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Abstract 
Three mononuclear oxovanadium complexes [VO(Hbid)(CF3PIP)] (1) (Hbid=(E)-2-(2-hydroxyben- 
zylideneamino)isoindoline-1,3-dione, CF3PIP=2-(2-trifluoromethyl phenyl)imidazole[4,5-f][1,10] 
phenanthroline), [VO(Hbid)(m-CF3PIP)]; (2) (m-CF3PIP=2-(3-trifluoromethyl phenyl)imidazole [4, 
5-f][1,10]phenanthroline) and [VO(Hbid)(p-CF3PIP)]; (3) (p-CF3PIP=2-(4-trifluoromethyl phenyl) 
imidazole[4,5-f][1,10]phenanthroline) have been synthesized and characterized by elemental 
analysis, IR, molar conductance, ES-MS and 1H NMR. The DNA-binding properties of these com-
plexes were studied by using UV-Vis absorption titration, fluorescence spectra, viscosity mea-
surements and thermal denaturation studies. The results show that 1, 2 and 3 interact with calf 
thymus DNA (CT-DNA) by intercalation modes and the magnitude of their intrinsic binding con-
stants (Kb values) follows the order: 2 < 1 < 3. Furthermore, their photocleavage properties with 
pBR322 plasmid DNA were investigated by agarose gel electrophoresis experiments. The DNA 
cleavage capacity of complex 3 is also stronger than that of 1 and 2. 
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1. Introduction 
The development of transition metal complexes which are actually to be utilized in a wide range of biochemistry 
and medicine as well as therapeutic medication against tumor cells has achieved fantastic step forward in past 
decades [1]-[3]. Oxovanadium complexes as one group of transition metal compounds have aroused great inter-
est among biochemists and pharmacologists owing to diverse biologic and pharmacological activities such as 
antiproliferative [4], antibacterial [5], biocatalytic oxidation [6] [7], insulin-enhancing effects [8], apoptosis-in- 
ducing activity [9] [10], potential capabilities as DNA structural probes and DNA dependent electron transfer 
likewise [11] [12]. In recent years, mixed-ligand oxovanadium complexes have demonstrated both in vitro anti-
bacterial and antifungal properties [13] as well as intense interactions with DNA [14] [15]. 

Complexes with Schiff base Hbid, where Hbid=(E)-2-(2-hydroxybenzylideneamino) isoindoline-1,3-dione, 
displayed chemical nuclease activity by partial intercalation thus ability to inhibit the growth of both Gram-pos. 
and Gram-neg. bacteria [16] [17]. Imidazole[4, 5-f][1, 10] phenanthroline derivatives available to inhibit c-myc 
gene expression in A549 cells via NF-kB pathway exhibit certain activities towards inhibiting tumor cells to 
some extend [18]-[20]. Although certain attention has been paid to the research on oxovanadium complexes as 
potential DNA intercalator, photocleavage and anticancer agents [21]-[24], the oxovanadium compounds with 
imidazole[4, 5-f][1, 10] fluoro-phenanthroline derivatives has rarely been reported yet [22] [25]. 

In the present article, three mononuclear oxovanadium complexes [VO(Hbid)(CF3PIP)] (1), [VO(Hbid)(m- 
CF3PIP)] (2), [VO(Hbid)(p-CF3PIP)] (3), (Hbid=(E)-2-(2-hydroxybenzylideneamino)isoindoline-1,3-dione, 
CF3PIP=-(2-trifluoromethyl phenyl)imidazole [4,5-f][1,10]phenanthroline, m-CF3PIP=2-(3-trifluoromethyl 
phenyl)imidazole[4,5-f][1,10]phenanthroline, p-CF3PIP=2-(4-trifluoromethyl phenyl)imidazole[4,5-f][1,10] 
phenanthroline) have been synthesized and characterized by elemental analysis, IR, molar conductance, ES-MS 
and 1H NMR. The DNA-binding properties of these three complexes were well studied by UV-Vis titration, flu-
orescence spectra, viscosity measurements and thermal denaturation studies. Photocleavage reactions with 
pBR322 supercolied plasmid DNA were investigated by agarose gel electrophoresis experiments. The com-
pounds employed in this work are shown in Scheme 1. 

