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1 INTRODUCTION

Heterocyclic compounds are widely distributed in
nature and essential to many biochemical processes.
These compounds are worth attention for many rea�
sons, chief among them are their biological activities;
many drugs are heterocycles [1, 2]. 1,10�Phenanthro�
line (Phen) and its substituted derivatives, both in the
metal�free state and as ligands coordinated to transi�
tion metals, disturb the functioning of a wide variety of
biological systems [3–5]. When the metal�free N,N�
chelating bases are found to be bioactive, it is usually
assumed that the sequestering of trace metals is in�
volved, and that the resulting metal complexes are the
actual active species [6–9]. Interests in aminobenzoic
acids arise from both their biological importance and
their chemical properties. o�Aminobenzoic acid, also
named anthranilic acid, has been used as a convenient
fluorescence probe in internally quenched fluorescent
peptides due to its high quantum yield and small size.
o�Aminobenzoic acid (o�AB) is also multifunctional
hydrogen�bonding molecules [10–12].

In the viewpoint of constructing functional com�
pounds, the title cadmium(II) and lead(II) complexes
were synthesized in anhydrous solvent and their crystal
structures were determined. The interaction between
complex I and calf thymus DNA was also investigated

1 The article is published in the original.

by UV absorption spectra, fluorescence emission
spectra and viscometry [13]. Based on crystal data,
density functional theory (DFT) studies of the title
complexes were performed using the Gaussian 03 pro�
gram suite. The natural atomic charges distribution,
molecular total energy and frontier molecular orbital
energies of the complexes were discussed [14].

EXPERIMENTAL

Materials and physical measurement. Calf thymus
DNA (CT�DNA) were obtained from Sigma�Aldrich
Co. (USA). The other reagents used in this work were
of analytical grade. The experiments involving inter�
action of the complexes with CT�DNA were carried
out in Milli�Q water buffer containing 5 mM Tris and
50 mM NaCl, and adjusted to pH 7.2 with hydrochlo�
ric acid. A solution of CT�DNA gave a ratio of UV ab�
sorbance at 260 and 280 nm of about 1.8–1.9, indicat�
ing that the CT�DNA was sufficiently free of protein
[15]. The CT�DNA concentration per nucleotide was
determined spectrophotometrically by employing an ex�
tinction coefficient of 6600 L mol–1 cm–1 at 260 nm [16].

Elemental analyses were carried out with a model
2400 PerkinElmer analyzer. The fluorescence spectra
were recorded on an F�4500 fluorimeter. The X�ray
diffraction data were collected on a Bruker Smart
CCD X�ray single�crystal diffractometer. Viscosity
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measurements were conducted using an Ubbelodhe
viscometer. Optimizations of geometrical structures
and Natural Bond Orbital (NBO) analyses of the title
complexes were carried out by DFT B3LYP method.
The 6–31 + G* basis set was used for C, N and O at�
oms, while the effective core potential (ECP) and va�
lence double�ζ LANL2DZ basis set was used for Pb
and Cd atom [17, 18]. Atom coordinates used in
the calculations were from crystallographic data,
and a molecule in the unit cells was selected as the ini�
tial model. All calculations were conducted on a Pen�
tium IV computer using Gaussian 03 program [19].

Synthesis of complexes. o�AB (2.0 mmol) was dis�
solved in 50 mL of anhydrous methanol. M(OAc)2 · nH2O
(M = Cd(II) and Pb(II)) (1.0 mmol) dissolved in
30 mL of anhydrous methanol was added dropwise to
the above o�AB solution and stirred for 4 h at 55°C.
Then Phen (1.0 mmol) dissolved in 10 mL of anhydrous
methanol was added dropwise to the above solution and
stirred for 4 h at 55°C cooled and filtered. The filtrate
was left for slow evaporation at room temperature. The
wine prismatic crystals were formed 20 days later. 

X�ray structure determination. All data were collec�
ted on a Bruker Smart CCD X�raysingle�crystal dif�
fractometer at 298(2) K with a graphite�monochro�
mated MoK

α
 radiation (λ = 0.71073 Å) by using an

ω–2θ scan mode. The structure was solved by direct
methods using SHELXS�97 [20]. The non�hydrogen
atoms were defined with Fourier synthesis method.
Positional and thermal parameters were refined by
fullmatrix least�squares method to convergence. A
summary of the key crystallographic information is gi�
ven in Table 1. Selected bond lengths and bond angles
of complexes I and II are listed in Table 2. Hydrogen
bond geometry of the complexes is listed in Table 3.
Crystal structure of the title complexes are depicted in
Fig. 1. Packing diagrams of the title complexes are de�
picted in Fig. 2. 

