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In this study, two dicationic asymmetrical diamine/copper(Il) nitrate salt complexes of the general for-
mula trans-[Cu"(NN'),.H,0](NO3), were successfully synthesized using N,N-dimethylethylenediamine
and N,N-diethylethylenediamine as asymmetrical diamine ligands. The structure of complex 2 was
identified by X-ray single crystal diffraction analysis confirming that the bidentate ligand N,N-dime-
thylethylenediamine forms a penta-coordinated complex with an H,O molecule located around the

copper(Il) ion in a trans configuration. It was found that the metal centre is coordinated in a distorted
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square pyramidal fashion with a t value of 0.274. The desired complexes were fully characterized using,
MS, UV-Vis, CV, FTIR, TG/DTA, and Hirshfeld surface computational analysis. High level theoretical
calculations were also performed in order to investigate the complexes structure, conformers, vibrational
frequencies, and their excited states.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Copper is one of the most authentic transition metal elements in
human bodies, where its ion complexes play an essential role in
bio-catalytic processing [1—4]. In general, copper(ll) complexes
behave as good anti-cancer agents due to their affinity to bind to
DNA with several types of interactions [4—10]. Hence, a large
number of copper(Il) complexes have been synthesized and eval-
uated as DNA binders and anti-cancer drugs [11—23].

The implementation of five-coordinated Cu(Il) complexes with
two diamine ligands are widespread in coordination chemistry
[21—23]. The structural, electronic and stereochemistry of such
complexes have been discussed extensively [21—24]. The geometry
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of five-coordinate complexes ranges between square pyramidal
(SP) and trigonal bipyramidal (TBP). Very few copper(Il) complexes
with regular TBP geometry are known, with the exception of some
complexes containing tripodal ligands [24].

The coordination chemistry of diamines ligands with copper(Il)
complexes has attracted attention considering their important
catalytic, structural, magnetic and biological properties [25,26].
Only a small number of asymmetric diamines ligands with alkyl
nitrogen atom (R;N) and aprotic nitrogen atom (H,N), such as N,N-
dimethylethylenediamine have been investigated in Cu(ll)
complexation. Coordination of two asymmetrical diamine ligands
with Cu(II) centre with five-coordinated orientation may favour the
trans structure as a kinetically-favoured isomer or the cis structure
as a thermodynamically-favoured isomer. To the best of our
knowledge, the cis/trans isomerization of asymmetric diamines to
the Cu(Il) centre has never been theoretically studied.

In the literature, there are numerous number of copper(Il)/N-
donors complexes; which are being used mainly as DNA binders
[1—4,21—24]. However, there is a shortage in the X-ray single-
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crystal diffraction (XRD) of such complexes. In addition, theoretical
calculations on such complexes are very rare. In this work, the
crystal structure of the trans-[Cu"(NN’),.H,0](NOs), isomer (com-
plex 2) was successfully prepared and isolated. The structure was
analysed with the means of single-crystal XRD, FTIR, and UV—vis. In
addition, high level computational calculations were performed in
order to study the structure, the cis/trans isomerization, and the
vibrational spectra of the copper(ll)/diamines complexes. Time-
dependent DFT (TDDFT) methods were also used to probe the
excitation states of the complexes and compare their UV—vis
spectra to the experimental ones.

2. Experimental section
2.1. Materials

All the reagents that were used are of analytical grade and
purchased from Sigma—Aldrich and used as received.

2.2. Synthetic procedure

1 mmol of Cu(NOs3),-3H,0 was dissolved in 10 ml of methanol.
Then, 2.1 mmol of the corresponding diamine ligand dissolved in
5 ml of methanol was added drop by drop under ultrasound waves
to the Cu(Il) solution until the solution turned dark blue in a
period ~ 20 min. After that, the solvents were removed under
vacuum at 65 °C and the remaining solid was washed with chlo-
roform (to remove excessive amines) and dried under vacuum.
Crystals from complex 2 suitable for X-ray diffraction were ob-
tained through slow evaporation of water from the solution of the
complexes.

