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Abstract
A new complex with the formula [La(5,5′-dmbpy)2(NO3)3] (a) [where (5,5′-dmbpy = 5,5′-dimethyl-2,2′-bipyridine)] has 
been synthesized. The compound was characterized by cyclic voltammetry, elemental analysis and spectroscopic methods 
(IR, UV–Vis, 1H-NMR). Single crystals adapted for X-ray diffraction analysis were recorded by slow crystallization from a 
methanol solution. The complex is neutral being the lanthanum cation chelated by two bipyridine derivative neutral ligands 
and three bidentate nitrate groups. Electronic spectra show the transition of both ligand field and charge transfer bands. The 
fluorescence properties of the compound have been studied. The interactions of complex with FS-DNA (salmon sperm DNA) 
have been studied using UV–Vis, fluorescence spectroscopies and gel electrophoresis. The above-mentioned techniques were 
used in physiological buffer having pH 7.2. The binding constant (Kb) for interaction in (a) with DNA was obtained using 
UV–Vis spectroscopies (Kb= 1.2 × 105) and fluorescence spectroscopies (Kb= 1.50 × 105). The binding constant (Kb), the 
number of binding sites for each 1000 nucleotides (n) and the apparent bio molecular quenching constant (kq) for FS-DNA 
were obtained through Stern–Volmer equation. Thermodynamic parameters data (∆H°, ΔS° and ΔG°) showed that hydro-
gen bonding and van der Waals interactions have an important function in the interaction of DNA–La(III) complex, and 
the binding mode is the groove binding. The DNA binding of La(III) complex is spontaneous as suggested by the negative 
ΔG°. Moreover, the DNA cleavage has been studied using agarose gel electrophoresis. The antibacterial effects of complex 
(a) have also been examined in vitro against standard bacterial strains.
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Introduction

Compounds containing 2,2′-bipyridine molecules are well 
known in the chemistry literature [1]. Ligand 2,2′-bipyri-
dine contains an extended conjugation system. Bipyridine 
derivative ligands, such as 5,5′-dmbpy, show good binding 
ability toward many metals, due to their π-accepting prop-
erty and strong chelation effect [2–5]. Complexes containing 
bipyridine derivative ligands have shown various applica-
tions in the field of chemistry such as catalysis, luminescent 
sensors, electron transfer in transition metal complexes and 

biological systems, artificial photosynthesis, electrochemis-
try and organic light-emitting diodes [6–9]. Lanthanide ions 
and their complexes are used in bioinorganic chemistry due 
to their properties such as spectroscopic, biological, phar-
maceutical, antibacterial and antitumor activity and DNA-
binding affinity [10–13] The functional properties of the 
lanthanum atom, in general, are strongly affected by factors 
of the powder, such as purity, chemical composition, particle 
size and morphology [14]. The binding of small molecules 
to macromolecules has been a subject actively investigated 
at the interface of biological chemistry. The interaction of 
metal complex to DNA may cause DNA damage in cancer 
cells, prevent the division of cancer cells and finally result 
to cell death. Thus, DNA-binding studies have an impor-
tant role in making more effective antitumor factors, and 
their effectiveness appertains to the binding mode. DNA 
has number of sites for various non-covalent and covalent 
interactions with the metal complexes and antitumor drugs. 
Covalent interactions comprise the coordination of the 
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nitrogenous base of DNA to the metal ion, whereas small 
molecules and metal complexes usually bind to DNA in 
a non-covalent method, which can be classified into three 
modes: (1) intercalative binding; (2) groove binding; and 
(3) electrostatic binding [15, 16].

In view of the above attention, we describe herein (1) 
the synthesis and characterization of a new La(III) com-
plex of 5,5ʹ-dimethyl-2,2ʹ-bipyridine of formula [La(5,5′-
dmbpy)2(NO3)3]; (2) the solid-state structure of the com-
plex by single-crystal X-ray crystallography; (3) the binding 
mode and propensity of the La(III) complex to FS-DNA 
using different experimental methods including electronic 
absorption and fluorescence spectroscopic methods and gel 
electrophoresis mobility shift assay; (4) the fluorescence 
quenching mechanism of the metal complex by FS-DNA as 
well as its interaction forces toward FS-DNA via examining 
the fluorescence quenching titration at three different tem-
peratures (293, 298 and 303 K) and calculating the thermo-
dynamic parameters (ΔG°, ΔH° and ΔS°); (5) further clarifi-
cation of the La(III) complex–FS-DNA-binding mode which 
carried out by examining the effect of iodide ion and salt 
concentration on fluorescence of the metal complex–DNA 
system; and (6) the evaluation of the antibacterial effects 
of the metal complex against a gram-negative (Escherichia 
coli; E. coli ATCC 25922) and a gram-positive (Staphylo-
coccus aureus; S. aureus ATCC 25923) standard strain bac-
teria examining by standard methods and compared with 
free ligand (5,5ʹ-dmbpy), metal salt La(NO3)3·6H2O and 
cefazolin as a standard antibacterial agent.

