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a b s t r a c t

A V-shape ligand bis(N-allylbenzimidazol-2-ylmethyl)benzylamine (babb) and its nickel complex,
[Ni(babb)2](pic)2 (pic = picrate), have been synthesized and characterized by physico-chemical and spec-
troscopic methods. Single-crystal X-ray revealed that the coordination sphere around Ni(II) is distorted
octahedral with a N6 ligand set, in which six nitrogen atoms were afforded by two tridentate ligand babb.
The DNA-binding properties of the free ligand babb and Ni(II) complex have been investigated by elec-
tronic absorption, fluorescence, and viscosity measurements. The results suggest that babb and Ni(II)
complex both bind to DNA via an intercalative binding mode, and the affinity for DNA is more strong
in case of Ni(II) complex when compared with babb. The intrinsic binding constants (Kb) of the Ni(II) com-
plex and ligand with DNA were 3.65 � 104 M�1 and 2.26 � 103 M�1, respectively. Additionally, Ni(II)
complex also exhibited potential antioxidant properties in vitro studies.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The benzimidazole moiety is part of the chemical structure of
vitamin B12 which is one of the biologically relevant natural com-
pounds [1]. Benzimidazole and its derivatives have attracted
continuing interest over the years because of their varied biological
activities viz. anticancer [2], antihypertensive [3], antiviral [4],
anti-inflammatory [5], vasodilator [6] and antimicrobial [7–9].
Moreover, as a typical heterocyclic ligand, the large benzimidazole
rings not only can provide potential supramolecular recognition
sites for p–p stacking interactions, but also act as hydrogen bond
acceptors and donors to assemble multiple coordination geometry
[10].

Transition metal complexes are currently being used to bind
and react at specific sequences of DNA in a search for novel chemo-
therapeutics and probing DNA, and for the development of highly
sensitive diagnostic agents [11–13]. Therefore, an understanding
that how these small molecules bind to DNA will potentially be
useful in the design of such new compounds, which can recognize
specific sites or conformations of DNA [12–14]. As both the spec-
troscopic tags and functional models for the active centers of pro-
teins, metal complexes have helped to elucidate the mechanisms
by which metalloproteins function [12]. However, transition metal
complexes containing benzimidazole-based ligand are a subject of
intensive researches not only owing to their rich coordination
chemistry but also due to a number of established and potential
ll rights reserved.
application areas [15,16], which gives the possibility for further re-
search, such as design of structural probes and the development of
novel therapeutics.

In the framework of our research project, mainly focus on deal-
ing with the transition metal complexes containing benzimid-
azole-based ligand and exploring the reaction mechanism with
DNA. In preceding reports [17–21], we have investigated the coor-
dinating ability of various benzimidazole ligands and the corre-
sponding transition metal complexes. In this paper, the synthesis,
characterization and DNA-binding activities of Ni(II) complex with
a V-shape ligand are presented. Moreover, We also conducted an
investigation to explore whether the Ni(II) complex has the antiox-
idant property.

2. Experimental section

2.1. Materials and methods

All chemicals and solvents were reagent grade and were used
without further purification. C, H and N elemental analyses were
determined using a Carlo Erba 1106 elemental analyzer. Electro-
lytic conductance measurements were made with a DDS-307 type
conductivity bridge using 3 � 10�3 mol L�1 solutions in DMF at
room temperature. The IR spectra were recorded in the 4000–
400 cm�1 region with a Nicolet FT-VERTEX 70 spectrometer using
KBr pellets. Electronic spectra were taken on a Lab-Tech UV
Bluestar spectrophotometer. The fluorescence spectra were pre-
formed on a LS-45 spectrofluorophotometer. The absorbance was
measured with Spectrumlab 722sp spectrophotometer at room
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temperature. 1H NMR spectra were recorded on a Varian
VR300 MHz spectrometer with TMS as an internal standard.

The stock solution of babb and Ni(II) complex were dissolved in
DMF at the concentration 3 � 10�3 M. Calf thymus DNA (CT-DNA)
and ethidium bromide (EB) were purchased from Sigma. All the
experiments involving interaction of the ligand and the complexes
with CT-DNA were carried out in doubly distilled water buffer con-
taining 5 mM Tris and 50 mM NaCl and adjusted to pH 7.2 with
hydrochloric acid. A solution of CT-DNA gave a ratio of UV absor-
bance at 260 and 280 nm of about 1.8–1.9, indicating that the
CT-DNA was sufficiently free of protein [22]. The CT-DNA concen-
tration per nucleotide was determined spectrophotometrically by
employing an extinction coefficient of 6600 M�1 cm�1 at 260 nm
[23].

