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A B S T R A C T

Water soluble mono-cationic copper(II) complex of the general formula [Cu(NO2-phen)2Br]Br, (NO2-phen = 5-
nitro-1.10-phenantholine) was prepared in good yield under ultrasonic irradiation. The desired complex was
isolated as a bromide salt and identified by MS, EA, UV–Vis., TG/DTA, FT-IR and XRD. The single-crystal X-ray
diffraction and Hirschfield analysis revealed a square pyramidal distorted geometry around the Cu(II) center.
The geometry of the [Cu(NO2-phen)2Br]+ complex was fully optimized with ab-initio methods and (DFT/
B3LYP) density functional theory, then structural parameters were compared to the XRD data. The
solvatochromism of [Cu(NO2-phen)2Br]Br complex was investigated in several polar solvents. Absorption and
viscosity titration studies concluded that the [Cu(NO2-phen)2Br]Br complex is a very good CT-DNA binder.

1. Introduction

One of large challenges in medicinal and bioinorganic chemistry is
to develop new anticancer active reagents through either lab-synthesis
or natural-isolation of such compounds [1–3]. Numerous coordination
compounds, such as cis-platin complex, have played a critical role as
drugs in fighting against certain types of cancer [3–5]. Even with the
satisfactory results of cis-platin in treating several cancer types, there
are still a number of associated disadvantages such as: dose-limiting
toxicity, side effects and resistance phenomena [6]. Transition metal
ion complexes were engaged to solve such old standing problems [7].
Complexes of copper(I) and (II) showed promising perspectives [8–12]
since the metal is an essential trace element in the bodies, and the
complexes are water soluble so dose-limitation may be reduced [12].

1,10-Phenanthroline ligand and its derivatives find extensive appli-
cations as bidentate chelating ligands in coordination chemistry
[13–16]. Many 1,10-phenanthroline and hybrid 1,10-phenanthroline
ligands/metal complexes have found interesting medical applications

[17].
Copper(II)/1,10-phenanthroline complexes mixed with other li-

gands received much attention due to their remarkable cytotoxicity
which in some cases is more efficient than that of cisplatin [18–20].
Moreover, such complexes are considered one of the most active DNA
binding agents, mostly though groove mode causing rapid DNA
cleavage [21–25].

Solvatochromism phenomenon in complexes has gained a good
awareness in organic and inorganic chemistry because of its imple-
mentation in Lewis acids and bases color-indexing [26–28]. Investigat-
ing solvatochromism in complexes has yielded a quantitative method to
evaluate the role of solvents in understanding the physicochemical
features of complexes [29].

Due to the strong Jahn–Teller effect in copper(II) complexes,
particularly with coordination number 5, evident solvatochromic was
observed [27–29]. Herein, we report the synthesis, solvatochromism,
thermal, Hirshfeld surface analysis, computational study and spectro-
scopic properties of the mono-cation [Cu(NO2-phen)2Br]Br complex.
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The crystal structure of the title complex was also investigated.

2. Experimental Section

2.1. Materials

All reagents were of analytical grade and purchased from
Sigma–Aldrich and used as received. Elemental analyses were recorded
with an Elementar Varrio EL analyzer. The FT-IR spectra
(4000–500 cm−1) were obtained with a Perkin–Elmer 621 spectro-
photometer. Thermal analyses were carried out in an open air system at
a heating rate of 10 °C min−1 and a temperature range of 0–1000 °C
using TA SDT-Q600 instrument. Electronic spectra were recorded in
water at room temperature on Pharmacia LKB-Biochrom 4060 spectro-
photometer. Mass spectrometry data were obtained by a Finnigan 711A
(8 kV), modified by AMD and reported as mass/charge (m/z).

2.2. Synthesis of [Cu(NO2-phen)2Br]Br Complex

CuBr2·2H2O (1 mmol) was dissolved in 20 mL of ethanol under

Table 1
Crystal structure refinement data for [Cu(NO2-phen)2Br]Br complex.