 

 
Scheme 1. Structure of VO(Hbid)(CF3PIP) (1), R1=CF3, R2=H, R3=H; VO(Hbid) (m-CF3- 
PIP) (2), R1=H, R2=CF3, R3=H; VO(Hbid) (p-CF3PIP) (3), R1=H, R2=H, R3=CF3.           
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2. Experimental 
2.1. Materials and Methods 
All chemicals used in the synthesis and physical measurements were analytical reagent grade or biochemical 
quality and without further purification unless otherwise specified. 1,10-Phenanthroline was obtained from 
Guangzhou Chemical Reagent Factory. VOSO4∙xH2O were purchased from Alfa Aesar, N-Aminophthalimide 
were purchased from TCI, CT-DNA and pBR322 supercoiled plasmid DNA were obtained from Sigma. Tris 
buffer 1 (Tris=tris(hydroxyl-methyl)aminomethane) containing 5 m∙mol∙L−1 Tris-HCl and 50 m∙mol∙L −1 NaCl 
(pH = 7.2) was used for absorption titration, fluorescence emission and viscosity measurements. Tris buffer 2 
containing 50 m∙mol∙L−1 Tris-HCl and 18 m∙mol∙L−1 NaCl (pH = 7.2) was used for the gel electrophoresis expe-
riments. A phosphoric acid buffer containing 1.5 m∙mol∙L−1 Na2HPO4, 0.5 m∙mol∙L−1 NaH2PO4 and 0.25 m∙ 
mol∙L−1 Na2H2EDTA (H4EDTA=N,N'-ethane-1,2-diylbis[N-(carboxymethyl) glycine]) (pH = 7.0) was used for 
thermal denaturation. A solution of CT-DNA in buffer 1 gave a ratio of UV absorbance at 260 and 280 nm of 
1.8 - 1.9:1, indicating that the DNA was sufficiently free of protein [26] [27]. The DNA concentration per nuc-
leotide was determined by absorption spectroscopy using the molar absorption coefficient (6600 M−1∙cm−1) at 
260 nm [28]. The complexes were dissolved in DMSO and diluted with buffer solution to the required concen-
trations prior to use. Hbid, (E)-2-(2-hydroxybenzylideneamino) isoindoline-1,3-dione were synthesized accord-
ing to a previously reported procedure [16]. 

2.2. Physical Measurements 
Microanalysis (C, H, and N) was carried out with a PerkinElmer 240Q elemental analyzer. Electrospray mass 
spectra (ES-MS) were recorded on an LCQ system (Finnigan MAT, USA) using methanol as mobile phase. 1H 
NMR spectra were recorded on a Varian-500 spectrometer. All chemical shifts are given relative to tetramethyl-
silane (TMS). Infrared spectra were recorded on a Bomem FTIR model MB102 instrument using KBr pellets 
method. UV-Vis spectra were recorded on a Shimadzu UV-3101 PC spectrophotometer at room temperature. 
Emission spectra were recorded on a Perkin-Elmer Lambda 55 spectrofluorophotometer. Molar conductivities in 
DMF (1 m∙mol∙L−1) solution at room temperature were measured using a DDS-307 digital direct reading con-
ductivity meter. 

2.3 Synthesis and Characterization 
2.3.1. Synthesis of Phenanthroline-Based Ligands: CF3PIP, m-CF3PIP and p-CF3PIP 
CF3PIP was synthesized through a modification of a previously reported procedure [29]-[31]. A mixture of 2- 
(Trifluoromethyl)benzaldehyde (0.69 mL, 5 m∙mol) and ammonium acetate (7.70 g, 0.1 mol) was added into a 
stirring solution of 1,10-Phenanthroline-5,6-dione (0.99 g, 5 m∙mol) in 60 mL of glacial acetic acid, and the 
mixture was continuously stirred at 60˚C for 6 hours. Then the deep red solution was cooled to room tempera-
ture and diluted with 100 mL distilled water. A grayish yellow precipitate was obtained by neutralization with 
ammonium hydroxide. Then the mixture was filtered and washed with water for three times. The crude solid 
power was purified by chromatography over 60 - 80 mesh SiO2 using absolute ethanol as eluent. The solvent 
was removed and the products were collected, and dried in vacuo. m-CF3PIP and p-CF3PIP were prepared by a 
similar procedure with the compound CF3PIP, with 3-(Trifluoromethyl)benzaldehyde (0.69 mL, 5 m∙mol) and 
4-(Trifluoromethyl)benzaldehyde (0.69 ml, 5 m∙mol) in place of 2-(Trifluoromethyl)benzaldehyde (0.69 mL, 5 
m∙mol) respectively, and a pink-yellow precipitate were obtained. 

CF3PIP: Yield: 61%. Anal. Found: C, 65.48; H, 3.14; N, 15.35; Calcd for C20H11F3N4: C, 65.93; H, 3.04; N, 
15.28. 1H NMR (DMSO-d6, 500 MHz) δ: 9.03 (s, 2H, J = 8.7 Hz, ArH), 9.02 (s, 2H, J = 8.6 Hz, ArH), 8.47 (m, 
1H, J = 8.3 Hz, ArH), 8.45 (m, 1H, J = 8.2 Hz, ArH), 7.96 (m, 1H, J = 8.1 Hz, ArH), 7.82 (br, 3H, J = 7.6 Hz, 
ArH), 3.32 (s, 1H, -NH). 13C NMR (DMSO-d6, 500 MHz) δ: 148.9 C(15), 148.0 C(1,12), 143.7 C(5,14), 133.8 
C(3ꞌ,5ꞌ), 129.7 C(1ꞌ), 129.5 C(3), 129.1 C(7), 126.6 C(2ꞌ,6ꞌ), 125.9 C(4ꞌ), 125.8 C(-CF3), 124.8 C(8), 124.7 C(4), 
123.4 C(9), 123.3 C(10), 122.6 C(6,13). ES-MS: (CH3OH): m/z 365.0 ([M+H]+), 387.0 ([M+Na]+). IR (KBr 
disk): ν (cm−1) = 3406.8 (s, N-H), 3078.2 (m, C-H), 1606.7 (s), 1551.8 (m), 1483.0 (s, C=C), 1315.3 (vs, C-F). 
Conductance (Ω−1∙cm2∙mol−1): 9.2. 