221 [Cu(MBZNCHZCHzNH2)2~H20](N03)2 (1)

Blue water soluble powder with 83% yield, m. p. =185 °C. MS m/
2227.2 [M-2NO3]" for CgHooCuN505 Calculated: C,20.48; H, 5.73; N,
23.89. Found C, 20.33; H, 5.62; N, 23.71%, IR (KBr, vem™!): 3240
(VHzo), 3180 and 3140(VH_N), 2930 (VC—H)v 1150 (VN-C), 520 (VCU_N).
UV—vis in water: Amax (emax/M~! cm~™!): 250 nm
(115 x 10* M~'L"!) and 565 nm (8.20 x 10> ML 1).

2.2.2. [Cu(Et;NCH>CHoNH»)o-Ho0](NO3)5 (2)

Blue water soluble powder with 85% yield, m. p. = 182 °C. Yield
90%, m. p. = 182 °C. MS m/z 266.1 [M-2NO3]" for CgHp4CuN507
Calculated: C, 25.30; H, 6.37; N, 22.12. Found C, 25.15; H, 6.12; N,
22.08%, IR (KBr, vem™1): 3230 (Vi120), 3160 and 3150(v-n), 2910 (vc.
1), 1140 (Vn-c), 520 (Vcu-n). UV—vis in water: Amax (emax/M ™' cm™1):
260 nm (1.50 x 10* M~'L~1) and 598 nm (8.50 x 10> M~'L~1).

2.3. Characterizations

Elemental analyses were recorded with an Elementar Varrio EL
analyser. The FTIR spectra (4000—400 cm~') were obtained from
sample powders dispersed in KBr discs with a Perkin—Elmer 621
spectrophotometer. Thermal analyses were carried out with TA
instrument SDT-Q600 in air. Absorption spectra were recorded in
water at room temperature, on a Pharmacia LKB-Biochrom 4060
spectrophotometer. FAB-MS data were obtained with a Finnigan
711A (8 kV), modified by AMD and reported as mass/charge (m/z)
values.

2.4. Single-crystal X-Ray data collection
The X-ray single crystal data of complex 2 was collected with

monochromated Mo-Ka. radiation (A = 0.71073 A) on a Bruker
SMART Apex Il diffractometer equipped with a CCD area detector at

150(2) K. The crystal was positioned at 40 mm from the CCD and
the spots were measured using 20 s counting time. Data reduction
was carried out using the SAINT-NT software package [27]. Multi-
scan absorption correction was applied to all intensity data using
the SADABS program [28]. The structure was solved by a combi-
nation of direct methods with subsequent different Fourier syn-
theses and refined by full matrix least squares on F> using the
SHELX-2013 suite [29]. All non-hydrogen atoms were refined with
anisotropic thermal displacements. The C—H hydrogen atoms were
included at calculated positions and refined with isotropic pa-
rameters equivalent 1.2 times those of the atom to which they are
attached. Furthermore, the hydrogen atoms bound to nitrogen
atom as well for coordinated water molecule were unequivocally
located from the last calculated difference Fourier maps.

The molecular and packing diagrams were generated using the
Platon and Olex2 software [30]. The details of the crystal structure
and data refinement are given in Table 1. The list of bond lengths
and bond angles of the non-hydrogen atoms are given in Table 2.
Fig. 1 represents the ORTEP of the molecule with thermal ellipsoids
drawn at a 50% probability.