Supplementary material has been deposited with
the Cambridge Crystallographic Data Centre
(nos. 910307 (I), 898292 (II); deposit@ccdc.cam.ac.uk
or http://www.ccdc.cam.ac.uk).

Fluorescence properties. The fluorescence spectra
of the complexes and the ligands were carried out in
methanol solution. For complex I, the sample was ex�
cited at 319 nm. The scanner speed was 240 nm min–1

and the slit width was 2.5 nm. For complex II, the

For C26H20N4O4Cd (I)

anal. calcd., %: C, 55.28; H, 3.56; N, 9.92. 

Found, %: C, 55.35; H, 3.68; N, 9.83. 

For C26H20N4O4Pb (II)

anal. calcd., %: C, 47.34; H, 3.06; N, 8.49. 

Found, %: C, 47.30; H, 3.12; N, 8.50.

sample was excited at 314 nm. The scanner speed was
240 nm min–1 and the slit width was 2.5 nm. 

DNA�binding studies were carried out by ultra�
violet (a) and fluorescence (b) spectra and viscosity
measurements (c). a. Complex I was dissolved in a
mixture of DMSO and Tris–HCl buffer. Absorption
titration experiments were carried out by gradually in�
creasing the DNA concentration and maintaining the
complexes concentration at 5.75 × 10–7 M. Absor�
bances were recorded after each successive addition of
DNA solution and equilibration. 

b. For complex I, spectral measurements was carried out
by successive additions of DNA (0.0–3.78 × 10–5 mol/L)
to the complex I (1.51 × 10–5 mol/L) in Tris–HCl
buffer. The sample was excited at 319 nm. The scanner
speed was 240 nm min–1 and the slit width was 2.5 nm. 

c. Viscosity measurements were conducted using an
Ubbelodhe viscometer, which was immersed in a ther�
mostated water bath maintained to 298 (±0.1) K. Ti�
trations were performed for the complex which can be
introduced into a DNA solution in the viscometer.
Data were presented as (η/η0)

1/3 versus the ratio of the
concentration of the complex and DNA, where η is
the viscosity of DNA in the presence of the complex
and η0 is the viscosity of DNA alone.

RESULTS AND DISCUSSION

As shown in Fig. 1a, in complex I, Cd(II) atom is lo�
cated in a very distorted octahedral coordination with six
bonds to two N atoms from one Phen and four carboxy�
late O atoms from two o�AB ligands. There are two four�
membered chelate rings (Cd(1)–O(1)–C(1)–O(2),
Cd(1)–O(3)–C(8)–O(4)) and one five�membered
chelate ring (Cd(1)–N(3)–C(19)–C(20)–N(4)). As
shown in Fig. 1b, in complex II, Pb(II) atom is located
in a very distorted octahedral coordination with six
bonds to two N atoms from one Phen and four carbox�
ylate O atoms from two o�AB ligands. There are two four�
membered chelate rings (Pb(1)–O(1)–C(1)–O(2),
Pb(1)–O(3)–C(8)–O(4)) and one five�membered
chelate ring (Pb(1)–N(3)–C(19)–C(20)–N(4)). But
the geometry of complex II is different from the com�
plex I, which forms an umbrella�like geometry in which
Pb(1)–O(1) bond serves as the umbrella handle.

As shown in Fig. 2a and Table 3, complex I forms two
intermolecular hydrogen bonds N(1)–H(1A)···O(1) and
N(2)–H(2B)···O(3) between the exocyclic amine
group and the oxygen atom of the carboxyl group. The
molecules are linked into extended chains parallel
to the y axis and the z axis through the involving inter�
molecular N–H···O hydrogen bonds. A three�dimen�
sional network is assembled through van der Waals’
forces and intermolecular π–π interactions [21, 22].