Experimental

Materials and instruments

The chemicals and solvents were obtained from Merck. 
Infrared spectra (250–4000  cm−1) of solid compounds 
were obtained as 1% dispersions in CsBr pellets with of 
a Shimadzu-470 Plus spectrometer. Electronic absorption 
spectra in DMF solution were obtained using Cary Bio 300 
spectrometer with a Heraeus CHN Rapid analyzer. Cyclic 
voltammograms were recorded using a SAMA500. The 1H-
NMR spectra was recorded at room temperature (298 K) 
with a Bruker 300 Ultra shield spectrometer. The fluores-
cence of the complex was performed on a Varian Cary 
Eclipse fluorescence spectrophotometer. FS-DNA was 
bought from Sigma Chemical Company. Tris buffer solu-
tion is prepared by using distilled water. The fluorescence 
spectra were measured by a PerkinElmer, LS-45.

Crystallographic data collection and structure 
determination

X-ray diffraction data for complex (a) were collected at 
173 K on a Bruker Apex II single-crystal diffractometer, 
working with Mo–Ka graphite monochromatic radiator 
(kα = 0.71073 Å) and equipped with an area detector. The 
raw frame data (20 s per frame scan time for a sphere 
of diffraction data) were processed using SAINT soft-
ware, and a correction for absorption was made using the 
SCALE program implemented in the SAINT package to 
yield the reflection data file. The structure of compound 
(a) was solved by direct methods with SHELXS-97 and 
refined against  F2 with SHELXL-2014/7 using anisotropic 
thermal parameters for all non-hydrogen atoms [17, 18]. 
The hydrogen atoms were placed in the ideal geometri-
cal positions. Details for the X-ray data collections are 
reported in Table 1. Crystallographic data for all the com-
pounds have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication 
(CCDC numbers in Table 1). Copies of the data can be 
obtained free of charge on application to the CCDC, 12 
Union Road, Cambridge CB2 1EZ, UK (fax (+44) 1223 
336033; e-mail deposit@ccdc.cam.ac.uk).

Table 1  Main crystallographic parameters for compound (a) 

R1 = Σ|Fo − Fc|/Σ(Fo); wR2 = [Σ[w(Fo2 − Fc2)2]/Σ[w(Fo2)2]]1/2

Compound (a)
Formula C24  H24 La  N7  O9

Molecular weight 693.41
Crystal system Orthorhombic
Space group Pbcn
a [Å] 16.8364(12)
b [Å] 9.5128(7)
c [Å] 17.2975(13)
V [Å3] 2770.4(4)
Z 4
Dcalc [g cm−3] 1.662
F(000) 1384.0
Reflections collected 43,932
Independent reflections 4632
Reflections in refinement 3527
R (int) 0.0214
Refined parameters 187
R1 [I > 2σ(I)] R1 = 0.0227

wR2 = 0.0536
wR2 [all data] R1 = 0.0341

wR2 = 0.0588
GOF
CCDC

1.023
1818064
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DNA‑binding experiments

The stock solutions of FS-DNA were freshly prepared in tris 
HCl buffer. The experiments containing the interaction of 
compound (a) with FS-DNA were carried out in the buffer 
including NaCl (50 mM) and tris(hydroxymethyl)-ami-
nomethane, and the experiment was set at pH 7.2 using HCl. 
FS-DNA concentration was spectrophotometrically specified 
at 260 nm by an extinction coefficient of 6600 mol−1 cm−1. 
This stock solution was kept for 1 week at 277 K. In addi-
tion, stock solution of compound (a)  (10−3 M) was prepared 
in the buffer by heating and stirring. The absorption titration 
test was performed to study the interaction of the complex 
(a) with FS-DNA by electronic absorption spectroscopy in 
the UV–Vis region. The stability of the complex (a) in aque-
ous medium was tested by comparing of its UV–Vis spectra 
at 12-h intervals, and the complex was found to be quite 
stable. In these tests, a constant concentration of complex 
(a) (1.0 × 10−5 M) was titrated with raising concentration 
of FS-DNA. For equilibration, solution of FS-DNA–La(III) 
complex was incubated for 10 min before spectral records 
and absorption spectra were obtained after addition of DNA 
to solution of compound (a) in comparison to DNA blank 
solution. In this study, NaCl was used as a strong electro-
lyte. The changes in fluorescence emission of La(III) com-
plex–DNA system at room temperature were investigated, 
while the concentration of NaCl was gradually increased 
(0.08–0.5 M). After 5-min incubation, the spectrum emis-
sion was recorded.