2.5. Theoretical calculations

Exact details on performing the quantum computational cal-
culations are described in previous studies [31,32]. The copper
complexes studied in this work were optimized to their equilibrium
geometries and characterized by the analytical calculation of their
harmonic frequencies. In order to describe the copper-complex
structures obtained experimentally, two families of computa-
tional methods were tested. First, the density functional theory
(DFT) was employed using the hybrid functional, BHandH and
B3LYP [33] and the 6-31 + G(2d,p) basis set. The second compu-
tational method was based on using the effective core potential
(ECP). This was done by describing the transition metal with three
different basis sets, SDD [34] LANL2DZ and Def2TZVPP [35] and all
other atoms (H, C, N, and O) by the 6-311 + G(2d,p) basis set. Zero-
point energies (ZPE) were scaled by a factor of 0.9748 as suggested
by Scott and Radom [36]. Because of the Cu-complexes used in this
work were cations, the open shell unrestricted spin was requested
by adding the prefix u to the method, i.e., uB3LYP, or uBHandH. In
order to locate the most stable structure among the different con-
formers of the Cu-complexes, single point energies were requested
after complete optimization using the Mgller—Plesset perturbation
theory (MP2) [37] provides using the 6-311++g(2d,p) basis set. For

Ry, WR3 [I > 20]]

R1, WR; (all data)
Data/restraints/parameters
Goodness-of-fit on F?

Table 1

Crystal data and structure refinement for complex 2.
Empirical Formula C12H34CuNg0O7
My, 437.99
Crystal system Monoclinic
Space group Q2Jc
a/[A] 15.1603(14)
b/[A] 8.3978(10)
c/[A] 16.1732(16)
B/ 105.251(4)
V [A%] 1986.5(4)
VA 4
D. [Mg m~3] 1.464
w/[mm~"] 1.145
F(000) 932
Crystal size [mm)] 0.18 x 0.16 x 0.08
Reflections collected 14258
Unique reflections, [Rint] 2196 [0.0376]

0.0281, 0.0631 [1908]
0.0357, 0.0660
2195/133/1

1.080
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Table 2
Selected bond distances (A) and bond angles (°) for complex 2.

Bond lengths

Cu—N(1) 2.010(2) Cu—N(1i) 2.010(2)

Cu—N(2) 2.105(2) Cu—N(2i) 2.105(2)

Cu—0(1) 2.225(2)

Bond angles

N(1)—Cu—N(2) 84.64(6) N(2)—Cu—N(2i) 156.89(9)

N(1)—Cu—N(1i) 173.34(11) N(1)—Cu—0(1) 86.67(6)

N(1)—Cu—N(2i) 96.70(6) N(1i)—Cu—0(1) 86.67(6)

N(1i)—Cu—N(2) 96.70(6) N(2)—Cu—0(1) 101.56(4)

N(1i)—Cu—N(2i) 84.64(6) N(2i)—Cu—0(1) 101.56(4)
i=1-xy,3/2-z.

N(100)
N(100i)

Fig. 1. Molecular structure of complex 2 with thermal ellipsoids drawn at 50% prob-
ability level.

the calculations involving solvents, the SCRF method was used.
Time-dependent density functional theory calculations used for
probing the excited states of the Cu-complexes were performed at
uBHandH/6-31 + g(2d,p) level of theory. All electronic calculations

NR, N

+ Cu(NO3),.3H,0 m

NH,

R = Me (complex 1) or Et (complex 2)

in this work were performed using the Gaussian 09 program [38].
Hirshfeld surfaces and the associated 2D-fingerprint plots were
calculated using Crystal Explorer [39].

3. Results and discussion
3.1. Synthesis of Cu(ll) complexes

Two new dicationic water-soluble trans-[Cu(NN’);.H,O](NO3);
complexes were synthesized by using N,N-dimethylethylenedi-
amine and N,N-diethylethylenediamine as asymmetrical diamine
ligands in methanoic medium and under ultrasonic wave atmo-
sphere (Scheme 1).

The desired complexes have been isolated as NO3 salts in good
yields. The complexes are soluble in water, MeOH, DMF and DMSO.
However, they are totally insoluble in THF, acetone, CH,Cl, and
non-polar solvents like n-hexane. The solubility and conductivity
measurements have confirmed the dicationic nature of the com-
plexes. The progress of the synthesis was followed by colour
changes (from brown to sky blue). The prepared complexes have
been characterized using elemental analysis, MS, TG/DTA and
spectroscopic methods. The X-ray crystal structure of complex 2
revealed a distorted trigonal bipyramidal environment.