m-CF3PIP: Yield: 58%. Anal. Found: C, 65.67; H, 3.13; N, 15.42; Calcd for C20H11F3N4: C, 65.93; H, 3.04; N, 
15.38. 1H NMR (DMSO-d6, 500 MHz) δ: 8.99 (m, 2H, J = 8.8 Hz, ArH), 8.83 (d, 2H, J = 8.7 Hz, ArH), 8.56 (m, 
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2H, J = 8.2 Hz, ArH), 7.78 (m, 1H, J = 8.0 Hz, ArH), 7.75 (m, 3H, J = 7.5 Hz, ArH). 3.38 (s, 1H, -NH). 13C 
NMR (DMSO-d6, 500 MHz) δ: 148.2 C(15), 148.0 C(1,12), 143.6 C(5,14), 135.3 C(3ꞌ,5ꞌ), 132.5 C(1ꞌ), 130.3 
C(3), 129.8 C(7), 128.2 C(2ꞌ,6ꞌ), 127.9 C(4ꞌ), 127.0 C(-CF3), 126.8 C(8), 126.7 C(4), 126.0 C(9), 124.8 C(10), 
123.8 C(6,13). ES-MS: (CH3OH): m/z 365.0 ([M+H]+), 387.0 ([M+Na]+). IR (KBr disk): ν (cm−1) = 3241.6 (s, 
N-H), 3065.8, (m, C-H), 1607.2 (m), 1566.7 (s), 1548.5 (m, C=C), 1312.2 (vs, C-F). Conductance (Ω−1∙ 
cm2∙mol−1): 9.6. 

p-CF3PIP: Yield: 66%. Anal. Found: C, 65.78; H, 3.24; N, 15.32; Calcd for C20H11F3N4: C, 65.93; H, 3.04; N, 
15.38. 1H NMR (DMSO-d6, 500 MHz) δ: 9.07 (d, 2H, J = 8.6 Hz, ArH), 8.84 (d, 2H, J = 8.4 Hz, ArH), 8.04 (d, 
1H, J = 8.1 Hz, ArH), 7.97 (d, 1H, J = 7.8 Hz, ArH), 7.91 (d, 1H, J = 7.9 Hz, ArH), 7.83 (t, 3H, J = 7.7 Hz, ArH). 
3.40 (s, 1H, -NH). 13C NMR (DMSO-d6, 500 MHz) δ: 149.3 C(15), 147.7 C(1,12), 143.6 C(5,14), 131.6 C(3ꞌ,5ꞌ), 
131.4 C(1ꞌ), 130.1 C(3), 129.9 C(7), 129.6 C(2ꞌ,6ꞌ), 128.4 C(4ꞌ), 125.5 C(-CF3), 125.2 C(8), 123.2 C(4ꞌ), 123.1 
C(4), 122.4 C(9), 122.3 C(10), 121.6 C(6,13). ES-MS: (CH3OH): m/z 365.0 ([M+H]+), 387.0 ([M+Na]+). IR 
(KBr disk): ν (cm−1) = 3371.2 (s, N-H), 3065.8 (w, C-H), 1608.2 (s), 1565.5 (m, C=C), 1326.5 (vs, C-F). Con-
ductance (Ω−1∙cm2∙mol−1): 8.6. 

