2 r 0.99 C2-C3 r� 0.01 2.10 1.24 0.064
C1-C2 p 0.92 C3-C4 p� 0.21 6.38 0.28 0.058
C1-C2 r 0.99 C1-S44 p� 0.02 0.26 0.95 0.020
C1-C6 r 0.99 C1-C2 r� 0.01 2.15 1.28 0.066
C1-C6 r 0.99 N14-C15 r� 0.04 1.40 1.14 0.051
C1-S44 r 0.99 C1-C2 r� 0.01 0.53 1.29 0.033
C1-S44 r 0.99 C2-C5 r� 0.01 2.63 1.10 0.068
C2-C3 r 0.98 C1-C2 r� 0.01 2.01 1.28 0.064
C2-C3 r 0.98 C1-C6 r� 0.01 2.68 1.06 0.068
C2-C3 r 0.98 C5-C9 r� 0.01 0.44 1.05 0.027
C2-C5 r 0.98 C1-S44 r� 0.01 2.39 0.83 0.056
C2-C5 r 0.98 C5-H10 r� 0.01 0.30 1.04 0.022
C3-C4 r 0.98 C2-C3 r� 0.01 2.41 1.23 0.069
C3-C4 r 0.98 C22-O24 r� 0.04 0.87 1.12 0.040
C3-C4 p 0.88 C1-C2 r� 0.01 8.17 0.32 0.065
C3-C4 p 0.88 C22-O23 r� 0.01 12.33 0.27 0.075
C3-C22 p 0.98 O24-C25 r� 0.01 2.01 0.93 0.055
C3-C22 p 0.98 C22-O24 r� 0.03 0.38 1.09 0.026
C9-H11 r 0.99 C6-N14 r� 0.01 2.27 0.84 0.055
C32-C36 r 0.99 N21-C32 r� 0.01 1.60 1.24 0.056
C34-C39 p 0.87 C35 LP�(1) 0.02 23.46 0.15 0.089
C37-C38 p 0.99 C34-C39 p� 0.01 9.52 0.32 0.069
N14 LP(1) 0.99 C15-O16 p� 0.01 29.90 0.28 0.116
O16 LP(2) 0.99 N14-C15 r� 0.04 12.57 0.70 0.120
O23 LP(2) 0.99 C22-O24 r� 0.04 10.15 0.80 0.116
O24 LP(2) 0.99 C22-O23 p� 0.01 27.19 0.31 0.121
C36 LP(1) 0.99 C35 LP�(1) 0.01 688.82 0.02 0.130
C36 LP(1) 0.99 N21-C32 p� 0.01 69.83 0.09 0.119
O45 LP(3) 0.99 C35 LP�(1) 0.02 66.79 0.16 0.152
C3-C4 p 0.21 C1-C2 p� 0.14 34.64 0.03 0.073
C22-O23 p 0.18 C3-C4 p� 0.21 77.16 0.02 0.082
C37-C38 p 0.15 C34-C39 p� 0.01 71.53 0.01 0.077
N21 LP(1) 0.91 Cu46 LP�(6) 0.14 13.58 0.56 0.113
N21 LP(1) 0.91 Cu46 LP�(7) 0.07 16.18 0.62 0.128
O23 LP(2) 0.96 Cu46 LP�(7) 0.07 1.08 0.62 0.033
O45 LP(2) 0.93 Cu46 LP�(6) 0.14 16.54 0.66 0.138
Cu46 LP(1) 0.99 N21-C32 p� 0.18 0.04 0.34 0.005
Cu46 LP�(8) 0.05 C4-N21 r� 0.01 0.06 0.19 0.016
Cl47 LP(2) 0.99 C22-O23 r� 0.01 0.03 0.78 0.006
Cl47 LP(4) 0.89 Cu46 LP�(6) 0.14 40.92 0.66 0.212

Figure 6. Experimental (black) and simulated (red) electron spin resonance
spectra at 105 K of copper(II) complex in N,N-dimethylformamide solution.

Table 3. Electron spin resonance data for copper(II) complex.

g== g? A==ðCuÞ (Gauss) A?ðCuÞ (Gauss) A==ð14NÞ (Gauss) A?ð14NÞ (Gauss) A==ð35ClÞ (Gauss) A?ð35ClÞ (Gauss)
Cu(II) complex 2.294 2.061 156 5 7 0 10 0

INORGANIC AND NANO-METAL CHEMISTRY 5



conductivity and reactivity. Bonding and anti-bonding inter-
actions that stabilize within the copper(II) complex were
determined by NBO parameters. The strongest stabilization
energy was calculated as LP(1)C36 ! LP�(1)C35 interaction
at 688.82 kcal/mol. ESR spectral data of copper complex
showed that the complex had axial symmetry, which con-
firmed the oxidation states of metal ions.
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