P. Naumov deposited complex 2 structure (CCDC 616566) with
6.75 R-value, the authors did not do any structure descriptions or a
calculation, the complex was used to enhance adsorption, nothing
else was reported [40]. In our case we deposited complex 2 struc-
ture (CCDC 1529101) with better 2.81 R-value, both the crystal in-
formation data (cif files) of the complex were used to evaluate the
experimental and calculated structure parameters.

3.2. Crystal structure and ab-initio calculations of complex 2

As per the single crystal analysis, complex 2 was crystallized in
the Monoclinic structure with C2/c space group. The crystal data
and the structure refinement parameters are given in Table 1, and
selected bond distances and angles are given in Table 2. The ORTEP
diagram of the complex with the atomic numbering is also shown
in Fig. 1.

The coordination geometry around the Cu(Il) centre can be
described as a distorted square pyramidal towards a trigonal
bipyramidal arrangement by a 7 value of 0.274. This trigonal index
was calculated using the formula 7=(—a)/60 as previously defined
by Addison et al. [41], with T assuming values between 0 and 1 for
ideal square pyramidal and trigonal bipyramidal geometries,
respectively. In complex 2, f and a« correspond to N(1)—Cu—N(1)i
and to N(2)—Cu—N(2i) angles, respectively. The equatorial coordi-
nation of copper centre is composed of four nitrogen atoms from
the diamine ligand.

As shown in Fig. 1, the water molecule occupies the apical py-
ramidal position with the oxygen atom located at 2.225(2) A from
the copper centre. The Cu—N distances of 2.010(2) and 2.105 (2) A as

R, HLO R
L) N[ oy,

N\ ‘/N

Ca /Cu\
N\ N N
R, H, H
trans cis

Scheme 1. Synthesis of copper(ll) complexes 1 and 2.
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Table 3

Hydrogen bond dimensions for complex 2.
D-H--A H---A/A D---A/A D—H---Al°
0(1)—H(1)---N(100) 2.54(2) 3.336(2) 154
[-x + 1,y,-z + 3/2]
0(1)—H(1)---0(101) 1.81(3) 2.672(2) 177
[-x + 1,y,-z + 3/2]
N(1)—H(1C)---0(102) 227(2) 3.056(2) 157
N(1)—H(1D)---0(102) 2.26(2) 3.063(2) 162
[-x + 3/2,y-1/2,-z + 3/2]
N(1)—H(1D)---0(103) 2638 3.222(2) 128

[-x + 3/2y-1/2,-z + 3/2]

Fig. 2. Crystal packing diagram of complex 2, view along [010] crystallographic di-
rection. The dotted lines indicate inter-molecular hydrogen bonds.

Conformer I (-2408.381624 Ha)

9

J

Conformer III (-2408.383743Ha)

well as the Cu—O distance of 2.225(2), are within the expected
values for copper(Il) complexes with diamine type ligands [42].

As revealed from the crystal lattice, the N---O and O---O inter-
molecular distances are consistent with the existence of a 2-D
dimensional network of N—H---O and O—H---O hydrogen bonding
interactions between the [Cu(NN'),.H,0]** cations, and NO3 an-
ions. The H-bond interactions are listed in Table 3 and also shown in
Fig. 2.

In order to better understand the relative stability of complex 2
isomerization, we performed ab-initio calculations on different
possible structural arrangements of the complex. Using the
BHandH hybrid density functional, different isomers of the com-
plex 2 structure were optimized. The optimization results and the
corresponding final energies at BHandH/6-31 + G(2d,p) level of
theory are shown in Fig. 3. Interestingly, the distorted square-
pyramidal isomer (IV) was found to be the most stable structure,
in full agreement with the XRD findings discussed earlier. The
isomers I, II, and IIl were found to be less stable than isomer IV by
6.3,11.8, and 5.0 kcal/mol, respectively. After verifying the isomer IV
to be the most stable structure, different computational methods
were tested in order to describe the structural parameters of the
complex, as previously described in the theoretical methods sec-
tion. Table 4 lists the key structural parameters for the complex 2
obtained at the two DFT functional B3LYP and BHandH with the
basis set 6-31 + G(2d,p), and the effective core potential (ECP)
methods using the basis sets Def2TZVPP, LANL2DZ, and SDD. The
table also shows the same structural parameters obtained experi-
mentally by X-ray diffraction. Clearly, the structure optimized by
the DFT functional, BHandH, shows the best match to the experi-
mental structure; such finding is in agreement with previous
theoretical studies utilizing the BHandH function [43]. Although
the ECP methods were recommended to describe transition metal