2.3.2. Synthesis of [VO (Hbid)(CF3PIP)] (1) 
[VO (Hbid) (CF3PIP)] was prepared by the synthetic steps similar to a previously reported method [24] [32] [33]. 
A mixture of CF3PIP (0.364 g, 1 m∙mol) and Hbid (0.266 g, 1 m∙mol) in absolute CH3OH (60 mL) was heated at 
80˚C under argon for 2 h. After dissolution, an aqueous solution (5 mL) of 1.0 m mol (0.217 g) quantity of 
VOSO4∙xH2O was added dropwise to this mixture, and a breen precipitate was formed. The soild power was 
purified by recrystallization in methanol, and dried in vacuo. Yield: 36%. Anal. Found: C, 60.28; H, 2.92; N, 
12.09; Calcd for C35H20F3N6O4V: C, 60.35; H, 2.89; N, 12.07. 1H-NMR (DMSO-d6, 500 MHz) δ: 9.03 (s, 1H, 
CH=N), 8.68 (dd, 2H, ArH, J = 8.5 Hz), 8.60 (d, 2H, ArH, J = 8.4 Hz), 8.49 (br, 6H, ArH, J = 8.2 Hz), 8.26 (d, 
1H, J = 8.4 Hz), 8.14 (d, 1H, ArH, J = 7.8 Hz), 7.82 (dd, 2H, ArH, J = 7.2 Hz), 7.14 (d, 2H, ArH, J = 6.8 Hz), 
6.52 (dd, 2H, ArH, J = 7.8 Hz), 5.02 (s, 1H, -NH). ES-MS (CH3OH): m/z: 695.1 ([M-H]−), 727.1 ([M+CH3OH− 
H]−). IR (KBr disk): ν (cm−1) = 3425.1 (N-H), 2973.3, 3077.0 (m, C=C-H), 1724.2 (vs, HC=N), 1608.0 (vs, 
C=O), 1314.1 (s, -CF3), 974.1 (s, V=O), 730.8 (m, V-N). Conductance (Ω−1∙cm2∙mol−1): 10.7. 

2.3.3. Synthesis of [VO (Hbid)(m-CF3PIP)] (2) 
This compound was synthesized by a similar procedure as for the complex 1, with m-CF3PIP (0.364 g, 1 m∙mol) 
in place of CF3PIP. Yield: 43%. Anal. Found: C, 60.36; H, 2.91; N, 12.06; Calcd for C35H20F3N6O4V: C, 60.35; 
H, 2.89; N, 12.07. 1H NMR (DMSO-d6, 500 MHz) δ: 8.87 (s, 1H, CH=N), 8.59 (dd, 2H, ArH, J = 8.5 Hz), 8.44 
(d, 2H, ArH, J = 8.5 Hz), 8.36 (br, 6H, ArH, J = 8.3 Hz), 8.27 (d, 1H, J = 8.2 Hz), 8.08 (d, 1H, ArH, J = 7.7 Hz), 
7.72 (dd, 2H, ArH, J = 7.8 Hz), 7.34 (d, 2H, ArH, J = 6.6 Hz), 6.48 (dd, 2H, ArH, J = 7.6 Hz), 5.20 (s, 1H, -NH). 
ES-MS (CH3OH): m/z: 695.1 ([M-H]−), 727.1 ([M + CH3OH − H]−). IR (KBr disk): ν (cm−1)=3428.3 (N-H), 
3027.0 (m, C=C-H), 1721.9 (s, HC=N), 1607.5 (vs, C=O), 1312.2 (s, -CF3), 968.8 (s, V=O), 713.7 (m, V-N). 
Conductance (Ω−1∙cm2∙mol−1): 9.7. 

2.3.4. Synthesis of [VO (Hbid) (p-CF3PIP)] (3) 
This complex was prepared using a similar procedure described for complex 1. Yield: 36%. Anal. Found: C, 
60.28; H, 2.93; N, 12.06; Calcd for C35H20F3N6O4V: C, 60.35; H, 2.89; N, 12.07. 1H-NMR (DMSO-d6, 500MHz) 
δ: 9.12 (s, 1H, CH=N), 8.86 (d, 2H, ArH, J = 8.5 Hz), 8.63 (d, 2H, ArH, J = 8.4 Hz), 8.44 (br, 6H, ArH, J = 8.2 
Hz), 8.26 (d, 1H, J = 8.4 Hz), 8.12 (d, 1H, ArH, J = 7.8 Hz), 7.80 (d, 2H, ArH, J = 7.2 Hz), 7.34 (d, 2H, ArH, J = 
6.8 Hz), 6.62 (t, 2H, ArH, J = 7.8 Hz), 5.12 (s, 1H, -NH). ES-MS (CH3OH): m/z: 695.1 ([M-H]−), 727.1 ([M + 
CH3OH-H]−). IR (KBr disk): ν (cm−1) = 3401.6 (N-H), 2982.9, 3077.2 (m, C=C-H), 1725.7 (vs, HC=N), 1609.4 
(vs, C=O), 1314.5 (s, -CF3), 956.6 (s, V=O), 730.9 (m, V-N). Conductance (Ω−1∙cm2∙mol−1): 11.8. 

2.4. DNA-Binding and Cleavage 
Absorption titration of the oxovanadium complexes in buffer 1 were performed using a fixed concentration of 
the oxovanadium complexes (20 μ∙mol∙L−1) to which the DNA stock solutions were added. The oxovana-
dium-DNA solutions were incubated at room temperature for 3 mins before the absorption spectra were record-
ed. In order to further elucidate the binding strength of the complexes, the intrinsic binding constant Kb with 
CT-DNA was obtained by monitoring the change in the absorbance of the ligand transfer band with increasing 
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amounts of DNA. Kb was then calculated using the following equation [25] [34] [35]: 

[ ] [ ]
( )

DNA DNA 1

a f b f b b f– – –ε ε ε ε Κ ε ε
= +  

where [DNA] is the concentration of DNA in the base pairs, and εa – εf and εb refer to the corresponding apparent 
absorption coefficient Aobsd/[Vanadium], the extinction coefficient for the free oxovanadium complexes and 
the extinction coefficient for the oxovanadium complexes in the fully bound form, respectively. In plots of 
[DNA]/(εa – εf) versus [DNA], Kb is obtained by the ratio of the slope to the intercept. 