Empirical formula C24H17Br2CuN6O7

Formula weight 724.80
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P − 1
Unit cell dimensions a = 9.9902(6) Å α = 99.274(5)°

b = 11.2406(6) Å β = 105.540(5)°
c = 13.6643(7) Å γ = 110.934(5)°

Volume 1323.30(13) Å 3
Z 2
Density (calculated) 1.819 Mg/m3

Absorption coefficient 3.901 mm−1

F(000) 716
Crystal size 0.4 × 0.3 × 0.2 mm3

Theta range for data
collection

3.23 to 26.30°.

Index ranges −9≤ h ≤ 12, −14≤ k≤ 13,
−17 ≤ l ≤ 16

Reflections collected 9953
Independent reflections 5353 [R(int) = 0.0243]
Completeness to

theta = 26.30°
99.8%

Absorption correction Semi-empirical from equivalents
Max. and min.

transmission
1.00000 and 0.63506

Refinement method Full-matrix least-squares on F2

Data/restraints/
parameters

5353/8/395

Goodness-of-fit on F2 1.053
Final R indices

[I > 2sigma(I)]
R1 = 0.0507, wR2 = 0.1192

R indices (all data) R1 = 0.0779, wR2 = 0.1347
Largest diff. peak and

hole
0.895 and −0.723 e. Å−3

Scheme 1. Synthesis of [Cu(NO2-phen)2Br]Br complexes.

Table 2
XRD selective bond lengths and angels for [Cu(NO2-phen)2Br]Br complex.

Bond type Length(Å) Angle type Value(°)

Cu1 Br1 2.416(1) Br1 Cu1 N1 94.2(1)
Cu1 N1 1.996(5) Br1 Cu1 N12 120.7(1)
Cu1 N12 2.126(3) Br1 Cu1 N15 128.0(1)
Cu1 N15 2.106(5) Br1 Cu1 N26 94.0(1)
Cu1 N26 1.999(5) N1 Cu1 N12 79.6(2)
N1 C2 1.328(7) N1 Cu1 N15 95.4(2)
N1 C14 1.355(6) N1 Cu1 N26 171.8(2)
C2 C3 1.39(1) N12 Cu1 N15 111.3(2)
C3 C4 1.346(8) N12 Cu1 N26 95.6(2)
C4 C5 1.405(9) N15 Cu1 N26 80.1(2)
C5 C6 1.431(7) Cu1 N1 C2 126.1(4)
C5 C14 1.395(8) Cu1 N1 C14 115.6(4)
C6 C7 1.329(8) C2 N1 C14 118.3(5)
C7 C8 1.430(9) N1 C2 C3 123.0(6)
C7 N29 1.485(7) C2 C3 C4 119.5(6)
C8 C9 1.416(9) C3 C4 C5 119.1(6)
C8 C13 1.403(6) C4 C5 C6 124.0(6)
C9 C10 1.36(1) C4 C5 C14 118.6(6)
C10 C11 1.373(8) C6 C5 C14 117.4(5)
C11 N12 1.338(8) C5 C6 C7 120.8(6)

Fig. 1. The ORTEP generated diagram of (a) cis-[Cu(NO2-phen)2Br]Br and (b) trans-[Cu
(NO2-phen)2Br]Br isomers. Hydrogen atoms and water molecules are omitted for clarity.
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ultrasound waves, to which an ethanoic solution (10 mL) of 2.2 mmol
of NO2-phen was added dropwise with stirring for 5 min until a brown
precipitate was formed. The product complex was filtrated, washed by
dichloromethane to remove excess NO2-phen ligand and then dried
under vacuum. Since the complex is highly soluble in water, crystals
suitable for X-ray structural analysis were obtained by slow evaporation
of an aqueous solution of the complex, The complex was isolated as a

blue powder, with 81% yield, m. p. = 215.0 °C, MS m/z 647.90 M+ due
to its mono-cationic nature [Cu(NO2-phen)2Br]+ with chemical
Formula: C24H20Br2CuN6O7([Cu(NO2-phen)2Br]Br·3H2O). Elemental
Analysis: Calculated: C, 39.61; H, 2.77; N, 11.55%. Found: C, 39.22;
H, 2.74; N, 11.48%. IR: 3402 (vH2O), 3050 (vCeH of phen), 1520
(vN]C), 1330 (vNO2), 518 (vCueN). UV–Vis. in water: λmax at: 270 nm
(2.8 × 104 M−1 L−1) and 705 nm (1.8 × 102 M−1 L−1).