‘/0

Conformer II (-2408.372839 Ha)

Conformer IV (-2408.391676 Ha)

Fig. 3. Optimized structures and final energies (in hartree) for different isomers of complex 2 obtained at BHANDH/6-31 + G(2d,p) level of theory. C atom, grey; N atom, blue; H

atoms are not shown.
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Table 4

Structural parameters for complex 2 obtained at different computational level of theories.
Parameter XRD structure ECP/Def2TZVPP Error ECP/LANL2DZ Error ECP/SDD Error B3LYP Error BHandH Error
Cu—N1 2.0096 2.0536 2.2% 2.0601 2.5% 2.0465 1.8% 2.0229 0.7% 1.9833 1.3%
Cu—N2 2.1050 2.1645 2.8% 2.1766 3.4% 2.1600 2.6% 2.1611 2.7% 2.0680 1.8%
Cu—N3 2.0097 2.0301 1.0% 2.0365 1.3% 2.0220 0.6% 2.0229 0.7% 1.9833 1.3%
Cu—N4 2.1050 2.1624 2.7% 2.1740 3.3% 2.1579 2.5% 2.1611 2.7% 2.0681 1.8%
Cu—0 2.2249 42795 92.3% 4.2801 92.4% 42746 92.1% 3.0807 38.5% 2.4033 8.0%

structures, the three ECP basis sets used in this work have failed in
optimizing the complex 2 structure, as seen from the large error
values in Table 4. The largest errors are associated with the Cu—0
bond distance, which was over estimated by the ECP methods, and
the N1-N2—N3—N4 dihedral angle.

3.3. Comparison between XRD and DFT structure parameters of
complex 2

The crystal information data (cif files) for complex 2 in this work
and P. Naumov [40] were used in order to compare the structure
parameters like bond lengths and angles with the calculated DFT
result. The optimized main angles and bond lengths around the
copper centre were compared to experimental data, as seen in
Table 5, Figs. 4 and 5. Fig. 4 showed that: plotting the X-ray experi-
mental bonds lengths (this work) against experimental bonds
lengths [40] reflected an excellent matching with correlation coef-
ficient R? = 0.9987 (Fig. 4a), the bonds lengths are semi-identical
(Fig. 4d). Plotting of the X-ray experimental bond length (this
work) vs. DFT showed better data with R? = 0.8996 (Fig. 4b),
compared to experimental bond lengths [40] R? = 0.8773 (Fig. 4c).
Fig. 5 showed very good angles agreement between experimental
with DFT. Fig. 5a reflected graphical correlation with excellent
R% = 0.9998 value when experimental angles (this work) vs. exper-
imental [40] was plotted, semi-identical angles values between
experimental were detected (Fig. 5d). Fig. 5b plotting experimental
(this work) vs. DFT revealed very high R? = 0.9967. Fig. 5c, plotting
experimental [40] vs. DFT also revealed an excellent R = 0.9966.

3.4. Hirshfeld surface analysis of complex 2

Hirshfeld surface analysis is an essential technique for showing
packing modes and intermolecular interactions of crystals structure
using CIF file output data [44—48]. Complex 2 was subjected to
Hirshfeld surface analysis as seen in Figs. 6 and 7.

Fig. 4 shows Hirshfeld surfaces comprising of dporm surface
plots, curvedness, and shape index electrostatic potentials of
intermolecular interactions and molecular shapes. Different types
of intermolecular interactions were identified. The large dark
spots on the surface appear as a result of strong hydrogen bond

acceptors near the nitrogen and oxygen of nitrate, which clearly
illustrates the presence of both intra and inter molecular H ....N
and H ....0 hydrogen bonds. Such binding is expected to be strong
enough to stabilize the crystalline structure, in which the NOs3
counter ions played a crucial role in stabilizing the molecular
crystal structure [40].