The DNA cleavage experiments with compound (a) were 
conducted to measure the ability of compound (a) to retard 
the motion of FS-DNA in the agarose gel, using incubation 
of several samples including a fixed amount of FS-DNA 
(1.4 × 10−3 M) and various concentrations of complex (a) in 
tris buffer solution, in the absence and presence of an oxi-
dant agent such as hydrogen peroxide. After incubation time 
(1 h), the samples were mixed with 3 μl of a loading buffer 
containing methylene blue. Finally, the solution was loaded 
onto an agarose gel, and the electrophoresis was performed 
for 20 min at a constant voltage of 120 V. The localization 
DNA samples on the gel were then stained by adding 6 μl of 
ethidium bromide solution to the agarose gel solution. For 
staining, the agarose gel solution was added to EB solution, 
because painting with little concentrations of ethidium bro-
mide (EB) can specify the localization of DNA within the 
agarose gel upon irradiation of UV light. The bands were 
visualized by irradiation with UV light and photographed.

In vitro antibacterial test

The in vitro antimicrobial effects of the complex (a) and 
its ligand were tested against one gram-positive standard 
strain of Staphylococcus aureus, S. aureus ATCC 25923, 

and one gram-negative standard strain of Escherichia coli, 
E. coli ATCC 25922, by using minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration 
(MBC) by the broth macrodilution assay in sterile test tubes 
and the inhibition zone (IZ) by the disk diffusion method. 
The stock solution of the complex was prepared in distilled 
water and DMSO. All the inoculated plates were incubated 
at 310 K for 24 h, and the resulting diameter of each inhibi-
tion zone (IZ) presenting no bacterial growth was measured. 
This inhibitory zone (IZ) assay was performed three times, 
and results are averaged. Comparison antibacterial effect of 
complex (a) with the cefazolin standard confirmed antibac-
terial effect.

Synthesis of [La(5,5′‑dmbpy)2(NO3)3] (a)

The mixture of 5,5′-dmbpy (0.065 g, 0.35 mmol) in 10 ml 
methanol and a solution of [La(NO3)3·6H2O] (0.151 g, 
0.35 mmol) in 10 ml methanol were added together. The 
solution was refluxed under stirring at 586–596 K for 1 week 
to give milky white crystals; yield: 71.8%, m.p. 553 K. Anal. 
calc: C, 41.57; H, 3.49; N, 14.14 Found: C, 41.55; H, 3.46, 
N, 14.03). 1H-NMR (DMSO  d6) δ = 7–9 (12H, bipyridine), 
2.85 (12H, 4Me), 2.5 (solvent).

Results and discussion

Synthesis of complex (a)

Complex (a) was synthesized using the reaction of 
0.35 mmol of [La(NO3)3·6H2O] with 0.35 mmol 5,5′-dmbpy 
in a mixture  H2O and methanol. Suitable crystals of metal 
compound for X-ray diffraction investigated were prepared 
using slow evaporation of the colorless solution. An ORTEP 
sight of complex (a) is shown in Fig. 1 together with the 
atomic labeling system.

Crystalline data of [La(5,5′-dmbpy)2(NO3)3] (a) are given 
in Table 1.

Most important bond distances along the angles are 
reported in Table 2.

The compound is symmetric and it lies on a twofold crys-
tallographic axis. The La–N bond distances are of 2.6622(13) 
and 2.7033(13) Å and are in agreement with those found in 
similar compounds [19]. The La–O bond lengths involving 
nitrate anions are in the range 2.5718(12)–2.5995(13) Å and 
are in agreement with those found in structures comprising 
lanthanum atoms coordinated by nitrate anions and reported 
in the Crystallographic Data Bank. The 5,5′-dimethyl-2,2′-
bipyridine ligand is practically planar, and the dihedral 
angle of 15.31(3)° is measured between the mean plane of 
the ligand and the chelating plane defined by  La1,  N3,  N4 
atoms. In the crystal packing of the compound, only weak 
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O···H–C interactions between the nitrate anions and the aro-
matic hydrogen of the 5,5′-dimethyl-2,2′-bipyridine ligand 
of complex are present [the O···C distances ranging from 
3.047(2) to 3.47(3) Å] (Table 3). 

IR and UV–Vis investigation [La(5,5′‑dmbpy)2(NO3)3] 
(a)

The explanation of the IR spectra of complex (a) has been 
carried out based on the data reported in the literature. In 
particular, the bands at 835–549 cm−1 are attributed to their 

vibrations bending of C=C=C and C=C=N systems in rings 
of pyridine [20, 21]. Several strong bands in the range of 
1696–1292 cm−1 are associated with the ν(C=N), ν(C=C) 
stretching [22–25]. The peak at 3196 cm−1 is attributed to 
the stretching frequency of the ν(C–H) bond in the aromatic 
region, and the broadband around 3200 cm−1 is associated 
with the stretching ν(O–H) in  H2O ligand [26, 27]. The 
peak at 1640 cm−1 is attributed to the vibration stretching 
of the ν(N–O) [28, 29]. The bands at 1020 cm−1 are assigned 
to ν(La–O). The band at 472 cm−1 is related to ν(La–N) 
stretching. The peak at 1256 cm−1 is assigned to the vibra-
tion stretching of ν(O–N–O) [30–32].