2.3. X-ray Single-crystal Data Collection

Several suitable crystals were mounted and the diffraction data
were collected at RT using an Oxford Xcalibur diffractometer (Mo Kα
radiation, λ = 0.7107 Å). Data was processed using CrysAlisPro soft-
ware [30]. The structures were solved by direct methods and refined by
least-squares method on F2 using the SHELXTL program package [31].
Hydrogen atoms are located on the calculated positions except those

Table 3
Hydrogen bonds for [Cu(NO2-phen)2Br]+complex [Å and °].

DeH…A d(DeH) d(H…A) d(D…A) < (DHA)

O(36)eH(36A)…O(37) 1.00 1.85 2.808(11) 160.3
O(37)eH(37B)…Br(2) 0.85 2.42 3.274(4) 177.0
O(37)eH(37A)…Br(2)#1 0.85 2.54 3.339(5) 157.4

Symmetry transformations used to generate equivalent atoms: #1 − x + 2,−y + 1,−z.

Fig. 2. a) Perspective view of the XRD structure of cis-[Cu(NO2-phen)2Br]Br showing the atom numbering scheme. b) Side and top views of the X-ray structure. c) The optimized ground
state geometry for the copper complex at B3LYP/6-31G (d) level of theory.
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attached to water molecules. The hydrogen atoms of two water
molecules are located using Fourier difference map, whereas hydrogens
atoms of the water molecule (O35) could not be located. Data collection
and refinement parameters are given in Table 1.

2.4. Computational Method

The molecular geometry of the title cationic complex was fully
optimized without any geometric constraints in the gas phase at the
DFT/B3LYP level of theory, which utilizes the three parameter Becke
exchange functional, B3 [32], the nonlocal correctional functional of
Lee, Yang and Parr (LYP [33]) in conjunction with the polarized 6-
31G(d) main set [34]. The starting molecular geometry is extracted
from the experimentally determined crystal structure. Additionally, we
have employed two ab-initio methods, namely HF/3-21G [35] and HF/
6-31G* [36] and reported the geometrical parameters of the optimized
complex. All electronic structure calculations were performed using the
Spartan 16 package.

2.5. DNA Binding Investigation

2.5.1. Absorption-titration Method
The experimental absorption-titration measurements were carried

out in Tris–HCl buffer with 5 mM Tris–HCl, 50 mM NaCl and pH 7.2.
1.0 × 10−5 M Cu(II) concentration was used during the titration
process. The CT-DNA concentrations were varied between 0 and
2.0 × 10−2 M by maintaining the volume of the total mixture constant
at 10.0 mL. The resulting mixed solutions of Cu(II)/CT-DNA were left

standing to equilibrate for 10 min at RT after each trial before
subjecting them to absorption measurements at λmax = 270 nm. Kb

binding constants were calculated using Eq. (1) [37].

K[DNA] (∈ − ∈ ) = [DNA] (∈ − ∈ ) + 1 (∈ − ∈ )a f b f b b f (1)

where [DNA] is the conc. of DNA, εa is the apparent extinction
coefficient obtained by calculating Aobs/[complex], εf corresponds to
the free extinction coefficient of the complex and εb refers to the
extinction coefficient of the complex in the bound form. When fitted to
the above equation, a straight line with slope of 1 / (εb− εf) and y-
intercept of 1/Kb(εb− εf) results. Finally, Kb was determined from the
ratio of the slope to intercept.