Fig. 7 shows 2D fingerprint plots revealed by colour coding
distances from the surface to the nearest atom exterior (de plots) or
interior (di plots) to the surface into specific atom ... atom contacts
in complex 2. The percentage of contribution of each contact to the
Hirshfeld surface shows that the greatest contribution is due to (a)
total, (b) H ... all (84%), (c) H---H (56%), (d) H---O (27%), (e) H---N
(2%) and (f) H---C/Cu (0%) contacts as seen in Fig. 4.

3.5. Visible and ultraviolet spectral data

The electronic absorption spectra for complexes 1 and 2 were
performed in water at 25 °C. Fig. 8 shows the UV—Vis spectra for the
two complexes at different concentrations. In the UV-region:
complex 1 had one absorption band at Apax = 250 nm, and com-
plex 2 exhibited also one band at Aphax = 260 nm, which were
attributed to 7 to * electron transition.

In the visible region, both complexes 1 and 2 exhibit one broad
band each at Apax = 560 and 595 nm, respectively, which can be
attributed to d—d electron transfer.

The excitation states for complex 2 were studied by utilizing the
time-dependent density functional theory (TDDFT). The first ten
excited states of the complex cation are listed in Table 6. The table
also lists the excitation energy in units of eV, the wavelength, and
the oscillator strength, and the S? value for each excited sate. The
square multiplicity (S%) values, which equal S(S+1), for most of the
excited sates are close to 0.75, indicating a doublet state. The s2
values for states 8, 9, and 10 suffer from serious spin contamination.
It was noted that the maximum wavelength (Amax) of absorption for
complex 2 in the visible region occurs at 598 nm in aqueous so-
lution. According to these calculations, the excitation energies of
states 3 and 4 are the closest to the experimental Apa.x. However,
these excited states are forbidden as their oscillator strengths are
null. Hence, it is concluded that the second excited state at 606 nm
is the one responsible for the experimental A of complex 2.

Table 5
Experimental and DFT structural parameters for complex 2.
bond No. Bond type Bond length Angle No. Angle type Angle value
XRD [40] XRD DFT Angle [40] Angle DFT
1 Cul N1 2.106 2.105 2.068 1 N1 Cul N2 844 84.64 85
2 Cul N2 2 2.01 1.9832 2 N1 Cul 04 102 101.56 103.13
3 Cul 04 2.226 2225 2.4084 3 N1 Cul N1 156 156.89 153.74
4 Cul N1 2.106 2.105 2.068 4 N1 Cul N2 96.9 96.7 97.65
5 Cul N2 2 2.01 1.9832 5 N2 Cul 04 86.9 86.66 84.19
6 N2 Cul N1 96.9 96.7 97.65
7 N2 Cul N2 173.9 173.33 168.37
8 04 Cul N1 102 101.56 103.13
9 04 Cul N2 86.9 86.66 84.19
1 N1 Cul N2 84.4 84.64 85
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Type and No. of bonds

Fig. 4. Graphical correlation of bond lengths (A): a) experimental this work vs.
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is evident characteristic of solvatochromism, which is equivalent to
dicationic mononuclear complexes. The colour sweeping in such

experimental [40], (b) experimental this work vs. DFT, (c) experimental [40] vs. DFT

and (d) bond length vs. bonds types.

3.6. Solvatochromism

The solubility of complexes in water and polar organic solvents

complexes are imputed to the d—d electron transition in Cu(lIl)
centre as an outcome of solute-solvent interactions.