As shown in Fig. 2b and Table 3, complex II forms two
intermolecular hydrogen bonds N(1)–H(1B)···O(2) and
N(2)–H(2B)···O(3) between the exocyclic amine
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Table 1. Crystallographic data and structure refinement for complexes I and II

Parameter
Value

I II

Fw 564.86 659.65

Crystal system Monoclinic Triclinic

Space group P21/c P

a, Å 7.6462(6) 7.8127(6)

b, Å 17.1758(17) 12.9880(11)

c, Å 17.7436(18) 13.4150(12)

α, deg 90 63.4960(10)

β, deg 100.1000(10) 84.243(2)

γ, deg 90 77.5180(10)

Volume, Å3 2294.1(4) 1189.37(17)

Z 4 2

ρcalcd, g/cm3 1.635 1.842

μ, mm–1 0.994 7.133

F(000) 1136 636

Crystal size, mm 0.43 × 0.40 × 0.21 0.40 × 0.35 × 0.18

θ Range for data collection, deg 2.62–25.02 2.67–25.01

Limiting indices –9 ≤ h ≤ 8, –7 ≤ h ≤ 9,

–17 ≤ k ≤ 20, –14 ≤ k ≤ 15,

–18 ≤ l ≤ 21 –12 ≤ l ≤ 15

Reflections collected/unique (Rint) 11313/4037 (0.0375) 5941/4125 (0.0308)

Completeness  to θ = 25.01, % 99.6 98.2

Max and min transmission 0.8185 and 0.6746 0.3600 and 0.1626

Refined parameters 316 317

Goodness of fit on F 2 1.035 1.073

Final R indices (I > 2σ(I)) R1 = 0.0360, wR2 = 0.0851 R1 = 0.0388, wR2 = 0.0987

R indices (all data) R1 = 0.0520, wR2 = 0.0944 R1 = 0.0437, wR2 = 0.1016

Largest diff. peak and hole, e Å–3 0.659 and –0.425 2.613 and –3.083

1



RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 41  No. 4  2015

SYNTHESIS, CRYSTAL STRUCTURES, LUMINESCENT PROPERTIES 277

Table 2. Selected bond lengths (Å) and angles of the complexes I and II obtained from experiment and calculations

I II

Bond 
d, Å

Bond 
d, Å

Exp. Calcd. Exp. Calcd.

Cd(1)–O(3) 2.390(3) 2.34749 Pb(1)–O(3) 2.494(5) 2.42703

Cd(1)–O(1) 2.438(3) 2.34731 Pb(1)–O(1) 2.347(4) 2.24129

Cd(1)–N(4) 2.335(3) 2.45699 Pb(1)–N(4) 2.632(6) 2.89141

Cd(1)–N(3) 2.318(3) 2.45707 Pb(1)–N(3) 2.591(6) 2.76720

Cd(1)–O(2) 2.246(3) 2.30410 Pb(1)–O(2) 2.600(5) 2.58426

Cd(1)–O(4) 2.251(3) 2.30378 Pb(1)–O(4) 2.699(6) 2.43615

N(1)–C(3) 1.327(7) 1.38149 N(1)–C(3) 1.371(9) 1.38044

N(2)–C(10) 1.363(5) 1.38149 N(2)–C(10) 1.363(10) 1.38440

N(3)–C(15) 1.330(5) 1.32766 N(3)–C(15) 1.322(10) 1.32852

N(3)–C(19) 1.362(5) 1.35519 N(3)–C(19) 1.376(10) 1.35787

N(4)–C(24) 1.320(5) 1.32766 N(4)–C(24) 1.302(11) 1.32651

N(4)–C(20) 1.357(4) 1.35517 N(4)–C(20) 1.369(10) 1.35437

O(1)–C(1) 1.253(5) 1.28648 O(1)–C(1) 1.293(8) 1.28941

O(2)–C(1) 1.254(4) 1.27396 O(2)–C(1) 1.254(8) 1.27149

O(3)–C(8) 1.250(5) 1.28646 O(3)–C(8) 1.266(9) 1.29057

O(4)–C(8) 1.266(4) 1.27400 O(4)–C(8) 1.264(8) 1.26937

C(1)–C(2) 1.489(5) 1.48915 C(1)–C(2) 1.481(10) 1.48430

C(8)–C(9) 1.480(5) 1.48915 C(8)–C(9) 1.498(10) 1.48878

Angle Exp. Calcd. Angle Exp. Calcd.