2.6. Viscosity Measurements

Viscosity experiments were carried out using an Ubbelodhe visc-
ometer at 25.0 (± 0.1) °C. The viscosities, of fixed [DNA]
= 5.0 × 10−4 M concentration mixed with complex solutions of
different concentrations (0–6.5 × 10−5 M), were evaluated. The bind-
ing ratio [Cu]/[DNA] was plotted versus (ƞ/ƞ°)1/3 [38], where ƞ° is the
pure DNA viscosity and ƞ is the viscosities of DNA in the presence of
complex concentrations.

3. Results and Discussion

3.1. Synthesis

Water soluble mono-cationic [Cu(NO2-phen)2Br]Br complex was
prepared in good yield through the direct addition of two equivalents of
NO2-phen ligand to CuBr2·2H2O dissolved in ethanol under an open RT
ultrasonic vibration (Scheme 1). The brown color of the CuBr2·2H2O
ethanolic solution first changed to green when NO2-phen ligand was
added. By the end of the reaction, the product complex was precipitated
as a deep-brown powder. The complexes is highly soluble in DMF,
DMSO and water, low solubility in ROH and insolubility in chlorinated
and hydrocarbon solvents. The complex was found to be stable in
solution as well as in the solid phase at ambient conditions.

The complex was isolated as a racemic cis and trans mixture of
mono-cationic bromide salts. Since the NO2 group at position 5 is
relatively far away from the crowded copper center, there is no strict
electronic configuration preference, yielding to mixed cis/trans isomer
structures confirmed only by single crystal X-ray measurements. The
complex was also characterized using elemental analysis, thermal,
electrochemical, spectral methods and Hirschfield surface analysis.

3.2. Crystal Structure for [Cu(NO2-phen)2Br]Br Complex

The complex crystallized in Monoclinic system with C2/c space
group. All the bond lengths and angles are listed in Table 2.

[Cu(NO2-phen)2Br]Br complex crystalizes as mixture of two cis/
trans isomers as seen the ORTEP diagram of the molecule (Fig. 1). The
Cu(II) is 5-coordinated center with 1 Br-atom and 4 N-donors of 2
chelating NO2-phen in a distorted-square pyramidal geometry, three
uncoordinated water molecules are present in the crystal lattice. In
CuN4Br coordination sphere, Cu1-Br1 bond length of 2.416(1) Å,
Cu1eN1, Cu1eN12, Cu1eN15 and CueN26 bond lengths 1.996(5),
2.126(3), 2.106(5) and 1.999(5) Å, respectively. The NeCueN bond
angles range from79.62° to 171.82°. The XRD data is in agreement with
the recent reports [1,39,40]. Hydrogen bonding interactions connect
water molecules and bromide anions. Hydrogen bond parameters are
listed in Table 3.

Bromide counter ion together with the three water molecules don't
directly coordinate to the copper(II) center but they stabilize the crystal
structure due to many Hydrogen-bonds intermolecular forces formation
(Table 3).

Table 4
Selected experimental and calculated bond lengths (pm) and angles (°) of cis/trans-[Cu
(NO2-phen)2Br]Br complex. Calculated values were obtained at the HF/3-21G, HF/6-
31G* and B3LYP/6-31G* levels of theory.

Bond (pm) Exp'l Calculated
HF
3-21G

HF
6-31G*

DFT/B3LYP
6-31G*

Cu1eBr1 241.6 233.2 241.3 240.1
Cu1eN1 199.6 207.0 211.6 201.0
Cu1eN12 212.6 212.4 222.3 216.5
Cu1eN15 210.6 212.4 224.4 216.8
Cu1eN26 199.9 207.0 211.0 201.0
N1eC2 132.8 133.8 132.5 133.3
N1eC14 135.5 135.1 135.2 135.8
C2eH2A 93.0 106.8 107.2 108.5
C2eC3 139.1 140.3 140.6 140.5
C5eC14 139.5 140.7 141.4 141.2
C7eN29 148.5 142.3 144.3 148.2
N29eO30 117.1 134.2 122.6 122.5
N29eO29 119.1 129.9 121.8 122.9
N32AeO33A 122.2 129.9 121.9 123.0
N32AeO34A 122.2 134.2 122.6 122.5
Correlation

