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Abstract Theoretical studies on the coordination stabilities,
spectra and DNA-binding trend for the series of metal-varied
complexes, M(IDB)Cl2 (M = Mn, Fe, Co, Ni, Cu and Zn;
IDB = N, N -bis(2-benzimidazolylmethyl) amine), have been
carried out by using the DFT/B3LYP method and PCM
model. The calculated coordination stabilities (S) for these
complexes present a trend of S(Ni) > S(Co) > S(Fe) > S(Cu) >
S(Zn) > S(Mn). It has been estimated from the molecular
orbital energies of the complexes that the DNA-binding
affinities (A) of the complexes are in the order of A(Zn) < A
(Mn) < A(Fe) ≈ A(Co) < A(Ni) < A(Cu). The studied results
indicate that the Cu, Ni and Co complexes with large
coordination stabilities present the low virtual orbitals,
consequently yielding to the favorable DNA-binding affini-
ties. The spectral properties of excitation energies and
oscillator strengths for M(IDB)Cl2 in the ultraviolet region
were calculated by TD-DFT/B3LYP method.

Keywords Coordination stability . DFT/B3LYP. IDB .
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Introduction

Transition metal complexes have attracted considerable
attention, during the past decades, for their potential utilities
in nucleic acid probes [1–8], DNA-molecular light switches
[9–12], anti-HIV drugs [13], DNA sequence-specific
cleaving agents [14–21] and so on. A great deal of interest
has been concentrated on the functional molecule design of
transition metal complexes in order to improve DNA-
binding/DNA-cleaving activities [7, 8]. Recently, a great
number of transition metal complexes with efficient
interaction with DNA have been designed, synthesized
and characterized as artificial nucleases [22–25]. Generally,
these complexes can interact with double-stranded DNA in
different ways [26, 27], in which there mainly are three
types of binding modes, i.e., electrostatic binding mode,
groove binding mode, and intercalative binding mode
[28–31]. The study on electronic and structural properties
for these transition metal complexes would provide a
fundamental understanding of nuclease-DNA interaction,
even though they are comparatively small and simple
molecules [32–34].

The selective binding and damaging properties of DNA
by transition metal complexes were investigated by a great
number of experiments in the past years [35–37]. The
extensive investigations by Barton and coworkers has
demonstrated that the intercalative ligand should generally
contain a functional aromatic heterocycle inserting and
stacking between the base pairs of double helical DNA
[3, 4, 7–9, 38–47]. For instance, the first copper complex
representing the efficient interaction with DNA is bis
(1,10-phenanthroline)copper(I) [48, 49] that includes a
phen-heterocycle. Recently, the metal complexes with
benzimidazole and its derivative ligands, such as IDB
(N, N -bis(2-benzimidazolylmethyl) amine), is particularly
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attractive for developing new diagnostic and therapeutic
agents due to their synthetic accessibility and high binding
affinities to DNA [50–52]. A rigid aromatic ring presented in
the benzimidazole structure can selectively interact with a
specific DNA sequence, which makes the benzimidazole unit
remain a stable conformation that provides an appropriate
platform to build further DNA sequence recognition [53–60].
Furthermore, such an aromatic ring stacking the deoxyribo-
nucleic acid base pairs in DNA molecule is considered to be
a major driving force to bind to DNA [3, 14]. It is clear from
the previous studies that the nuclease activities of transition
metal complexes can be modified by numerous factors, such
as coordination environment of metal ions, ligand structure,
and nuclearity [34]. Especially, in comparison to the 4 d- or
5 d-metal analogues, the complexes with first row transition
metals have also been found to present the nucleic reactivity
and great applications at the cellular level. Wang et al. [22]
have reported that the catalytic activities upon the inter-
actions of different central metals, such as zinc(II), copper
(II), cobalt(II), in the mononuclear complexes with DNA are
notably different; namely the copper complex is a better
catalyst in the DNA damage process than the zinc and cobalt
complexes. Kang et al. [23] have given a similar observation
that the catalytic activity of the copper(II) complex is fast,
simple and efficient.

It should be a difficult subject, however, to essentially
understand the interaction mechanisms of transition metal
complexes with DNA double strands unless we can obtain
more detailed information at a molecular level. The theoretical
chemists have been interested in investigating the catalytic
properties of transition metal complexes for biological
systems by using theoretical calculations [61–66] in more
recent years. These theoretical explorations on the electronic
structures and active properties of the complexes are very
significant in guiding the analysis of the DNA-binding and
DNA-damage mechanisms [61, 62, 64–69]. For instance, the
difference in DNA-binding affinities of the two novel chiral
Ru(II) complexes can be reasonably explained by the frontier
molecular orbital theory, i.e., the orbital interactions between
the LUMOs (lowest unoccupied molecular orbital) of metal
complexes and the HOMO (highest occupied molecular
orbital) of DNA from the DFT calculations [62]. The trend in
the binding constant (Kb) of [M(phen)3]

2+ (M = Zn, Os and
Ru) obtained from the theoretical calculations is in the order
of Kb(Zn) < Kb(Ru) < Kb(Os), which reproduces the
experimental results [70]. However, due to interaction
potential of nuclease with DNA in biological environment,
the interaction mechanisms of first row transition metal
complexes with DNA are still a controversial issue [71].
Especially, to the best of our knowledge, the systematically
theoretical investigations on the electronic properties of the
metal complexes including metal elements in the same
period have been limited till now.