O(3)Cd(1)O(1) 100.26(11) 123.36058 O(3)Pb(1)O(1) 81.55(18) 82.36694

O(3)Cd(1)N(4) 99.31(11) 86.62506 O(3)Pb(1)N(4) 139.70(19) 131.10566

O(1)Cd(1)N(4) 148.37(11) 147.67536 O(1)Pb(1)N(4) 81.61(19) 75.82066

O(3)Cd(1)N(3) 153.74(10) 147.63932 O(3)Pb(1)N(3) 77.45(18) 76.63667

O(1)Cd(1)N(3) 98.94(10) 86.62591 O(1)Pb(1)N(3) 80.11(17) 85.23672

N(4)Cd(1)N(3) 72.26(11) 68.12393 N(4)Pb(1)N(3) 63.7(2) 58.57932

O(3)Cd(1)O(2) 92.45(10) 109.56513 O(3)Pb(1)O(2) 117.95(16) 127.05507

O(1)Cd(1)O(2) 55.20(10) 56.94478 O(1)Pb(1)O(2) 52.59(14) 54.05367

N(4)Cd(1)O(2) 99.44(10) 104.69721 N(4)Pb(1)O(2) 78.17(18) 74.89720

N(3)Cd(1)O(2) 113.26(10) 96.63468 N(3)Pb(1)O(2) 123.04(17) 124.83402

O(3)Cd(1)O(4) 55.82(9) 56.84317 O(3)Pb(1)O(4) 50.07(15) 54.10703

O(1)Cd(1)O(4) 105.79(10) 109.60128 O(1)Pb(1)O(4) 79.22(18) 86.32714

N(4)Cd(1)O(4) 105.74(11) 96.51089 N(4)Pb(1)O(4) 156.27(19) 159.50556

N(3)Cd(1)O(4) 101.61(10) 104.58388 N(3)Pb(1)O(4) 125.62(18) 130.70270
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group and the oxygen atom of the carboxyl group. The
molecules are linked into extended chains parallel to
the z axis through the involving intermolecular N–H···O
and C–H···O hydrogen bonds. Adjacent chains are
linked into a two�dimensional layer structure through
the involving intermolecular N–H···O hydrogen
bonds. A three�dimensional network is assembled
through short contact between different layers.

The fluorescence spectra of the complexes in
methanol solution are shown in Fig. 3. The fluores�
cence spectra for the complex I, o�AB ligand and Phen
were measured upon the excitation at 319 nm. The in�
tense fluorescence peaks of complex appear at near
393 nm and may be attributed to o�AB. The fluores�
cence spectra for complex II, o�AB ligand and Phen
were measured upon excitation at 314 nm. The intense
fluorescence peaks of complex appear at near 395 nm
and may be attributed to o�AB. The fluorescence in�
tensity of the complexes is highly increased as com�
pared with free Phen [23]. But it is decreased as com�
pared with free o�AB.

As shown in Fig. 3, the luminescence of complex�
es arises from an intra�ligand charge transfer (ILCT)
[24, 25]. And the complexes exhibit blue emission.
This can be modified by different local ligand environ�
ments. The fluorescence intensity of the complexes is
it is decreased as compared with free o�AB. The reason
is that the conjugate intensity of o�AB ligand is weaker
than free o�AB [26, 27].

In the following functional study of the complexes,
however, the spectroscopic properties may be available
as a suitable indicator reflecting the interaction with
biological or chemical substances such as proteins,
nucleic acids or other ligands in solution.

Comparison of bond lengths and angles of com�
plexes I and II obtained from experiment and calcula�
tion is made in Table 2. The results indicate that some
bond lengths and bond angles obtained from the cal�
culations are agree with those gained from the deter�
mination. As shown in Table 2, the corresponding cal�
culated bond lengths of the three ligands in complexes
are nearly equal, although limited by the accuracy of
the method, their experimental values are not equal. 