coefficient (CC)
– 0.97489 0.96605 0.97434

Angle (°)
Br1eCu1eN1 94.21 94.98 95.95 92.69
Br1eCu1eN12 120.71 127.56 131.18 130.31
Br1eCu1eN15 128.01 127.58 128.24 129.14
Br1eCu1eN26 94.01 95.00 95.87 92.68
N1eCu1eN12 79.62 78.65 76.38 79.60
N1eCu1eN15 95.42 95.27 96.32 97.13
N1eCu1eN26 171.82 170.02 168.18 174.62
N12eCu1eN15 111.32 104.86 100.58 100.56
N12eCu1eN26 95.62 95.12 95.83 96.74
N15eCu1eN26 80.12 78.66 76.15 79.59
Cu1eN1eC2 126.14 125.53 124.33 125.56
Cu1eN1eC14 115.64 114.27 115.93 115.27
C2eN1eC14 118.35 119.99 119.56 119.13
N1eC2eH2A 118.50 116.53 116.49 116.12
N1eC2eC3 123.06 121.27 122.40 122.44
Correlation

Coefficient (CC)
– 0.94912 0.94447 0.95839
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3.3. Computational Study

The compound under investigation is the mono-cationic [Cu(NO2-
phen)2Br]+ complex. We have examined the complex by carrying out
intensive ab-initio and DFT calculations to retrieve the optimized
ground state geometry and determine its electronic and quantum
parameters. The optimized structure of [Cu(NO2-phen)2Br]+ at the
B3LYP/6-31G* level of theory is shown in Fig. 2c in combination with
views of the x-ray structure of the complex (Fig. 2a and b). The
performance of ab-initio methods HF/3-21G [41] and HF/6-31G* [42]
along with one of the most commonly used B3LYP/6-31G*
[32–36,43,44] model has been tested against selective experimentally
determined structural parameters of the complex including bond
lengths (pm) and angles (°). The correlation coefficients (CC) for bond
lengths (pm) obtained at HF/3-21G, HF/6-31G* and B3LYP/6-31G* are
0.97489, 0.96605 and 0.97434 respectively. Though all tested methods
gave high correlation coefficient values for bond lengths, HF/3-21G and
B3LYP/6-31G* methods produced the highest correlation coefficients.
For bond angles, the calculated correlation coefficients are 0.94912,
0.94447 and 0.95839 for HF/3-21G, HF/6-31G* and B3LYP/6-31G*,

respectively. It is apparent that B3LYP/6-31G* method gives the
maximum correlation for angles and yields the most satisfactory results
for estimating the bond angles of the title compound. Selected
calculated and experimental bond lengths (pm) and angles (°) are given
in Table 4. Graphical correlations between the experimentally deter-
mined bond lengths (pm) and angles (°) versus the calculated values
determined by HF/3-21G, HF/6-31G* and B3LYP/6-31G* methods are
shown in Fig. 3.

Selected electronic properties and quantum parameters of the title
complex were determined and summarized in Table 5. Based on the
frontier molecular orbital (FMO) theory, the chemical reactivity is
strongly associated with the interaction between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO)
of the reacting species. A molecule with higher value of EHOMO is
indicative of its ability and tendency to donate electrons to an accepter
molecule with a low ELUMO value. Also, a molecule with a large band
gap energy ΔEgap should be less reactive than one having a smaller gap.
In the present study, the total energy, the highest occupied molecular
orbital (HOMO) energy, the lowest unoccupied molecular orbital
(LUMO) energy (Fig. 4), the band gap energy ΔEgap, the ionization

Fig. 3. Graphical correlation between experimentally determined (a) bond lengths (pm) and (b) bond angles (°) versus the calculated values determined by HF/3-21G, HF/6-31G* and
B3LYP/6-31G* methods for [Cu(NO2-phen)2Br]Br complex.

Table 5
Calculated electronic properties and quantum parameters for [Cu(NO2-phen)2Br]Br complex obtained at the B3LYP/6-31G* level of theory.

E
(a.u.)