Synthetic routine of ligand babb is showed in Scheme 1.

2.2. Synthesis

2.2.1. Synthesis of ligand: babb
The precursor bis(2-benzimidazol-2-ylmethyl)benzylamine

(bbb) was synthesized following a slight modification of the proce-
dure in Ref. [24], bbb (7.34 g, 20 mmol) and potassium (1.56 g,
40 mmol) were put in tetrahydrofuran (150 mL), the solution was
refluxed on a water bath for 4 h with stirring. Then, allylbromide
(4.84 g, 40 mmol) was added to this solution. With the dropping
of allylbromide, the solution gradually becomes cream yellow.
After that, the resulting solution was concentrated and cooled, a
pale yellow solid separating out and the pale yellow precipitate
was filtered, washed with massive water, and recrystallized from
ethanol to give the ligand.

Yield: 5.46 g (61%); m.p.: 113–115 �C. Found (%): C, 78.02; H,
6.35; N, 15.71. Calcd. (%) for C29H29N5: C, 77.82; H, 6.53; N,
15.65. Km(DMF, 297 K): 1.97 S cm2 mol�1. 1H NMR (DMSO-d6

400 MHz) d/ppm: 3.45 (m, 2H, ACH2AAr), 3.85 (s, 4H, ACH2Aben-
zimidazol), 4.87–5.68 (m, 10H, ACH2ACH@CH2), 7.22 (m, 5H, H-
benzene ring), 7.27–7.64 (m, 8H, H-benzimidazol ring). UV–vis
(k, nm): 279, 286. FT–IR (KBr m/cm�1): 737, m(oAAr); 1265,
m(CAN); 1461, m(C@N); 1643, m(C@C).

2.2.2. Synthesis of complex: [Ni(babb)2](pic)2

To a stirred solution of babb (223.5 mg, 0.50 mmol) in hot EtOH
(10 mL) was added Ni(pic)2 (128.73 mg, 0.25 mmol) in EtOH
(2 mL). A yellow crystalline product formed rapidly. The precipi-
tate was filtered off, washed with EtOH and absolute Et2O, and
dried under vacuum. The crude product was dissolved in MeCN
to form a pale yellow solution into which Et2O was allowed to dif-
fuse at room temperature. Yellow crystals of it suitable for X-ray
measurement were obtained after two weeks.

Yield: 164.7 mg (62%). Found (%): C, 51.41; H, 3.29; N, 16.13.
Calcd. (%) for C66H58N18O15Zn: C, 51.17; H, 3.46; N, 16.01. Km(DMF,
297 K): 91.09 S cm2 mol�1. UV–vis (k, nm): 279, 282, 381. FT–IR
(KBr m/cm�1): 746, m(oAAr); 1272, m(CAN); 1365, m(OANAO);
1490, m(C@N); 1633, m(C@C).
Scheme 1. Synthetic rou
2.3. X-ray crystallography

A suitable single crystal was mounted on a glass fiber, and the
intensity data were collected on a Bruker Smart CCD diffractometer
with graphite-monochromated Mo-Ka radiation (k = 0.71073 Å) at
296 K. Data reduction and cell refinement were performed using
the SMART and SAINT programs [25]. The structure was solved
by direct methods and refined by full-matrix least-squares against
F2 of data using SHELXTL software [26]. All H atoms were found in
difference electron maps and subsequently refined in a riding-
model approximation with CAH distances ranging from 0.93 to
0.97 Å and Uiso(H) = 1.2 Ueq(C).
2.4. DNA-binding experiments

2.4.1. Electronic absorption titration
Absorption titration experiments were performed with fixed

concentrations of the complexes, while gradually increasing the
concentration of CT-DNA. To obtain the absorption spectra, the re-
quired amount of CT-DNA was added to both the compound and
reference solutions, in order to eliminate the absorbance of CT-
DNA itself. From the absorption titration data, the binding constant
(Kb) was determined using the equation [27]:

½DNA�=ðea � efÞ ¼ ½DNA�=ðeb � efÞ þ 1=Kbðeb � ef Þ

where [DNA] is the concentration of CT-DNA in base pairs, ea corre-
sponds to the observed extinction coefficient (Aobsd/[M]), ef corre-
sponds to the extinction coefficient of the free compound, eb is the
extinction coefficient of the compound when fully bound to CT-
DNA, and Kb is the intrinsic binding constant. The ratio of slope to
intercept in the plot of [DNA]/(ea � ef) versus [DNA] gave the value
of Kb.
2.4.2. Fluorescence studies
The enhanced fluorescence of EB in the presence of DNA can be

quenched by the addition of a second molecule [28,29]. The extent
of fluorescence quenching of EB bound to CT-DNA can be used to
determine the extent of binding between the second molecule
and CT-DNA. Competitive binding experiments were carried out
in the buffer by keeping [DNA]/[EB] = 1 and varying the concentra-
tions of the compounds. The fluorescence spectra of EB were mea-
sured using an excitation wavelength of 520 nm, and the emission
range was set between 550 and 750 nm. The spectra were analyzed
according to the classical Stern–Volmer equation [30]:

I0=I ¼ 1þ KSV½Q �

where I0 and I are the fluorescence intensities at 599 nm in the ab-
sence and presence of the quencher, respectively, Ksv is the linear
Stern–Volmer quenching constant, and [Q] is the concentration of
the quencher. In these experiments [CT-DNA] = 2.5 � 10�3 mol/L,
[EB] = 2.2 � 10�3 mol/L.
tine of ligand babb.
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2.4.3. Viscosity titration measurements
Viscosity experiments were conducted on an Ubbelodhe vis-

cometer, immersed in a water bath maintained at 25.0 ± 0.1 �C.
Titrations were performed for the complexes (3–30 lM), and each
compound was introduced into CT-DNA solution (42.5 lM) present
in the viscometer. Data were analyzed as (g/g0)1/3 versus the ratio
of the concentration of the compound to CT-DNA, where g is the
viscosity of CT-DNA in the presence of the compound and g0 is
the viscosity of CT-DNA alone. Viscosity values were calculated
from the observed flow time of CT-DNA-containing solutions cor-
rected from the flow time of buffer alone (t0), g = (t � t0) [31].

2.5. Antioxidant property

Hydroxyl radicals were generated in aqueous media through
the Fenton-type reaction [32,33]. The aliquots of reaction mixture
(3 mL) contained 1.0 mL of 0.10 mmol aqueous safranin, 1 mL of
1.0 mmol aqueous EDTA–Fe(II), 1 mL of 3% aqueous H2O2, and a
series of quantitative microadditions of solutions of the test com-
pound. A sample without the tested compound was used as the
control. The reaction mixtures were incubated at 37 �C for
30 min in a water bath. The absorbance was then measured at
520 nm. All the tests were run in triplicate and are expressed as
the mean and standard deviation (SD) [34]. The scavenging effect
for OH� was calculated from the following expression:

Scavenging ratio ð%Þ ¼ ½ðAi � A0Þ=ðAc � A0Þ� � 100%

where Ai is the absorbance in the presence of the test compound; A0

is absorbance of the blank in the absence of the test compound; Ac is
the absorbance in the absence of the test compound, EDTA–Fe(II)
and H2O2.
Table 1
Crystal data and structure refinement for [Ni(babb)2](pic)2.

Complex [Ni(babb)2](pic)2

Molecular formula C70H62N16NiO14

Molecular weight 1410.07
Color Yellow
Crystal size, mm3 0.36 � 0.34 � 0.30
Crystal system Triclinic
Space group P-1
a (Å) 13.877(3)
b (Å) 13.945(3)
c (Å) 19.172(4)
a (�) 70.138(2)
b (�) 88.891(2)
c (�) 74.189(2)
V (Å3) 3346.3(12)
Z 2
T (K) 293(2)
Dcalcd (g cm�3) 1.399
F (000) (e) 1468
h range for data collection (�) 2.27–25.00
hkl range �16 6 h 6 13, �16 6 k 6 16,

�22 6 l 6 22
Reflections collected 20973
Independent reflections 11596 [Rint = 0.0328]
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 11596/35/910
Final R1/wR2 indices [I P 2r(I)]a 0.0598/0.1526
R1/wR2 indices (all data)a 0.0998/0.1811
Goodness-of-fit on F2 1.018
Largest diff. peak and hole (e Å�3) 0.852 and �0.616
3. Results and discussion

Ligand babb and its Ni(II) complex are very stable in the air.
Ni(II) complex is remarkably soluble in polar aprotic solvents such
as DMF, DMSO and MeCN; slightly soluble in ethanol, methanol,
ethyl acetate and chloroform; insoluble in water, Et2O, and petro-
leum ether. The molar conductivities in DMF solution indicate that
babb is a nonelectrolyte while Ni(II) complex is a 1:2 electrolyte
compound [35].