Electronic spectrum of [La(5,5′-dmbpy)2(NO3)3] (a) in 
DMF solution includes various absorption peeks in the UV 
region (Fig. 2). Intense UV bands from compound (a) in 
the range 206–250 nm were related to intra-ligand π → π* 
transition in the free ligand 5,5′-dmbpy [33, 34]. A moderate 
broadband at 288 nm was attributed to the ligand to metal 
charge transfer (LMCT) transitions in the complex and has 
been observed in similar complexes [35].

Electrochemical study of [La(5,5′‑dmbpy)2](NO3)3] 
(a)

Cyclic voltammogram (CV) of the compound (a) recorded 
in DMF solution at 298 K is reported in Fig. 3 and is similar 
to that obtained from other compounds including ligands of 

Fig. 1  ORTEP view of compound (a). Ellipsoids are drawn at their 
30% probability level. Hydrogen atoms are omitted for clarity

Table 2  Selected bond distances (Å) and angles (°) for the complex 
[La(5,5′-dmbpy)2(NO3)3] (a) 

Symmetry code: ‘= 1 − x, y, ½ − z’

Bond Bond distance Bond angles (°)

C1–N3 1.339(2) O5–N1–O4 121.70(18)
C5–N3 1.349(2) O5–N1–O1 121.88(17)
C6–N4 1.354(2) O4–N1–O1 116.42(15)
C10–N4 1.341(2) O3–N2–O2 121.66(10)
N1–O5 1.215(2) O3–N2–O2 121.65(11)
N1–O4 1.2667(19) O2–N2–O2 116.7(2)
N1–O1 1.271(2) C1–N3–C5 118.49(15)
N2–O3 1.209(3) C1–N3–La1 118.82(11)
N2–O2 1.2759(18) C5–N3–La1 121.94(11)
N2–O2 1.2760(18) C10–N4–C6 118.20(14)
N3–La1 2.6622(13) C10–N4–La1 120.21(10)
N4–La1 2.7033(13) C6–N4–La1 119.76(11)
O1–La1 2.5994(13)
O2–La1 2.5718(12)
O4–La1 2.5987(15)

Table 3  Hydrogen bond of [La(5,5′-dmbpy)2(NO3)3] in the crystal 
packing (Å, °)

Symmetry code for atoms: a3/2 − x, − 1/2 + y, z; b2 − x, 2 − y, − z

D–H…A D–H H…A D…A D–H…A

C4–H4…O1a 0.9500 2.3600 3.232(2) 153.00
C10–H10…O4 0.9500 2.5300 3.076(2) 117.00
C12–H12A…O5b 0.9800 2.5000 3.473(3) 175.00

Fig. 2  UV–Vis absorption spectrum of [La (5,5′-dmbpy)2]  (NO3)3] 
(a) 
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bipyridine and phenanthroline [36]. The cyclic voltammo-
gram of complex (a) in DMF solution shows a quasi-revers-
ible reduction wave at − 1.93 V which is attributed to the 
reduction in the 5,5′-dmbpy ligand. The waves at − 0.25 V, 
− 0.45 V are assigned to the reduction of lanthanum ions 
[37, 38].

Luminescent properties of [La(5,5′‑dmbpy)2(NO3)3] 
(a)

The fluorescence spectra of 5,5′-dmbpy and compound (a) 
were recorded at room temperature and in  CH3OH solution 
(Fig. 4). The free 5,5′-dimethyl-2,2′-bipyridine ligand exhib-
its a maximum emission band at 340 nm and two shoulder 
emission peaks at 307 and 395 nm which can be associ-
ated with the π* → π transitions of the ligand [24, 39–41]. 
Then again, when the compound is illuminated at 285 nm, 
it exhibits a sharp emission peak at 342 nm and broad emis-
sion peaks at 307 and 395 nm. Emission spectra are quite 
similar, but they are different in emission intensity. Thus, 

the enhancement emission band of the compound through 
complexation is determined to increase rigidity and stability 
in the structure of the compound and forbid photoinduced 
electron transfer methods. The synthesized compound can 
be suggested as a fluorescence substance in the manufacture 
of optoelectronic device [42, 43].

Study of electronic absorption spectra

Ultraviolet–visible spectroscopy has been largely used to 
specify binding modes and binding strength of molecules 
to DNA. The absorption spectrum of DNA alone and the 
spectrum of complex alone versus the spectrum of DNA and 
complex when the binding has occurred are shown in Fig. 5.

The UV–Vis spectrum of 5,5′-dmbpy free ligand exhib-
ited two bands at 242 and 285 nm [39]. Comparison with 
the absorption spectrum of free 5,5′-dmbpy provides evi-
dence that the sharp bands at 255 and 297 nm can be related 
to the ligand-centered π → π* transitions of the 5,5′-dmbpy 
ligands, which are only slightly disturbed by complexation. 
The experiment confirms that there is an interaction between 
synthesized compound and FS-DNA [44].