EHOMO(eV) ELUMO(eV) ΔE
(eV)

I
(eV)

A
(eV)

X
(eV)

η

(eV)
σ
(eV)

μ
(eV)

ω
(eV)

D
(debye)

−5766.33347 −9.06 −5.91 3.15 9.06 5.91 7.49 1.58 0.635 −7.49 17.79 2.20

I. Warad et al. Journal of Photochemistry & Photobiology, B: Biology 171 (2017) 9–19

13



potential (I), the electron affinity (A), the absolute electronegativity
(X), the absolute hardness (η), the softness (σ), the chemical potential
(μ), the electrophilicity index (ω) and the dipole moment (D) were
calculated at the B3LYP/6-31G* level of theory [40–44]. The ionization
potential (I) and the electron affinity (A) can be expressed as
I =−EHOMO and A= −ELUMO. The absolute electronegativity (X),
the absolute hardness (η), the softness (σ) and the electrophilicity index
(ω) are given by [43]:

X I A η I A σ η ω μ η= ( + ) 2, = ( − ) 2, = 1 and = 22

where μ represents the chemical potential and is given as μ = −X [44].
The electrophilicity index (ω) is a measure of the electrophilic power of
a molecule [41–44]. The hardness (η) and softness (σ) are proportional
of the gap between the HOMO and LUMO energies such that hard
molecules have a high ΔEgap and soft molecules have a small ΔEgap.
Therefore, the hardness is associated with the stability of molecules
while the softness is a measure of the extent of chemical reactivity.

Calculated reactivity indices of the title compound obtained at the
B3LYP/6-31G* method are listed in Table 2.

3.4. Hirschfeld Surface Analysis HSA

HAS is an excellent tool for explaining packing and intermolecular
forces in the solved crystal structure [45–50]. It offers a clean picture of
intermolecular interactions and molecular shape in a crystalline
environment. Surface characteristic like: types of interactions (color
coding reveals their strength), the distances from the surface to the
nearest interior (di plots) or exterior (de plots) atom.

HSA confirmed the presence of several H-bonds in the crystal
structure of the desired complex. NeH….Br with 2.70 Ǻ (see Fig. 5).
HSA of the complex revealed several red spots on the surface of the
molecule as a result of the H-bond acceptors close to the bromide atoms
which may have encouraged and stabilized the crystal formation.

Atom…atom fingerprint contacts with their percentages of HAS
contact contribution are illustrated in Fig. 6. [(a) Total, (b) H…all
(33.6%), (c) H…0.0 (13.9%), (d) H…H (7.2%), (e) H…Br (7.0%), (f)
H…C (4.2%) (h) H…N (1.3%) and (1) H…Cu (0.1%)].

3.5. MS, Elemental Analyses and Conductivity

The mono-cationic nature of the title complex [Cu(NO2-phen)2Br]+

was confirmed by MS [M+] = 647.90 m/z, (theoretical 647.2). The
CHN elemental analysis is consistent with the proposed formula
C24H20Br2CuN6O7, ([Cu(NO2-phen)2Br]Br·3H2O) of the complex and
the solved XRD structure, because the two isomers in the crystal lattice
have the same molecular formula. The combination of water solubility
(0.05 g/mL at RT) and conductivity (220 Ω−1 cm2 mol−1 at RT of
1 × 10−3 M in water) is in agreement with the mono-cationic nature of
the complex. This result is also consistent with the XRD data.

3.6. Visible and Ultraviolet Spectra

In virtue of the visible color changes when NO2-phen ligand was
added to the copper-bromide salt in ethanoic solution from brown to
green and finally the complex precipitates as brown precipitate, the
brown color of the complex changes to light blue when it is re-dissolved
in water.

In the UV region, the complex showed two singles at ~λmax = 270
and 295 nm (shoulder), which were assigned to π-π electron transfer as
seen in Fig. 7a.

In the Vis. region, the complex exhibited one broad absorption band
at 705 nm assigned to.

d-d electron transfer as seen in Fig. 7b. No changes were detected on
color nor on λmax value when 1 × 10−3 M aqueous solution of the
complex was measured after 30 days in an open atmosphere, as in
Fig. 7c, which indicates the stability of such complexes.