3.1. IR and electronic spectra

The IR spectra of the Ni(II) complex is closely related to that of
the free ligand babb. One of the most diagnostic changes occurs in
the region between 1650 and 1250 cm�1. The spectra of babb show
a strong band at 1461 cm�1 and weak bands at 1643 cm�1. By anal-
ogy with the assigned bands of imidazole, two bands are attributed
to the m(C@N) and m(C@C) frequencies of the benzimidazole group,
respectively [36–38]. The band m(C@N) undergo a blue shift (about
29 nm) in the complex as compared to free ligand indicating the
participation of the imine nitrogen atoms in coordination to the
metal ion [39]; these are the preferred nitrogen atom for coordina-
tion, as found in other metal complexes with benzimidazoles [40].
Moreover, Information regarding the possible bonding modes of
the picrate and benzimidazole rings may also be obtained from
the IR spectra [41].

DMF solutions of ligand and Ni(II) complex show, as expected,
almost identical UV spectra. The UV bands of babb (286, 279 nm)
are only marginally red-shifted about 4 nm for Ni(II) complex,
which is evidence of C@N coordination to the metal center. These
bands are assigned to p ? p� (imidazole) transitions. The picrate
bands (observed at 381 nm) are assigned to p ? p� transitions
[17,18].
3.2. X-ray structures of the complexes

Basic crystal data, description of the diffraction experiment, and
details of the structure refinement are given in Table 1. Selected
bond distances and angles are presented in Table 2.

3.2.1. The crystal structure of complex: [Ni(babb)2](pic)2

The crystal structure of Ni(II) complex consists of a discrete
[Ni(babb)2]2+ cation, two picrate anions. The ORTEP structure (30%
probability ellipsoids) of the [Ni(babb)2]2+ with atom-numberings
is shown in Fig. 1.

The central Ni(II) atom is six-coordinated with a N6 ligand set,
in which six nitrogen atoms afforded by two tridentate ligand
babb. The coordination geometry of the Ni(II) may be best de-
scribed as distorted octahedral with (N1, N3, N7, N9) providing
the equatorial plane. The maximum deviation distance (N3) from
the least squares plane calculated from the four coordination atom
atoms is 0.241 Å, and the nickel atom is out of this plane by only
0.133 Å. The distance between the axial atom N5, N6 and the equa-
torial plane are 2.138 Å, 2.075 Å, respectively. The bond angle of
the two atoms (N5ANiAN6) in axial positions is 167.76(12)�.
Therefore, compared with a regular octahedron, it reflects a rela-
tively distorted coordination octahedron around central Ni(II)
atom [42–45].

3.3. DNA binding properties

3.3.1. Absorption spectroscopic studies
The application of electronic absorption spectra in DNA-binding

studies is one of the most useful techniques. The binding of interca-
lative drugs to DNA has been characterized classically through
absorption titrations, following the hypochromism and red shift
associated with binding of the colored complex to the helix [27].
The absorption spectra of the ligand babb and Ni(II) complex in the
absence and presence of CT-DNA (at a constant concentration of
compounds) are given in Fig. 2. With increasing DNA concentrations,
the hypochromism reaches as high as 18.32% at 275 nm for free li-



Table 2
Selected bond distances (Å) and angles (�) in [Ni(babb)2](pic)2.

Complex [Ni(babb)2](pic)2

Bond distances Ni(1)–N(1) 2.405(3) Ni(1)–N(6) 2.310(3)
Ni(1)–N(3) 2.142(3) Ni(1)–N(7) 2.127(3)
Ni(1)–N(5) 2.048(3) Ni(1)–N(9) 2.082(3)