The observed decrease in absorption intensity, called 
hypochromism, without any change in wavelength 
(bathochromic and hypsochromic) reveals that the binding 
mode between synthesized complex and FS-DNA is the 
groove binding [45, 46]. Finally with further increase in FS-
DNA concentration, no changes in the absorption spectra 
were observed, indicating the saturation of FS-DNA-binding 
sites (Fig. 6). 

In order to investigate the binding ability of metal 
complex–DNA, the binding constant (Kb) of the complex 
with FS-DNA can be characterized by plotting of [DNA]/
(εa − εf) × 1012 versus [DNA] × 106. The εa is the extinction 
coefficient observed for the  Aobs/[compound] at the given 
DNA concentration, εf is the extinction coefficient of the free 

Fig. 3  Cyclic voltammogram for compound [La (5,5′-dmbpy)3] 
 (NO3)3] (a) in DMF solution at 298 K

Fig. 4  Fluorescence spectra of free ligand (red) and compound (a) 
(blue) at room temperature

Fig. 5  Absorption spectra of (a) 0.3  ml: 1.0 × 10−5  M com-
plex + 2.7 ml tris HCl buffer, (b) 1.5 ml 1.4 × 10−4 M DNA + 1.5 ml 
tris HCl buffer, (c) 0.3  ml: 1.0 × 10−5  M complex + 1.5  ml 
1.4 × 10−4 M DNA + 1.2 ml tris HCl buffer
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complex in solution and εb is the extinction coefficient of the 
complex when fully bonded to DNA [47]. The binding con-
stant (Kb) was obtained by using the intercept and the slope 
of the plot of [DNA]/(εa − εf) × 1012 versus [DNA] × 106 
Fig. 7.

The high value of Kb (1.2 × 105 M−1) indicates good inter-
action between the La(III) compound with FS-DNA and is 
lower than the value reported for a classical intercalator 
like ethidium bromide (EB) (1.4 × 106 M−1) [41, 48–50]. 
It can be estimated that the binding mode between DNA 
and compound (a) was not intercalation. In addition, bind-
ing with DNA by intercalation causes bathochromism and 
hypochromism of the absorption because of strong π–π stak-
ing interaction with planar aromatic group of the compound 
(a) and FS-DNA base pairs [44, 48, 51]. These absorption 
effect were not observed, in agreement with the structure of 

the complex (a) having no planar groups to be as intercala-
tors (Fig. 1).

Study of fluorescence emission

Titration of the metal complex with various amounts of 
DNA was quantified by measuring quenching which refers 
to a method that decreases the intensity of fluorescence 
[52]. This may cause different types of molecular interac-
tion such as energy transfers, excited-state reactions, and the 
formation of non-fluorescent ground-state metal complex 
refers to static quenching, whereas collision of the fluo-
rophore–quencher refers to dynamic quenching [53]. The 
electronic absorption spectroscopy indicates that metal com-
plex efficiently interacts with DNA. It is well found that the 
interaction of transition metal compound with DNA occurs 
using covalent and non-covalent interactions [54]. Non-
covalent DNA interaction comprises electrostatic, groove 
and intercalation binding of metal compounds to FS-DNA. 
The mode of groove binding has been confirmed using pre-
sented absorption spectra data [55]. The luminescent proper-
ties of complex (a) were studied with excitation at 243 nm 
at 298 K. The optimum concentration was  10−6 M of the 
metal complex in the solvent of tris buffer. Emission spec-
tra of the complex in the absence and presence of different 
concentrations of FS-DNA (from 5 to 65 μM) are shown in 
Fig. 8 (plot of intensity vs wavelength). As observed in this 
figure, the luminescence of the metal complex with DNA 
was quenched and the intensity of the emission spectra 
of the compound with increasing concentrations of DNA 
decreased, while there was no change in the position and 
shape of the emission peaks, which confirmed the interaction 

Fig. 6  Electronic absorp-
tion spectra of metal complex 
(a) in the absence (curve 1) 
and presence of increasing 
amounts of DNA (curve 2–9). 
[Complex] = 1.0 × 10−5 M, 
[DNA] × 10−4 M

Fig. 7  Plot of [DNA]/(εa − εf) × 1012 versus [DNA] × 106
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of metal complex (a)-DNA, and that the interaction binding 
mode was not intercalation [51, 56].