The energies and components of molecular orbital
are important characteristics in theoretical studies,
which can predict the chemical properties [28–30].
Some frontier molecular orbital energies and compo�
nents of complexes are given in Table 4. View of the
frontier molecular orbital of complexes is shown in
Fig. 4. For the complex I, the total energy is
⎯1570.996 a.u. The energies of HOMO, HOMO�1
and HOMO�2 orbital are –0.196, –0.199 and
⎯0.242 a.u., respectively. The energies of LUMO,
LUMO+1 and LUMO+2 orbital are –0.096, –0.092
and –0.050 a.u., respectively. The energy gap between
HOMO and LUMO orbital is 0.100 a.u. The dipole
moment is 8.4636 D. The energies of the molecular,
HOMO, LUMO and their neighboring orbital are all

Table 3. Geometric parameters of hydrogen bonds of com�
plexes I and II*

D–H···A

Distance, Å Angle 
D–H···A, 

degD–H H···A D···A

I

N(1)–H(1A)···O(1) 0.86 2.08 2.719 (6) 131.0

N(2)–H(2A)···O(1)iv 0.86 2.36 3.189 (4) 163.0

N(2)–H(2B)···O(3) 0.86 2.04 2.678 (4) 131.0

C(7)–H(7)···O(2) 0.93 2.41 2.730 (6) 100.0

C(13)–H(13)···O(3)i 0.93 2.56 3.434 (5) 156.0

C(14)–H(14)···O(2)i 0.93 2.52 3.279 (5) 139.0

C(14)–H(14)···O(4) 0.93 2.45 2.774 (5) 100.0

C(25)–H(25)···O(2)iii 0.93 2.56 3.189 (5) 126.0

C(25)–H(25)···O(4)iii 0.93 2.57 3.318 (6) 138.0

II

N(1)–H(1A)···O(4)ii 0.86 2.24 3.056 (9) 158.0

N(1)–H(1B)···O(2) 0.86 2.07 2.699 (9) 130.0

N(2)–H(2A)···O(1)ii 0.86 2..22 3.015 (9) 154.0

N(2)–H(2B)···O(3) 0.86 2.08 2.701 (9) 129.0

C(4)–H(4)···O(4)ii 0.93 2.57 3.354 (12) 142.0

C(6)–H(6)···O(2)i 0.93 2.49 3.409 (11) 172.0

C(7)–H(7)···O(1) 0.93 2.46 2.790 (10) 101.0

C(14)–H(14)···O(4) 0.93 2.49 2.808(10) 100.0

C(15)–H(15)···O(3) 0.93 2.35 3.038 (10) 131.0

C(26)–H(26)···N(1)ii 0.93 2.60 3.489(13) 160.0

Symmetry codes: i x, y, z; ii –x, y + 1/2, –z + 1/2; iii –x, –y, –z;
iv x, –y – 1/2, z – 1/2 (for I);  i x, y, z; ii –x, –y, –z (for II).
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Fig. 1. The structures of complexes I (a) and II (b).
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negative, indicating that the complex is stable. For the
complex II, the total energy is –1526.405 a.u. The en�
ergies of HOMO, HOMO�1 and HOMO�2 orbital are
–0.197, –0.200 and –0.235 a.u., respectively. The
energies of LUMO, LUMO+1 and LUMO+2 orbital
are –0.086, –0.083 and –0.041 a.u., respectively. The
energy gap between HOMO and LUMO orbital is
0.111 a.u. The dipole moment is 8.7253 D. The ener�
gies of the molecular, HOMO, LUMO and their
neighboring orbital are all negative, indicating that the
complex is stable [31–33].

Geometrical structure of the complex is related
to the distribution of natural atomic charge. Table 5
indicates part natural atomic charges of the comple�
xes. Natural atomic charge data show that all O and
N atoms carry negative charges, the C atoms linking
with O and N atoms carry positive charges, and the
C atoms linking with H atoms carry negative charges.

These negative charged O and N atoms are easy to co�
ordinate with the positive charged metal ion. For com�
plex I, the charge of Cd(II) decreases from +2 to
+1.487, which indicates that part of the electrons have
transferred from N and O atoms to Cd2+ ion and the
stable Cd(II) complex was formed. For complex II,
the charge of Pb(II) decreases from +2 to +1.481, which
indicates that part of the electrons have transferred from
N and O atoms to Pb2+ ion and the stable Pb(II) complex
was formed.