Viscosity measurements were carried out with an Ubbelohde viscometer maintained at a constant temperature 
of (28.0 ± 0.1) C in a thermostatic bath. Flow time was measured with a digital stopwatch, and each sample was 
measured five times to obtain the average flow time. Date are presented as (η/η0)1/3 versus binding ratio [36] 
[37], where η is the viscosity of DNA in the presence of complexes while η0 is the viscosity of DNA alone. 

Thermal denaturation studies were carried out with Shimadzu UV-3101 PC spectrophotometer equipped with 
a Peltier temperature-controlling programmer (±0.1˚C). The melting curves were obtained by measuring the ab-
sorbance at 260 nm for solutions of CT-DNA (80 μ∙mol∙L−1) in the absence and presence of oxovanadium com-
plex [20 μ∙mol∙L−1] as a function of the temperature was scanned from 50˚C to 90˚C at a speed of 5˚C min−1. 
The melting temperature (Tm) was taken as the mid-point of the hyperchromic transition. 

The photoinduced cleavage activity of supercoiled pBR322 DNA by the oxovanadium complexes was studied 
by performing agarose gel electrophoresis experiment, pBR322 DNA (0.1 μg) was treated with the complexes in 
buffer 2 in different concentrations, and the solutions were incubated at 37˚C in the incubator for 1 h. The sam-
ples were analyzed by electrophoresis for 2 h at 90 V in tris-boric buffer containing 0.8% agarose gel. The gel 
was stained with 0.1 μL/ml DuRed nucleic acid gel stain and photographed under UV light on an Alpha Inno-
tech IS-5500 fluorescence chemiluminescence and visible imaging system [38] [39]. 

3. Results and Discussion 
3.1. Synthesis and Characterization 
The Schiff base ligand was prepared by a reaction of salicylaldehyde with N-Aminophthalimide in the appropri-
ate mole ratios using absolute ethanol as solvent [28]. The oxovanadium complexes 1-3 were obtained by ref-
luxing of corresponding Schiff bases, VOSO4∙xH2O and phenanthroline-based ligand in absolute methanol. The 
desired complexes were purified by recrystallization. 

According to the IR spectra of phenanthroline-based ligands show absorption at ca. 3400 cm−1 (imidazole 
N-H), 3065 - 3078 cm−1 (C=C-H), 1483-1608 cm−1 (C=C), 1312-1326 cm−1 (C-F), respectively. In parallel, IR 
spectra absorption of complexes 1-3 observed at 3401-3425 cm−1 for (imidazole N-H), 2982 - 3077 cm−1 for 
(C=C-H), 1607 - 1725 cm−1 for (C=O) and (-CH=N), 1312 - 1314 cm−1 for (-CF3), 713 - 730 cm−1 for (V-N), 
respectively. The strong (VO) band at 956 - 974 cm−1 could be cleared identified for the formulation of the 
complex. 

Electronic spectra of complexes 1-3 show an intense band at ca. 272 nm assignable to π―π* transition of 
aromatic rings of phenanthroline-based ligands [15] [25]. Bands in the UV-vis region (320 - 350 nm) are assign-
able to intraligand transitions of the Schiff base. Five- and six-coordination complexes of oxovanadium (IV) are 
usually square pyramidal/trigonal bipyramidal and distorted octahedral, respectively [40] [41]. From the above 
spectral data, the Schiff base bonded through the phenolate oxygen, imine nitrogen, and carbonyl oxygen leav-
ing the carbonyl as a pendant group. This implies that these complexes bear the central V (IV) atom in a square- 
pyramidal geometry. 

In the 1H NMR spectra of phenanthroline-based ligands showed peaks of aromatic hydrogen (ArH), imidazole 
secondary amine (NH) proton. However, in the 1H NMR spectra of complexes, the peaks of imine (CH=N) pro-
ton were observed, which affirmed that the Schiff base ligand was coordinated to vanadium. 

In the ES-MS spectra of CF3PIP, m-CF3PIP and p-CF3PIP showed peaks at m/z 365 ([M+H]+) and 387 ([M + 
Na]+). The molecular ion peaks of three complexes at m/z 695 ([M-H]−) and 727 ([M+CH3OH-H]−). Elemental 
analysis, ES-MS, IR and 1H NMR data of all the compounds are in good agreement with the expected structures. 