Stern–Volmer quenching constant

The titration of compound (a) with several concentration 
of FS-DNA was quantified by measuring the fluorescence 
quenching of the La(III) complex solution. Generally, we 
can distinguish between the dynamic and static quench-
ing. The dynamic quenching requires an accidental contact 
between the quenching compounds and the excited fluo-
rophore. Thus, the rate of quenching depends on viscosity 
and temperature of the solution. The probability of con-
tact between the quencher and the fluorophore is consid-
erable during the lifetime of the excited species when the 
quencher concentration is high enough [57]. In the static 
quenching, the process of quenching performed between the 
fluorophore in the ground state and the quencher leads to 
the formation of a stable compound. The kind of quench-
ing can be determined from their different dependence on 
temperature. The dynamic quenching depends on diffu-
sion, and diffusion coefficients grow with temperature. To 
clarify the quenching mechanism of La(III) complex by FS-
DNA, the equation of Stern–Volmer is applied to analyze 
the fluorescence quenching data. Following the equation of 
Stern–Volmer (F0/F = 1 + Ksv [Q] = 1 + kq [Q]), the quench-
ing curve indicates that the quenching of the fluorescence 
of the complex (a) by using DNA can be explained through 
the linear Stern–Volmer [58, 59]. In this equation, F0 is the 
fluorescence intensity of the complex in the absence of the 
quencher and F is the fluorescence intensities of the complex 
in the presence of the quencher, Ksv is the Stern–Volmer 
constant, [Q] is the concentration of quencher (DNA), kq is 
the bimolecular quenching constant and τ0 is the lifetime of 

the fluorophore (τ0 = 10−8 s). The values of Ksv were calcu-
lated from the slope of the plot F0/F versus [DNA] at three 
temperatures (293, 298 and 303 K). The Ksv and kq at several 
temperatures were calculated. The data are shown in Fig. 9 
and Table 4.

In Table 4, the results indicate that the Ksv and kq decrease 
with the increase in the temperature and kq is greater than 
2.0 × 1010 l mol−1 s−1 which suggested that the quenching 
mechanism of metal complex by FS-DNA is a static [60–62].

Number of binding sites (n) and binding constant 
(Kb)

When a transition metal complex interacts independently 
with a set of binding sites on a macromolecule such as DNA, 
the titration data calculated from the fluorescence test can be 
used to obtain the number of binding sites and the binding 
constant by equation (log (F0 − F/F) = log Kb+ n log [Q]) 
[55] where n is the number of binding sites and Kb is the 
binding constant. According to this equation, the values of 
Kb and n were calculated from the intercept and slope of log 
[(F0 − F)/F] versus log [DNA] (Fig. 10), respectively. These 
obtained results (Table 5) demonstrate that Kb decrease with 

Fig. 8  Fluorescence emission spectra for the La compound, in the 
absence (curve 1) and presence (curves 2–14) of several concentra-
tions of DNA. The results show that the emission intensity decreases 
as several concentrations of FS-DNA increase

Fig. 9  Stern–Volmer plots of the fluorescence titration of FS-DNA 
and metal compound (a), at three temperatures (293, 298 and 303 K)

Table 4  Values of Ksv and kq of compound (a) in the interaction and 
FS-DNA

Complex T (K) Ksv (× 105 M−1) kq 
(× 1013 s−1 M−1)

303 3.32 5.35
(a) 298 3.74 6.03

293 4.12 6.64



1834 Journal of the Iranian Chemical Society (2019) 16:1827–1838

1 3

temperature. The number of binding sites n close to unity 
means there is one independent group of binding sites on 
FS-DNA for complex [63].

According to Table 5, the amounts of Kb and n decrease 
with temperature indicating that the complex formation 
among FS-DNA and complex (a) may be performed through 
an exothermic reaction [64]. As a result, the values of Kb 
are similar to the Kb values obtained from data of electronic 
absorption (1.2 × 105 M−1).

Determination of thermodynamic parameters

To better understand the thermodynamics of the reaction 
between the complex (a) and DNA, the values of entropy 
change (ΔS°) and enthalpy change (ΔH°) must be speci-
fied. The thermodynamic factors explaining binding reac-
tions can be classified into three sections concerning the 
hydrogen bonding, electrostatic and the hydrophobic inter-
actions with the compounds and FS-DNA-binding sites; 
the conformational changes in either the nucleic acid or 
the compound (a) upon binding; and the coupled processes 
such as changes in the hydration water and ion release. The 
formation constants between the complex (a) and molecule 
of DNA at three temperatures (303, 298 and 293 K) were 

calculated. Then, thermodynamic parameters of complex 
(a)-DNA formation were obtained from the van ’t Hoff 
equation (ln Kb = − ΔH°/RT + ΔS°/R) [54]. The parameters 
ΔS° and ΔH° were calculated by using the plot of ln Kb 
versus 1/T (Fig. 11). According to these curves, the values 
of enthalpy change and entropy change were calculated by 
using the slope (− ΔH°/R) and intercept (ΔS°/R), respec-
tively. Also, the values of ΔG° in the interaction of La(III) 
complex and FS-DNA can be obtained by the equation of 
(ΔG° = ΔH° − TΔS° = −RT ln Kb).