3.7. Solvatochromism

The solubility of the complexes in polar solvents was limited to the
number of solvents which could be investigated by the solvatochro-
mism studies. Water, MeOH, DMF and DMSO were used. The desired
mono-cationic complex is solvatochromic in such solvents due to the
expected strong Jahn–Teller effect on copper(II) ions (d9 electron
configuration) [26–29,50]. The Vis. spectra of the complex in selected
solvents revealed a broad band between 600 and 800 nm. The visible
spectral changes of the λmax of the complex with selected solvents are
recorded in Fig. 8.

The bathochromic spectrophotometric shifts of the complex is in
agreement with the mechanism of solvatochromism behavior in such
complexes [29,50], which can be resonated to the direct coordination
of the polar solvent molecules onto the vacant sites of the Cu(II) center

Fig. 4. The HOMO (lower) and LUMO (upper) plots of [Cu(NO2-phen)2Br]Br complex at
the B3LYP/6-31G* level of theory.

Fig. 5. Hirshfeld surfaces comprising dnorm surface plots for [Cu(NO2-phen)2Br]Br
complex.
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with different strengths.
Accordingly, the λmax values increased linearly with the increasing

of the Gutmann's donor number (DN) of the selected solvents. The
linear trend of λmax of the complex against DN is presented in Fig. 9.

3.8. FT-IR Spectral Investigation

The complexation reaction was monitored by mid. FT-IR as seen in
Fig. 10. The spectra of the 5-NO2-phen ligand before and after
coordination with CuBr2 were recorded in solid state using KBr disk.

The main bands at 3410, 3080, 1562 and 1350 cm−1 in the free ligand
are assigned to the stretching vibrations of several functional groups
like: ν(H2O), ν(CeH) phen, ν(C]N) and ν(NO2), respectively. These
bands are shifted to lower wavenumbers upon coordination to Cu(II)
center (see experimental part and Fig. 10b). Appearance of a band at
518 cm−1 in the complex was due to the ν(CueN) stretching vibration.

3.9. TG/DTG Analyses

The TG/DTG thermal activities of [Cu(NO2-phen)2Br]Br complex

Fig. 6. Fingerprint plots of [Cu(NO2-phen)2Br]Br complex.
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were carried out in an open air system with a heating rate of
10 °C min−1 and 0 to 1000 °C range of temperatures. The thermogravi-
metric data of [Cu(NO2-phen)2Br]Br complex showed two consecutive
degradation steps; ligands pyrolysis and inorganic residue formation, as
seen in Fig. 11.

TG/DTG spectra of the complex were illustrated mainly by three
steps of weight loss. The first step was losing of three uncoordinated
water molecules at 80–130 °C, losing ~8% of weight (7.5% calculated),
which is consistent with the XRD data. The second decomposition was

de-structuring of the two NO2-phen ligands at 200–400 °C losing ~60%
of weight (61.8% calculated) to form the CuBr2 product. The third step
which starts from 580 °C and ends at 680 °C may be due to removing of
Br ions of CuBr2 and reacting with atmospheric O2 to form copper oxide
as a final product, corresponding to 19.2% weight lost (20% calcu-
lated). The final copper oxide product was confirmed by IR.

3.10. DNA Binding Studies

3.10.1. Absorption Spectroscopy
Electronic absorption spectroscopy is considered to be of the most

Fig. 7. UV spectrum of [Cu(NO2-phen)2Br]Br complex dissolved in water at RT (a)
1 × 10−4 M, Vis. spectra (b) 1 × 10−3 M, fresh dissolved and (c) same solution as in (b)
but after 30 days.

Fig. 8. Absorption spectra of [Cu(NO2-phen)2Br]Br complex in dissolvable solvents.

Fig. 9. Dependence of the λmax of [Cu(NO2-phen)2Br]Br complex on DN solvent
Gutmann's donor numbers.