Electronic absorption spectra are employed to
study the binding of complex I with CT�DNA. The ul�
traviolet spectral of the complex with CT�DNA are
shown in Fig. 5. In the UV region, the absorption
bands at 207 nm for complex I can be attributed to π–π*
transition of the coordinated ligands. Addition of in�
creasing amounts of CT�DNA results in hyper�
chromism and slight blue shift of the absorption bands.
An electrostatic interaction between CT�DNA and
complex I can be predicted based on the hyper�

x

y

z0

y

x z

(a)

(b)

0

Fig. 2. Packing diagram of the unit cell of complex I (a)
and II (b) viewed along x axis. Hydrogen bonds are shown
as dashed lines.
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Fig. 3. Fluorescence spectra of complexes I (a), II (b), free
Phen and free o�AB in the methanol solution. The con�
centration of each ligand and complex is 8.0 × 10–5 mol/L.
The excitation wavelength of complexes: 319 (I), 314 nm
(II).
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Table 4. Some frontier molecular orbital energies (a.u.) and components (%) of complexes I and II

Atom

I

Atom

II

HOMO�1 HOMO LUMO LUMO+1 HOMO�1 HOMO LUMO LUMO+1

energy, a.u. energy, a.u.

–0.196 –0.199 –0.096 –0.092 –0.200 –0.197 –0.186 –0.083

component, % component, %

Cd(1) 0.11 0.33 0.54 0.34 Pb(1) 0.02 0.05 0.07 0.04 

N(1) 0.02 20.32 0.00 0.03 N(1) 12.09 0.00 0.03 0.09 

N(2) 14.99 0.02 0.00 0.08 N(2) 0.02 5.38 0.01 0.00 

N(3) 0.01 0.05 1.66 0.65 N(3) 0.01 0.03 1.36 0.16 

N(4) 0.04 0.01 1.20 1.44 N(4) 0.18 0.14 1.05 1.14 

O(1) 0.01 0.52 0.05 0.02 O(1) 0.65 0.02 0.25 0.01 

O(2) 0.01 1.09 0.02 0.01 O(2) 0.36 0.01 0.02 0.01 

O(3) 0.29 0.02 0.06 0.00 O(3) 0.01 0.12 0.06 0.01 

O(4) 0.65 0.01 0.03 0.01 O(4) 0.04 0.38 0.02 0.00 

C(1) 1.12 4.84 5.96 0.82 C(1) 3.43 7.54 2.53 0.69 

C(2) 0.98 12.15 3.32 7.01 C(2) 8.68 5.79 1.72 13.75 

C(3) 1.03 8.20 20.39 10.51 C(3) 4.22 1.34 10.00 8.01 

C(4) 0.32 7.96 10.64 0.47 C(4) 4.01 0.79 12.54 5.20 

C(5) 0.10 0.78 3.63 0.87 C(5) 1.03 0.14 0.32 0.67 

C(6) 0.15 10.50 4.24 2.72 C(6) 6.90 0.45 0.82 0.57 

C(7) 0.32 1.95 2.16 1.48 C(7) 2.18 1.34 1.48 1.60 

C(8) 9.37 1.07 1.25 0.55 C(8) 0.01 6.08 0.43 0.65 

C(9) 12.59 1.27 0.74 12.17 C(9) 0.87 15.43 1.37 4.83 

C(10) 16.99 0.95 15.59 9.82 C(10) 1.21 10.06 4.74 2.43 

C(11) 6.62 1.67 10.38 3.90 C(11) 0.94 6.87 7.59 4.22 

C(12) 1.08 0.09 1.93 0.73 C(12) 0.44 0.89 0.52 0.18 

C(13) 8.31 0.23 1.25 0.91 C(13) 3.23 4.15 0.29 2.19 

C(14) 3.04 0.86 0.33 3.85 C(14) 2.92 15.67 2.32 12.76 

C(15) 0.66 4.62 0.28 2.91 C(15) 0.45 2.11 0.91 4.90 

C(16) 1.88 4.80 1.45 0.04 C(16) 2.03 0.01 5.63 5.16 

C(17) 0.92 2.32 3.24 2.45 C(17) 8.49 1.33 6.75 6.69 

C(18) 2.55 2.72 0.93 3.75 C(18) 3.08 2.79 0.80 2.63 

C(19) 4.33 2.44 1.52 5.04 C(19) 8.75 5.26 3.21 3.22 

C(20) 4.20 4.59 2.65 5.54 C(20) 6.90 1.42 5.50 3.20 

C(21) 2.03 0.52 0.72 2.81 C(21) 8.97 1.55 7.53 0.59 

C(22) 0.42 0.17 1.47 4.82 C(22) 1.13 0.81 15.66 6.24 

C(23) 0.21 0.13 1.38 2.01 C(23) 0.09 0.25 1.67 3.05 

C(24) 0.40 0.11 0.10 3.89 C(24) 0.04 0.00 0.67 2.32 

C(25) 1.73 1.28 0.23 2.93 C(25) 5.49 1.59 1.37 1.12 

C(26) 2.52 1.40 0.67 5.40 C(26) 1.09 0.18 0.75 1.65 
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(а)