Bond angles N(5)–Ni(1)–N(9) 99.88(13) N(7)–Ni(1)–N(6) 75.14(11)
N(5)–Ni(1)–N(7) 93.86(12) N(3)–Ni(1)–N(6) 91.50(12)
N(9)–Ni(1)–N(7) 104.60(12) N(5)–Ni(1)–N(1) 76.74(12)
N(5)–Ni(1)–N(3) 100.72(13) N(9)–Ni(1)–N(1) 166.23(11)
N(9)–Ni(1)–N(3) 94.79(13) N(7)–Ni(1)–N(1) 89.02(11)
N(7)–Ni(1)–N(3) 153.35(12) N(3)–Ni(1)–N(1) 73.02(12)
N(5)–Ni(1)–N(6) 167.76(12) N(6)–Ni(1)–N(1) 107.89(11)
N(9)–Ni(1)–N(6) 78.21(12)
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gand babb; 43.90% at 273 nm for complex Ni(II) complex. The kmax

for babb and Ni(II) complex have a slight red shifts of about
1–2 nm under identical experimental conditions. The hypochro-
mism and red shift suggested that the babb and Ni(II) complex have
strong interaction with DNA [46]. The Kb values of babb and Ni(II)
complex are 2.26 � 103 M�1 (R = 0.98 for 15 points), 3.65 � 104

M�1 (R = 0.99 for 16 points) for Ni(II) complex, respectively. There-
fore, compare with the classic DNA-intercalative reagent, such as
Ethidium bromide (EB), acridine orange (AO), methylene blue (MB)
[47], in the light of the hypochromism and red shift mentioned
above, we speculate that ligand babb and Ni(II) complex most possi-
bly binds to DNA in an intercalation mode, which may due to the
large coplanar aromatic rings in two compound that facilitate it
intercalating to the base pairs of double helical DNA.

However, the affinity for DNA is more strong in case of Ni(II)
complex when compared with the ligand. For this difference, we
attributed to three possible reasons. (i) By comparison of the
molecular structure of the ligand and Ni(II) complex, we find the
greater number of coplanar aromatic rings may lead to higher
Fig. 1. Molecular structure and atom numberings of [Ni(ba
affinity for DNA [48]. (ii) The charge transfer of coordinated babb
ligands caused by the coordination of the central Ni(II) atom, lead
to the reduce of the charge density of the plane conjugate system,
which is conducive to insert. (iii) This difference in their DNA bind-
ing ability also could be attributed to the presence of an electron
deficient center in the charged Ni(II) complex where an additional
interaction between the complex and phosphate rich DNA back
bone may occur [49,50].

3.3.2. Fluorescence spectroscopic studies
In order to further study the binding properties of the com-

plexes with DNA, competitive binding experiment was carried
out. Relative binding of babb and Ni(II) complex to CT-DNA was
studied by the fluorescence spectral method using ethidium bro-
mide (EB) bound CT-DNA solution in Tris–HCl/NaCl buffer
(pH = 7.2). As a typical indicator of intercalation, EB is a weakly
fluorescent compound. But in the presence of DNA, emission inten-
sity of EB is greatly enhanced because of its strong intercalation be-
tween the adjacent DNA base pairs [29]. In general, measurement
of the ability of a complex to affect the intensity of EB fluorescence
in the EB-DNA adduct allows determination of the affinity of the
complex for DNA, whatever the binding mode may be. If a complex
can displace EB from DNA, the fluorescence of the solution will be
reduced due to the fact that free EB molecules are readily quenched
by the solvent water [51]. For babb and Ni(II) complex, no emission
were observed either alone or in the presence of CT-DNA in the
buffer. The fluorescence quenching of DNA-bound EB by ligand
babb and complex are shown in Fig. 3. The behavior of babb and
Ni(II) complex are in good agreement with the Stern–Volmer equa-
tion, which provide further evidence that them bind to DNA. The
Ksv values are 1.44 � 104 M�1 (R = 0.97 for 13 points) for babb,
5.26 � 104 (R = 0.98 for 10 points in the linear part) for Ni(II) com-
plex, respectively. It may be due to ligand babb and Ni(II) complex
both can interact with DNA in an intercalation mode, and releasing
bb)2]2+ with hydrogen atoms were omitted for clarity.