The Amax values of the complexes in various solvents were
bathochromic shifted depending on polarity of the solvents, as
shown in Fig. 9. The polar solvents with heteroatoms are able to
coordinate the square pyramidal Cu(ll) which may changes the
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(a)

Fig. 6. dorm (@), curvedness (b) and shape index (c) mapped on the Hirshfeld surface of complex 2.
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Fig. 7. Fingerprint plots of the complex 2.

topological coordination of bonds to octahedral geometry
depending on their DN donation number ability [49—54].

To explain the solvent effects on the absorption spectra of the
complexes, Amax values were plotted against Guttmann's donor
values DN as in the solvatochromic (Eq. (1)) and in Fig. 10.

Vmax = Ymax + GDN + bAN + ¢ + da (1)

The solvent parameters used include Guttmann's donor DN,
acceptor numbers AN, electron pair donating ability B and
hydrogen bonding ability .

Fig. 10 shows a positive linear relationship between DN values
against Amax, Which clearly supports the expected Lewis acidity
behaviour of such complexes. The bathochromic shifts on Apax of
the desired complexes upon increasing DN of solvents are due to
the coordination of polar solvents to the square pyramidal Cu(II)
centre with different strength, which changed their geometry to
octahedral structures [52].

3.7. FTIR spectroscopy

In order to collect the spectroscopic signature of the desired
complexes, we performed both experimental and frequency
calculation analysis, as seen in Fig. 11. The experimental and theo-
retical FT-IR vibration spectra of complex 2 in comparison revealed
several stretching vibrations corresponding to their expected
chemical shifts, as seen in Fig. 11 b and c. Since the calculations was
performed for compound in vacuum, while experiment was made
for solid; usually, there is a slightly disagreement between
observed vibrational and calculated wavenumbers.

The main stretching vibrations chemical shifts belongs to
functional groups in complex 2 (¥(Ho-H) Y(N—H) ¥(C-H)» ¥(No3) and
¥(cu—N)) were compared to their computed frequencies. The metal
coordinated water v(o—) (exp. = 3450 cm~ ! while DFT = 4000 and
3860 cm™!), diamines y(n_p), (exp. = 3250 cm™~! while DFT = 3650
and 3460 cm™ 1), alkyls v(c—H) (exp. = 2950 and 2840 cm~! while
DFT = 3200 and 3050 cm™'), Nitro »no3) (exp. = 1450-1250 cm ™!
while DFT = 1560 cm™!) and metal-N ycu—N) (exp. ~ 500 cm™!
while DFT = 580 cm™'). Generally, the collected results suggested
that computed frequencies determined by applying DFT were
overestimated their corresponding experimental quantities due to
the different anharmonicity and electron correlation effects in the
real system [55].

In order to figure out the real IR-relation in such complexes,
graphical correlation between the experimental and DFT theoret-
ical analysis was plotted for complex 2, as is seen in Fig. 11d. A
significant R? value 0.9931 was collected, which reflected an overall
good matching between experimental and theoretical IR analysis.
This validates the proposed structure of complex.

3.8. Thermogravimetric analyses

The thermal stability of the complex 2 was performed by TG/
DTA. The TGA curves were obtained at a heating rate of 10 °C min~!
in open air atmosphere over the temperature range 25—900 °C. The
thermogravimetric analyses of these complexes revealed the
occurrence of two consecutive processes, namely ligand pyrolysis
and inorganic residue formation. The TG/DTA spectra of complex 1
mainly illustrate the expected two steps of weight loss as seen in
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Fig. 8. UV—vis spectra in water at 25 °C of: (a) complex 11 x 10~> M; (b) complex 11 x 10~% M; (c) complex 2 1 x 107> M; (d) complex 2 1 x 10~> M.