(b)

HOMO�1 HOMO

LUMO LUMO+1

HOMO�1 HOMO

LUMO LUMO+1

Fig. 4. View of the frontier molecular orbital of comp�
lexes I (a) and II (b).

chromism exhibited and shift in absorbance. Since
each complex has one Phen and two benzene rings, lo�
cated at different planes, the cadmium complex is
non�planar and classical intercalation is precluded
[34]. As the DNA double helix possesses many hydro�
gen bonding sites which are accessible both in the mi�
nor and major grooves, it is likely that N–H in ben�
zene ring of the complex forms hydrogen bonds with N
of adenine or O of thymine in the DNA [35]. Because,
so many Phen and o�AB exist in the cadmium com�
plex, it could form hydrogen bonds between aromatic
rings of the complex and DNA, contributing to the hy�
perchromism observed in absorption spectra [36, 37].

Fluorescence spectra are employed to study the
binding of complex I with CT�DNA. The addition of

increasing amounts of CT�DNA results in fluores�
cence quenching, because there is an electrostatic in�
teraction between the phosphate group of DNA and
the complex. The activity and the absorption intensity
of the complex decrease due to the large amount of
DNA molecule. Thus, the corresponding fluorescence
intensity decreases. If it has a classical intercalation
between CT�DNA and complex I, the complex will be
inserted into the base pairs of DNA. The Luminescent
groups of complex get into the hydrophobic environ�
ment which will make the fluorescence enhancement.
So the classical intercalation is precluded.

Viscosity, sensitive to volume increases, is regarded
as one of the least ambiguous and most critical tests of
binding interactions with DNA in solution in the ab�
sence of crystallographic structural data [38]. To fur�
ther confirm the interaction mode between and com�
plex I and DNA, a viscosity study was carried out.
Classical intercalation is known to cause a significant
increase in the viscosity of a DNA solution, as base
pairs are separated to accommodate the binding
ligand. In contrast, a partial intercalation mode could
bend (or kink) the DNA helix, resulting in decrease of
the effective length and viscosity. Other binding causes
no obvious increase of DNA viscosity [15, 39].

The specific viscosity of DNA can be considered to
remain invariable with increased concentration of I,
which supports the studies suggesting that the complexes
interact with DNA via electrostatic interaction mode.
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Table 5. Part natural atomic charges of complexes I and II

I II

Atom Nature charge Atom Nature charge

Cd(1) 1.487 Pb(1) 1.481

N(1) –0.851 N(1) –0.849

N(2) –0.851 N(2) –0.851

N(3) –0.511 N(3) –0.484

N(4) –0.511 N(4) –0.486

O(1) –0.816 O(1) –0.812

O(2) –0.751 O(2) –0.751

O(3) –0.816 O(3) –0.833

O(4) –0.751 O(4) –0.772

C(1) 0.777 C(1) 0.792

C(2) –0.217 C(2) –0.221

C(3) 0.207 C(3) –0.218

C(4) –0.294 C(4) –0.293

C(5) –0.206 C(5) –0.203

C(6) –0.295 C(6) –0.294

C(7) –0.173 C(7) –0.170

C(8) 0.777 C(8) –0.806

C(9)  –0.217 C(9)  –0.218

C(10) 0.207 C(10) –0.207

C(11) –0.294 C(11) –0.292

C(12) –0.206 C(12) –0.205

C(13) –0.295 C(13) –0.292

C(14) –0.173 C(14) –0.169

C(15) 0.069 C(15) –0.056

C(16) –0.273 C(16) –0.271

C(17) 0.150 C(17) –0.165

C(18) –0.112 C(18) –0.092

C(19) 0.192 C(19) 0.193

C(20) 0.192 C(20) 0.186

C(21) –0.092 C(21) –0.096

C(22) –0.148 C(22) –0.168

C(23) –0.270 C(23) –0.283

C(24) 0.069 C(24) 0.099

C(25) –0.134 C(25) –0.209

C(26) –0.228 C(26) –0.190

no. 20120132110015), the Natural Science Foundation
of Shandong Province (grant no. ZR2012BQ026).
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