Fig. 2. Electronic spectra of (a) babb, (c) Ni(II) complex in Tris–HCl buffer upon addition of CT-DNA. [Compound] = 3 � 10�5 M�1, [DNA] = 2.5 � 10�5 M�1. Arrow shows the
emission intensity changes upon increasing DNA concentration. Plots of [DNA]/(ea � ef) versus. [DNA] for the titration of (b) babb, (d) Ni(II) complex with CT-DNA.
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some free EB from the EB-bound CT-DNA complex system and that
DNA-binding of Ni(II) complex is stronger than that of babb, which
is consistent with the above absorption spectroscopic results. The
Kq values for the ligand babb and the Ni(II) complex are
1.44 � 1012 M�1 S�1 and 5.26 � 1012 M�1 S�1, respectively, indicat-
ing they are static quenching [52].
3.3.3. Viscosity titration measurements
Optical photophysical techniques are widely used to study the

binding model of the ligand, metal complexes and DNA, but do
not give sufficient clues to support a binding model. Hydrodynamic
measurements that are sensitive to the length change (i.e., viscos-
ity and sedimentation) are regarded as the least ambiguous and
the most critical tests of a binding model in solution in the absence
of crystallographic structural data [22,53]. Therefore, viscosity
measurements were carried out to further clarify the interaction
of metal complexes and DNA. In classical intercalation, the DNA
helix lengthens as base pairs are separated to accommodate the
bound ligand leading to increased DNA viscosity whereas a partial,
while nonclassical ligand intercalation causes a bend (or kink) in
DNA helix reducing its effective length and thereby its viscosity
[22].

The effects of babb and Ni(II) complex on the viscosity of
CT-DNA is shown in Fig. 4. The viscosity of CT-DNA is increased
steadily with the increment of them, and it is further illustrated
that two compounds can intercalates with CT-DNA. The result of
the viscosity experiments confirms the mode of babb and Ni(II)
complex intercalate into DNA base pairs already established
through absorption and fluorescence spectral titration studies.
3.4. Antioxidant property

According to relevant reports in the literature [54–56], some
transition metal complexes may exhibit antioxidant activity. We
therefore also conducted an investigation to explore whether the
Ni(II) complex has the hydroxyl radical scavenging property. We
compared the abilities of one present compounds to scavenge
hydroxyl radicals with those of the well-known natural antioxidants
mannitol and vitamin C, using the same method as reported in a pre-
vious paper [57]. The 50% inhibitory concentration (IC50) value of
mannitol and vitamin C are about 9.6 � 10�3 and 8.7 � 10�3 M�1,
respectively. As shown in Fig. 5, according to the antioxidant exper-
iments, the IC50 values of Ni(II) complex is 6.73 � 10�5 M�1, which
implies that Ni(II) complex has the preferable ability to scavenge hy-
droxyl radical. In view of the observed IC50 values, the Ni(II) complex
can be considered as a potential drug to eliminate the hydroxyl
radical.



Fig. 3. Emission spectra of EB bound to CT-DNA in the presence of (a) babb and (c) Ni(II) complex; [Compound] = 3 � 10�5 M; kex = 520 nm. The arrows show the intensity
changes upon increasing concentrations of the complexes. Fluorescence quenching curves of EB bound to CT-DNA by (b) ligand and (d) Ni(II) complex. (Plots of I0/I versus
[Complex]).

Fig. 4. Effect of increasing amounts of (a) babb and (b) Ni(II) complex on the relative viscosity of CT-DNA at 25.0 ± 0.1 �C.
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Fig. 5. The inhibitory effect of Ni(II) complex on OH radicals; the suppression ratio
increases with increasing concentration of the test compound.
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4. Conclusion

In this work, a new ligand bis(N-allylbenzimidazol-2-ylmethyl)-
benzylamine and its Ni(II) complex have been synthesized and
characterized. The crystal structure of [Ni(babb)2](pic)2 is six-coor-
dinated adopting a distorted octahedral geometry. The DNA-binding
experimental results suggest that ligand babb and Ni(II) complex
bind to DNA in an intercalation mode, and the Ni(II) complex has
higher binding ability than free ligand. In addition, the Ni(II) com-
plex can be considered as a potential drug to eliminate the hydroxyl
radical. These findings indicate that the Ni(II) complex has many
potential practical applications for the development of nucleic acid
molecular probes and new therapeutic reagents for diseases on the
molecular level and warrant further in vivo experiments and
pharmacological assays.
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Appendix A. Supplementary material

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center with reference number
CCDC 848157. Copies of the data can be obtained, free of charge,
on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK. Tel.: +44 01223 762910; fax: +44 01223 336033; e-mail: de-
posit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk. Supplemen-
tary data associated with this article can be found, in the online
version, at doi: 10.1016/j.jphotobiol.2011.11.010.
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