The molar conductance values of phenanthroline-based ligands and complexes 1-3 in DMF (1 m∙mol∙L−1) are 
shown in Table 1. The conductive properties indicates that both ligands L1-L3 and oxovanadium complexes 1-3 
are nonelectrolytes. 
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Table 1. Molar conductivity data of oxovanadium complexes and the 
ligands.                                                    

Compounds Ω−1∙cm2∙mol−1 

CF3PIP 9.2 
m-CF3PIP 9.6 
p-CF3PIP 8.6 

VO(Hbid)(CF3PIP) 10.7 
VO(Hbid)(m-CF3PIP) 9.7 
VO(Hbid)(p-CF3PIP) 11.8 

3.2. DNA-Binding Studies 
3.2.1. Electronic Absorption Titration 
For the purpose of evaluating the capacity of oxovanadium complexes interacting with CT-DNA, the electronic 
spectra of complexes 1, 2 and 3 in the absence and presence of increasing amounts of CT-DNA are shown in 
Figure 1. As the CT-DNA concentration is increased, obvious hypochromism as well as a certain degree of ba-
thochromism for the three oxovanadium complexes can be observed in the ultraviolet titration process at ca. 272 
nm, which is attributed to π→π*. The hypochromism and bathochromism shift for 1 at 272 nm are 28.72% and 2 
nm, respectively. In contrast, the hypochromism and bathochromism of complexes 2 and 3 are 20.93%, 1 nm 
and 30.36%, 2.5 nm, respectively. According to previously reported results [14] [23]-[25], the UV-Vis spectral 
characteristics suggest that complexes 1-3 interact with CT-DNA most likely through a mode that involves a 
stacking interaction between the aromatic chromophore and the base pairs of DNA. 

In order to elucidate the binding strengths of these complexes, the intrinsic binding constant Kb were calcu-
lated by monitoring the changes of absorbance in the ligand transfer bands with increasing amounts of CT-DNA. 
The Kb values of complexes 1-3 were calculated as 7.40 × 104 (mol∙L−1)−1, 5.42 × 104 (mol∙L−1)−1 and 1.25 × 105 
(mol∙L−1)−1, respectively, indicating that they strongly interact with DNA by intercalation. And the DNA-bind- 
ing activities of these three complexes are higher than that of reported mononuclear oxovanadium complexes 
VO(SAA)(phen) (4.50 × 104 M−1) and VO(MOSAA) (phen) (2.95 × 104 M−1) [25], under our experimental con-
ditions. The value of Kb increases in the order 2 < 1 < 3, this may due to the substituents of trifluoromethyl 
phenyl introduced on the phenanthroline ring of complexes 1-3, which may intercalate into base pairs of 
CT-DNA in complexes 1-3 will be altered, resulting in higher Kb. Meanwhile, the presence of an -CF3 group on 
the aromatic moieties, which acts as an electron-drawing substituent on the intercalative ligand and thus gives 
stronger stacking interactions with DNA for complexes 1-3. And the electronic effects of substituted group at 
the different locations introduced on the aromatic ring of phenanthroline-based ligands may make differences in 
the DNA-binding affinities. The results also indicates an -CF3 group substituted on the para-position of the aro-
matic exhibits stronger DNA-binding affinity than substituted on the ortho-position and meta-position. 

3.2.2. Fluorescence Spectroscopic Studies 
The interaction of the complexes (20 μ∙mol∙L−1) with CT-DNA was investigated using fluorescence emission ti-
tration experiment in the Tris buffer 1 at room temperature. The emission spectra of complexes 1, 2 and 3 in the 
absence and presence of CT-DNA exhibit luminescence in Tris buffer, with a maxima appearing at 442 nm, 443 
nm and 440 nm respectively, which are shown in Figure 2. With increasing concentrations of CT-DNA, the 
emission intensities of complexes 1-3 grow to around by about 0.26, 0.19, and 0.36 times larger than those in the 
absence of CT-DNA and saturates at a [DNA]/[V] ratio of 20:1. The enhancement of emission intensity is indic-
ative of binding of the complexes to the hydrophobic pocket of DNA, since the hydrophobic environment inside 
the DNA helix reduces the accessibility of water molecules to the complex and the complex mobility is re-
stricted at the binding site, leading to decrease of the vibrational modes of relaxation [42] [43]. In addition, it 
also shows that 3 interacts with DNA more strongly than both 1 and 2, consistent with the UV-vis absorption ti-
tration spectra results. 

3.2.3. Viscosity Measurements 
To further clarify the nature of the binding interaction between both oxovanadium complexes and DNA in the 
absence of X-ray structural data or NMR spectra, viscosity measurements that are regarded as the least contro-
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versial and the most rigorous means of testing the binding model of DNA in solution [44]. It is well-known that 
a classical intercalation model leads to an apparent increase in viscosity of DNA solution due to base-pairs are 
pushed apart and hence an increase in overall DNA length [45]. In contrast, a partial, non-classical intercalation 
of compounds could bend (or kink) the DNA helix and reduce its effective length and, concomitantly, its viscos-
ity [46]. 