Table 6

Excited sates of complex 2 cation obtained using TDDFT at uBHandH/6-31 + g(2d,p) level of theory.
Excited State excitation energy (eV) wavelength (nm) oscillator strength (f) s?
1 1.8332 676.33 0.0004 0.752
2 2.0459 606.01 0.0012 0.752
3 2.1027 589.65 0.0000 0.751
4 2.1358 580.51 0.0000 0.752
5 5.5379 223.88 0.1176 0.799
6 6.0172 206.05 0.0038 0.788
7 6.5375 189.65 0.0714 0.782
8 7.2053 172.07 0.0007 1.238
9 7.3679 168.28 0.0048 0.820
10 7.5270 164.72 0.0076 1.306

Fig. 12. The first decomposition step is a short and simple step due
to dehydration of one water molecule at 110 °C. Losing around 3 wt
% (theoretically 2.8 wt%), with the exothermic DTA sign at 115 °C.
The next step is a more complex one, de-structure of NN and NO,

behaviour. The experimental data showed that the reduction of
complexes proceeds through a quasi-reversible one-electron pro-
cess with Ipa/Ipc unity ratio, generating the Cu(l) centre, as illus-
trated in the general equation and Fig. 13.

E;»=-0.45V for complex 1
E,p=-0.58 V for complex 2

— W

[Cu'(NN'),. H,0I(NOy), e

[Cu'(NN'),]NO;

ligands and reacting of the Cu centre with O, in one broad step
starting at 190 °C and ending at 840 °C, losing around 78 wt%
(theoretically 77 wt%), with an exothermic DTA sign at 198 °C
forming CuO. The final product was identified by IR as copper oxide
(CuO, 21 wt%) [25].

3.9. Electrochemical behaviour

An electrochemical analysis for both complexes, 1 and 2, was
perfumed in order to understand their oxidation/reduction

Fig. 13 shows that the redux potential value (Ep; = —0.63 V) for
complex 2 is slightly more negative compared to that of complex 1
(Epa = —0.53 V), which can be attributed to the alkyl functional
groups (RyN), which are considered electron donors. (Et, complex
2) > (Me, complex 1) which electronically enriches the Cu(ll)
centre.

The quasi-reversibility associated with the reduction process
probably arises as a consequence of a geometry change from the
originally square pyramid towards a distorted tetrahedral envi-
ronment around the Cu(I) species [25,26].
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complex 2, (a) H20, Amax = 598 nm, (b) MeOH, Amax = 604 nm, (¢) DMF, Amax = 627 nm,
(d) DMSO, Amax = 642 nm and (e) TDDFT theoretical spectrum at uBHandH/6-
31 + g(2d,p) level.
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Fig. 13. Cyclic voltammogram of complex 1 (a) and complex 2 (b) in DMF solution, at
scan rates 0.1 V/s.

4. Conclusions

Two new copper(Il) complexes were prepared and characterized
in this work. The structure of complex 2 was found to have a trans
penta-coordinated configuration as shown by XRD analysis. Theo-
retical investigations employing thy BHandH hybrid density func-
tional have agreed with the results obtained from the XRD. The
obtained complex in its trans conformation was proven to be the
most stable as shown form the theoretical study. The Hirshfeld
surface analysis indicated the presence of strong intermolecular
interactions represented by hydrogen bonds with the O and N
atoms. The H-bonds are expected to stabilize the crystal structure
of the investigated molecules. The UV spectra of both compounds
exhibited visible absorption peaks, which have been attributed to
d—d electron transfer. As obtained from the TDDFT calculations
performed on complex 2, it is believed that second excited state at
606 nm is the one responsible for the experimental Apax of complex
2. The prepared complexes exhibited clear solvatochromism as
shown by the UV spectra obtained in different solvents. It was clear
that the Apax of both complexes were bathochromic shifted. A

Guttmann-type analysis indicated that the reason for the bath-
ochromic shift is due to the coordination of the polar solvents to the
square pyramidal Cu(Il) centre. The thermal stability of complex 2
was studied by TGA. The complex was found to decompose at two
characteristic regions at 115° C and 190 °C. Finally, a cyclic vol-
tammetry investigation on the complexes 1 and 2 indicated a
reduction process rising from a geometry transformation from a
square pyramidal configuration into a distorted tetrahedral
environment.

The biological activity of the copper (II) complexes synthesized
in this work will be evaluated in the near future. The antibacterial,
antifungal, and anticancer efficiency of the complexes will be
investigated in-vitro. Also, the complexes will be examined as
enzyme inhibitors.
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