The resulting values of ΔH°, ΔS° and ΔG° are given 
in Table 6.

As a general rule, intercalation is accompanied with 
large ΔH° and an unfavorable ΔS° decrease, and the 
groove binding reactions are mostly performed entropi-
cally [56]. The electrostatic interactions indicate values of 
small or zero ΔH° and positive ΔS° changes, while hydro-
gen bonding and van der Waals interactions are associated 
with negative entropy and enthalpy. Thus, the hydrophobic 
interactions are determined from positive ΔS° and ΔH° 
changes [65]. According to the thermodynamic data shown 
in Table 6, the binding forces are spontaneous since the 
Gibbs free energy change is negative, and enthalpy and 
entropy changes are negative. This indicates the complex 
(a) was kept in FS-DNA grooves via hydrogen bonding 
and van der Waals interaction force. The negative amounts 
of ΔH° reveal exothermic interaction.

Fig. 10  Log (F0 − F)/F versus log [DNA]

Table 5  Kb and n values of synthesized complex 1 in the interaction 
with DNA

Complex T (K) Kb  (105 M−1) n

303 1.1 0.95
(a) 298 1.5 0.96

293 2.2 0.98

Fig. 11  van ’t Hoff plot of compound (a) with FS-DNA at three tem-
peratures (303, 298 and 293 K)

Table 6  Thermodynamic values of complex (a) in FS-DNA interac-
tion

Complex T (K) ΔH° (KJ/mol) ΔS° (J/mol K) ΔG° (KJ/mol)

(a) 303 − 54.23 ± 0.03 − 0.082 ± 0.02 − 29.38 ± 0.02
298 − 29.79 ± 0.01
293 − 30.21 ± 0.03
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Effects of the ionic strength on interaction

Investigation of the spectral change against various ionic 
strengths is a technique for suggesting the kind of binding 
between DNA and complex [51]. The phosphate component 
of DNA makes it an anionic polyelectrolyte which has been 
balanced by some cations like  K+ and  Na+. These cations 
are concentration dependent, i.e., changing the amount of 
salts such as NaCl in the medium, and not only the ionic 
strength is affected, but also the disturbance of the elec-
trostatic interaction between the small molecules and the 
DNA. The mode of electrostatic is a non-covalent binding, 
which is served as auxiliary mode to assist intercalation and 
groove binding. If the binding interaction of electrostatic 
exhibits an important role in the complex interaction with 
DNA, the strength of interaction will decrease simultane-
ously with increasing NaCl concentration in the environ-
ment. Thus, any increase in the ionic strength of the medium 
may prevent the electrostatic interaction [66]. The results 
of the experiment show that the fluorescence intensity of 
the La(III) complex with FS-DNA almost did not change 
with raising the salt concentration (Fig. 12), demonstrating 
that there was no electrostatic interaction between complex 
(a) and FS-DNA, which is in agreement with the molecular 
structure of complex (a) that has no positive charge. Thus, 
such data showed that the binding of the metal complex and 
DNA was not electrostatic binding [56, 67].

Iodide quenching method

Study of iodide quenching is a process to investigate the 
binding mode of fluorescent compounds. If the interaction 
of compound (a) with DNA is electrostatic or intercala-
tion binding, the fluorescence intensity of the compound 
and DNA system cannot be quenched through increasing 
different concentrations of KI [68]. Figure 13 shows the 
quenching of  I− ions as anionic quencher by complex (a). 
This figure shows that a small change in iodide quenching 

interactions can be observed when the complex was bound 
to FS-DNA, which shows that the binding of complex (a) 
with DNA was not intercalation mode; therefore, iodide 
quenching results indicated that groove binding should be 
the interaction mode of the complex with FS-DNA.

Agarose gel electrophoresis

The gel electrophoresis is a way for investigating mobility 
of DNA in the environment of agarose gel on the influx of 
electric potential [68]. In these tests, changes in electro-
phoretic migration of FS-DNA in the absence and presence 
of different concentrations of the complex (a) are usually 
taken as the proof of complex–DNA interaction. Delay in 
the electrophoretic migration of the FS-DNA band could 
be assigned to the binding of La(III) complex in different 
sites on DNA causing raise in its molecular weight, size 
and shape. Agarose gel electrophoresis patterns for the 
cleavage of DNA after being treated with the complex of 
various concentrations are shown in Fig. 14. This electro-
phoretogram shows that the presence of La(III) complex 
in DNA samples (lanes 1–6) slows down the migration of 
FS-DNA by increasing the concentration of La(III) com-
plex which clearly proves the interaction between the two. 
These results are consistent with other reports [46, 69]. 
The complex is more effectively capable to cleave FS-
DNA in the presence of an oxidant such as  H2O2 (1–6 in 
the left) than the absence of that, which this result may be 
attributed to produce a diffusible hydroxyl free radical. 
This hydroxyl free radical can be formed by interaction 
of metal ions with  H2O2 to produce molecular oxygen or 
hydroxyl free radical (the Haber–Weiss reaction) that may 
damage DNA through chemistry and suggest the cleavage 
of DNA is oxidative and catalytic [56, 70].