The effects of complexes 1, 2 and 3 on the viscosity of CT-DNA are shown in Figure 3. As can be seen in 
Figure 3, with amounts of the complexes increasing, the relative viscosity of DNA increases continuously to 
some extend. The results thus provide strong evidence for the interaction of complexes 1, 2 and 3 with CT-DNA 
by intercalation modes. Moreover, the increasing degree of viscosity is 2 < 1 < 3, which is consistent with elec-
tronic absorption spectra data, supporting the conclusion that complexes 1-3 interact with DNA by intercalation 
modes. 

3.2.4. Thermal Denaturation Studies 
DNA melting experiments are generally applied to investigate the extent of intercalation, which were carried out 
by monitoring the intensity of DNA bases at 260 nm at different temperatures, both in the absence and presence 
of oxovanadium complexes. Thermal behaviors of DNA in the presence of compounds can give insight into 
their conformational changes when the temperature is raised and offer information about the interaction strength 
of complexes with DNA. As a rule, with the temperature in the solution rising, the double-stranded DNA will 
gradually dissociate to single strands and generate a hyperchromic effect on absorption spectra of DNA bases. 
Thus, the melting temperature Tm, which is defined as the temperature where half of the total base pairs are un- 
bounded, is usually introduced. Generally, Tm will increase considerable when intercalative binding occurs, 
since intercalation of the complexes into DNA base pairs causes stabilization of base stacking and hence raises 
the melting temperature of the double-stranded DNA [11] [24] [25]. 
 

 
(a)                                                 (b) 

 
(c) 

Figure 1. Absorption spectral of the complexes 1 (a), 2 (b) and 3 (c) in Tris-HCl buffer 1 upon increasing 
amounts of CT-DNA. [V] = 20 μM, [DNA] = (0 - 100) μM. Arrow shows the decreasing absorbance upon in-
creasing CT-DNA concentrations. Insert: Plots of [DNA]/(εa − εf) versus [DNA] for the titration of [V] with CT-DNA.      
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(a)                                             (b) 

 
(c) 

Figure 2. Emission spectra of 1 (a), 2 (b) and 3 (c) in Tris-HCl buffer 1 in the absence and presence of 
CT-DNA. [V] = 20 μ∙mol∙L−1. Arrows show the increasing intensity with increasing concentrations of 
DNA.                                                                                    

 

 
Figure 3. Effect of increasing amounts of complexes 1 (), 2 (▼) and 3 () on the relative viscosity 
of CT-DNA at (28.0 ± 0.1)˚C, [DNA] = 0.2 m∙mol∙L−1.                                          

 
The melting curves of CT-DNA in the absence and presence of complexes 1-3 are shown in Figure 4; As 

shown in Figure 4, The Tm of CT-DNA in the absence of the complexes is 62.2˚C ± 0.2˚C, meanwhile, when the 
complexes at a concentration ratio [V]/[DNA] of 1:4, we can observe that Tm values in the presence of the com-
plexes 1, 2 and 3 are 68.3˚C ± 0.2˚C, 65.3˚C ± 0.2˚C, 69.2˚C ± 0.2˚C, respectively. A comparison of the ΔTm 
values of the complexes (6.1˚C, 3.1˚C and 7.0˚C for 1, 2, and 3, respectively) was agreement with those classical 
intercalators [47] [48], which provided strong evidence for their binding with DNA by intercalation. 

The experimental data reveals that complexes in collaboration with phenanthroline-substituted auxiliary li- 
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Figure 4. Thermal denaturation of CT-DNA in the absence and presence of complexes 1, 2 and 3, [V] 
= 20 μM, [DNA] = 80 μM.                                                               

 
gands exhibit appreciable DNA intercalative activities, in addition, complex 3 showed a larger ΔTm, indicating 
that 3 exhibits stronger DNA-binding affinity when interacting with DNA, in conformity with the electronic ab-
sorption titration. 

3.3. Photocleavage Studies 
The interaction mode between these oxovanadium complexes and plasmid DNA were further investigated by 
agarose gel electrophoresis experiments. When circular plasmid DNA is subject to electrophoresis, relatively 
fast migration will be observed for the intact supercoiled form (form Ι). If scission occurs on one strand (nick-
ing), the supercoil will relax to generate a slower moving open circular form (form II). If both strands are 
cleaved, a linear form (form III) migrating between form I and II will be generated [49] [50]. 