Fig. 10. FT-IR spectra of NO2-phen free ligand a) and [Cu(NO2-phen)2Br]Br complex b).

Fig. 11. TG/DTG thermal curves of [Cu(NO2-phen)2Br]Br complex.
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important tools to evaluate the binding strength of complexes to DNA
[20–26,51–59]. The binding of the desired complex with CT–DNA was
evaluated using UV–Vis. spectroscopy to obtain the possible binding
modes and to evaluate the Kb constant. DNA binding affinities of phen/
Cu(II) complexes were recently reported for several complexes such as:
[Cu(phen)2Cl2]·6H2O (1.89 × 104), [Cu(phen)(DMF)2(ClO4)2]
(1.47 × 105), [Cu(phen)(L-tyr)(H2O)]ClO4 (4.0 × 103), [Cu-phen]
(H2O)]ClO4 (2.44 × 106) and [Cu(phen)2(branched polyethyleneimi-
ne)]Cl2·4H2O (5.95 × 105) [51–61].

Previous reports have suggested that materials that bind to DNA
through intercalation usually result in bathochromism and hypochro-
mism due to the strong π–π stacking interactions between the aromatic
chromophore and DNA base pairs [20–25]. The extent of bathochro-
mism in the UV–Vis. Band supports the strength of intercalative
interaction [1].

The electronic Abs. spectra of the complex in the absence and
presence of the CT-DNA are shown in Fig. 12. There exists a band at
270 nm, by increasing the concentrations of CT-DNA the absorption
band exhibited a significant decrease in absorption with a bathochro-

mic shift of 1–2.2 nm, therefore the complex is suggested to interact
with CT-DNA through intercalation mode [1].

Using Eq. (1), a plot was constructed of [DNA]/(εa− εf) vs [DNA]
for the titration of DNA with the complex (Fig. 12). Kb value was found
to be 1.8 × 104 M−1.

3.11. Viscosity Measurements

To further assess the Cu(II)-DNA binding mode, viscosity measure-
ments were utilized in our investigation. A classical intercalative mode
suggests that the CT-DNA helix should lengthen as base pairs are
separated to accommodate the binding ligand leading to an increase in
the molecular weight due to binding the complex, which increases the
DNA viscosity [39,52–56]. The effect of [Cu(NO2-phen)2Br]Br complex
addition on the viscosity of DNA is depicted in Fig. 13.

Increasing of the complex concentration leads to a non-linear
increase in the relative viscosity of DNA. The increased degree of
viscosity reflects the degree of complex affinity to bind the DNA. The
results suggest that the complex binds the DNA double helix through
the intercalation mode.

4. Conclusions

Water-soluble mixture of cis/trans-[Cu(NO2-phen)2Br]Br mono-ca-
tionic copper(II) complex were prepared in excellent yield under
ultrasonic mode. The mixture of two cis/trans isomers in the complex
lattice was detected by single-crystal measurement, it is not possible to
insulate cis-isomer and trans-isomer all alone. The cis/trans mixture
complex matrix was fully characterized by elemental analyses, MS,
UV–Vis., FT-IR, thermal and XRD analysis. The X-ray single-crystal
diffraction along with Hirschfield surface analysis supported the
formation of a distorted square pyramidal geometry around the Cu(II)
center with several H-bonds. TG recorded a very stable cis/trans-
complex that decomposed through a three-step process ended by CuO
residue. The solvatochromism in several polar solvents suggested that
Guttmann's DN parameter is the main contribution in increased λmax of
the complex.

The structure of the complex was theoretically studied by ab-initio
and DFT methods. The geometry of the complex was fully optimized
and the structural characteristics were determined by HF/3-21G and
HF/6-31G* ab-initio methods and by DFT at the B3LYP/6-31G* level,
and the obtained results are in good agreement with the experimental
data. The viscosity and absorption measurements concluded that the
desired cis/trans-complex is a very good CT-DNA binder. By Cu(II)-DNA
absorption titration, Kb was found to be 1.8 × 104 M−1 and the binding
is through the intercalation mode.
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