Fig. 12  Plot of fluorescence intensity versus [NaCl]

Fig. 13  Stern–Volmer plot of the fluorescence titration results of the 
compound (a) 
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Study of antibacterial properties

Minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) for the ligand and com-
plex were obtained by broth macrodilution method [71]. 
The inhibition zone (IZ) was obtained by the disk diffu-
sion procedure, using different types of bacterial strains. 
The solution of 0.5 McFarland standard was taken as a 
turbidity standard. After reviewing the data, we under-
stand that the complex (a) exhibits higher antibacterial 
properties than ligand of 5,5′-dmbpy. The increased the 
antibacterial activity of complex (a) can be illustrated on 
the basis of Overtone’s concept and Tweedy’s chelation 
theory [72–74]. After chelation, there is a decrease in the 
polarity of the metal atom, because of the partial sharing 
of its positive charge with the donor groups and also due to 
π-electron delocalization on the whole chelate ring. Com-
plex (a) prefers interactions with lipids which are impor-
tant constituents of the cell wall. Also, the decreasing 
polarity led to an increase in the lipophilic character of the 
chelates. An interaction between lipids and the complex 
is successful, which may lead to further breakdown of the 
cell [75]. The amount of the antibacterial activity for the 
complex (a) was measured using agar well diffusion exper-
iment in a medium of Muller–Hinton agar (MHA) plates. 
These plates must be incubated at 310 K for 24 h. Finally 
the resulting diameter of each IZ together with the results 
of MIC and MBC is indicated in Table 7. At the end, the 
result exhibited that complex (a) is stronger antibacterial 

agent than free ligand and metal salt. Furthermore, the 
antibacterial effects of free ligand (5,5′-dmbpy), the metal 
salt [La(NO3)3·6H2O] and cefazolin (a standard confirmed 
antibacterial effect for E. coli) were also measured at the 
same conditions which enable us to compare them with the 
newly synthesized La(III) [76].

Conclusion

We reported the preparation of the metal complex (a) of 
formula [La(5,5′-dmbpy)2(NO3)3]. The metal complex 
was characterized by X-ray diffraction technique, FT-IR, 
UV–Vis spectroscopy, 1H-NMR, cyclic voltammetry and 
elemental analysis. The photoluminescence properties 
of the compound and ligand were studied, and a fluores-
cence intensity increase was observed. The interaction of 
complex (a) with FS-DNA was studied by several meth-
ods such as absorption spectroscopy, fluorescence titra-
tion spectra and agarose gel electrophoresis. The results 
obtained are: (1) UV–Vis studies revealed that the complex 
(a) has a good interaction with FS-DNA having a proper 
value of binding constant; (2) the results of fluorescence 
studies show quenching of La(III) complex by FS-DNA 
via a static mechanism and decrease in Kb values with 
the increase in temperature showing the exothermic inter-
action; (3) thermodynamic parameters obtained from the 
fluorescence data indicate that van der Waals and hydrogen 
bonding play a major role in the interaction between the 
La(III) complex and FS-DNA; thus, binding mode seems 
to be groove binding; (4) as change in the ionic strength 
of the medium does not affect the fluorescence intensity 
of the La(III) complex–DNA system, the binding mode 
should not be electrostatic; (5) the effect of iodide anion on 
the fluorescence intensity of complex La(III) is moderately 
more than that of the La(III) complex–DNA system. The 
results suggest that the antibacterial effects of the complex 
(a) are stronger than the free ligand and La(III) salt.

Fig. 14  Gel electrophoresis of FS-DNA (1.4 × 10−3 M) by using vari-
ous concentrations of complex (a) at room temperature: lane DNA: 
DNA control; lanes 1–6 (in the right): FS-DNA + La(III) complex (1, 

1.1, 1.2, 1.3, 1.4, 1.5 × 10−5 M, respectively). Lanes 1–6 (in the left) 
similar to lanes 1–6 (in the right) but in the presence of  H2O2

Table 7  MIC, MBC and IZ values of the free ligand and its La(III) 
complex

Compound MIC (mg/
ml) E. coli, S. 
aureus

MBC (mg/
ml) E. coli, S. 
aureus

Inhibition zone 
(mm) E. coli, S. 
aureus

La(NO3)3·6H2O 0.003–0.025 0.006–0.025 18–15
Free ligand 0.012–0.012 0.025–0.025 6–6
Complex (a) 0.012–0.006 0.025–0.0125 27–29
Cefazolin – – 28
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Supplementary material

Supplementary crystallographic data for (a) can be obtained 
free of charge via http://www.ccdc.cam.ac.uk/conts /retri 
eving .html or from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
(+44) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.
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