As is shown both in Figure 5 and Figure 6, it is clear to figure out the cleavage activity of plasmid pBR322 
DNA after incubation with different concentrations of oxovanadium complexes at 37˚C for 1 h at dark condition. 
The nicked form II can barely observed for H2O2 alone in the absence of the complexes (lane 2 in Figure 5 and 
Figure 6, respectively). Nevertheless, in the presence of complexes 1, 2 and 3 with 30 m∙mol∙L−1 H2O2, apparent 
cleavage of pBR322 DNA observed from the formation of form II, and cleaving activity tends to increase grad-
ually with the concentration of the complexes increase from 15 μ∙mol∙L−1 to 60 μ∙mol∙L−1 (lane 3, 4 and 5 in 
Figure 5 and Figure 6). Furthermore, under the same conditions with lane 4, addition of 0.02 mol∙L−1 L-Histi- 
dine works as a singlet oxygen quencher (lane 6, lane 11 in Figure 5 and Figure 6, respectively) slightly inhibits 
the cleavage of DNA. Meanwhile, no cleavage of plasmid DNA occurred in the presence of hydroxyl radical 
scavenger DMSO (lane 7, lane 12 in Figure 5 and Figure 6, respectively), suggesting that ·OH radicals is likely 
to be the reactive species on account of the oxidation of VO2+ in the presence of H2O2 for the cleavage reaction 
[51]. Under comparative experimental conditions, a linear form (form III) (lane 4, lane 5 in Figure 6) can be 
observed when the concentration of complex 3 reaches to 30 μ∙mol∙L−1 and 60 μ∙mol∙L−1, respectively, implying 
the photocleavage ability of complex 3 is stronger than that of complexes 1 and 2, follows the order of 3 > 1 > 2. 
The results are actually consistent with the degree of their intrinsic binding constant (Kb), indicating that the 
electrochemical characteristics of phenanroline-based auxiliary ligands as well as the existence of substituted 
strong electronic-withdrawing group (-CF3) at the different locations introduced on the aromatic ring of phena-
nroline-based ligands plays an important role in the DNA-binding affinity. 

4. Conclusion 
In this paper, three novel Schiff base oxovanadium complexes, [VO(Hbid)(CF3PIP)] (1), [VO(Hbid)(m-CF3PIP)] 
(2), [VO(Hbid)(p-CF3PIP)] (3) have been synthesized and characterized by EA, ES-MS, IR, 1H NMR and molar 
conductance. Their DNA-binding activities with CT-DNA were evaluated using UV-Vis titration, viscosity 
measurements and thermal denaturation. These three oxovanadium complexes interact with CT-DNA by inter-
calation modes. Their photocleavage activities of supercoiled plasmid DNA were investigated in the presence of 
H2O2 probably via generating hydroxyl radical, the results also show efficiently oxidative cleavage activities, in  
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Figure 5. Cleavage of pBR322 DNA by complexes 1 and 2 (15 - 60 μ∙mol∙L−1) in the absence and presence of H2O2 
(30 m∙mol∙L−1) in buffer 2 (pH 7.2).lane 1, DNA control; lane 2, DNA + H2O2; lane 3, DNA + 1 (15 μ∙mol∙L−1) + 
H2O2; lane 4, DNA + 1 (30 μ∙mol∙L−1) + H2O2; lane 5, DNA + 1 (60 μ∙mol∙L−1) + H2O2; lane 6, DNA + 1 (30 μ∙mol∙ 
L−1) + H2O2+ L-Histidine (0.02 mol∙L−1); lane 7, DNA + 1 (30 μ∙mol∙L−1) + H2O2+ DMSO (2 μ∙L); lane 8, DNA + 2 
(15 μ∙mol∙L−1) + H2O2; lane 9, DNA + 2 (30 μ∙mol∙L−1) + H2O2; lane 10, DNA + 2 (60 μ∙mol∙L−1) + H2O2; lane 11, 
DNA + 2 (30 μ∙mol∙L−1) + H2O2+ L-Histidine (0.02 mol∙L−1); lane 12, DNA + 2 (30 μ∙mol∙L−1) + H2O2+ DMSO (2 
μ∙L).                                                                                           
 

 
Figure 6. Cleavage of pBR322 DNA by complex 3 (15 - 60 μ∙mol∙L−1) in the absence and presence of H2O2 (30 m∙ 
mol∙L−1) in buffer 2 (pH 7.2). Lane 1, DNA control; lane 2, DNA + H2O2; lane 3, DNA + 3 (15 μ∙mol∙L−1) + H2O2; 
lane 4, DNA + 3 (30 μ∙mol∙L−1) + H2O2; lane 5, DNA + 3 (60 μ∙mol∙L−1) + H2O2; lane 6, DNA + 3 (30 μ∙mol∙L−1) + 
H2O2 + L-Histidine (0.02 mol∙L−1); lane 7, DNA + 3 (30 μ∙mol∙L−1) + H2O2+ DMSO (2 μ∙L).                     
 
conformity with DNA-binding behaviors of the complexes. In addition, complex 3 exhibits a higher DNA- 
binding affinity in contrast to complexes 1 and 2, indicating that the electrochemical characteristics of phenanro-
line plane and the existence of substituted strong electronic-withdrawing group (-CF3) at the different locations 
introduced on the aromatic ring of phenanroline-based ligands plays an important role in the DNA-binding af-
finity. 
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