In the present work, we carried out the DFT/B3LYP
calculations on the geometries, molecular orbitals, and
electronic properties for the mononuclear complexes, M
(IDB)Cl2 (M = Mn, Fe, Co, Ni, Cu and Zn). In addition, the
electronic absorption spectra of the complexes are also
simulated and characteristically assigned with the DFT/
TDDFT method. Our research goals are: 1) to find the
relationships in the electronic properties of these transition
metal complexes in the same period; and more importantly,
2) to understand how the properties of molecular orbitals of
the series of transition metal complexes affect DNA-
complex binding abilities.

Computational details

The component sketch of the investigated complexes, each
of which has 39 atoms, is shown in Fig. 1(a). The
geometries for the studied complexes, M(IDB)Cl2 (M =
Mn, Fe, Co, Ni, Cu and Zn), were fully optimized at the
DFT/B3LYP [72–74] level of theory. The calculations were
carried out with a mix basis set, i.e., 6-311G** basis set for
C, N, Cl and H atoms, LanL2DZ, which has a relativistic
effective core potential with a valence basis set, for Mn, Fe,
Co, Ni, Cu and Zn atoms [75–77]. Furthermore, the
extended basis set TZVP [78] has been employed for all
atoms to calculate further the energies and orbital properties
based on the optimized geometries of the studied com-
plexes. This improvement of the basis set does not change
the energies and orbital compositions by more than a
percentage of six. Taking an acceptable computational cost
into account, the mix basis set of 6-311G** +LanL2DZ was
used for further calculations. The frequency calculations for
these complexes were also carried out to verify the
optimized structures to be energy minima without any
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Fig. 1 Component sketch (a) and optimized geometry diagram (b) for
M(IDB)Cl2 (M = Mn, Fe, Co, Ni, Cu and Zn) complexes
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imaginary frequency. Because the ligands of three N and
two Cl ions around the central metal cations in the
complexes cause a splitting of d orbital of the central
transition metal cations mostly with a trigonal bipyramidal
symmetry, the ground spin states verified computationally
for the transition metal cations are Mn2+ (d5) with doublet,
Fe2+ (d6) with triplet, Co2+ (d7) with doublet, Ni2+ (d8) with
singlet, Cu2+ (d9) with doublet and Zn2+ (d10) with singlet
in the present calculations. The ground-state multiplicities
and first-excited energies have been shown in Table 1.

To understand the properties of these complexes, the
solvent effect (methanol chosen from the available
experiment [79]) is considered as an important factor.
The polarized continuum model (PCM) [80] has been
employed to simulate the solvent effects as implemented
within the solvent reaction field using the optimized
structures in the gas phase and in methanol solvent. In
PCM, one divides the problem into a solute part (the
complex) and a solvent part (methanol) represented as a
structureless material characterized by its dielectric con-
stant as well as other parameters.

The electronic properties of the complexes were studied
using the natural bond orbital (NBO) analysis at the same level
in methanol solvent by the NBO 3.1 program [81]. The time-
dependent density functional theory (TD-DFT) methodology
is a reliable tool for calculating the excited states for 3d
transition metal systems with the open-shell electrons [82].
The energies and oscillator strengths with 80-130 lowest-
energy electronic transitions, which involve the calculations of
singlet-excited-state energies of the complexes, were comput-
ed by using TD-DFT method with the same basis sets in
methanol solvent [83]. UV absorption spectra including all
calculated transitions were simulated with the GaussSum [84]
software. All theoretical calculations were carried out using
the Gaussian 03 program package [85].

Results and discussion

Properties of Cu(IDB)Cl2 complex

To verify the theoretical models employed in the present
calculations, we first calculated the properties of the Cu
(IDB)Cl2 complex based on the available experimental data
obtained [79]. The optimized geometry of the Cu(IDB)Cl2

complex represents an approximate C2v symmetry. The
computational results for the selected bond lengths and
angles of the complex are shown in Table 2 along with the
available experimental data. As one can see from Table 2,
most calculated geometry parameters for Cu(IDB)Cl2
complex agree with those determined by X-ray diffraction.
Especially, the optimized parameters in the solvent are
more consistent with the experimental data than those in the
gas phase. Therefore, the following discussion about the
properties of geometries, spectra and molecular orbitals will
be focused on the optimized geometry in the solvent. In
detail, the calculated Cu-N bond lengths (Å) are larger by
percentage of 2.2 than those in the experiment [79]. The
other bond lengths are very well reproduced. The computed
angles (°) are larger by percentage of 0.9 than those in the
experiment [79]. At the same time, the main C-C (N) bond-
lengths of ligand skeletons in the complexes approach the
standard bond-length (1.40 Å) [24]. So it may be deduced
that the results of the full geometry optimization in the
solvent are reliable. However, the computed bond length of
2.171 Å for Cu-N38 is much longer by 0.155 Å than those
for Cu-N34 and Cu-N36. Nevertheless, such difference for
the experimental value is only 0.041 Å. It could be
explained by the fact that the hybridization mode of sp3

for N38 is different from sp2 for N34 and N36, which
makes N38 form a tetrahedral structure. Furthermore, the
interactions of Cu-N34 and Cu-N36 are more likely to
approach a double bond; the interaction of Cu, however,
with N38 is more likely to approach a single bond. That is
to say, Cu-N38 bond is longer than the other two.

The TD-DFT method has been used to evaluate the
excitation energies and oscillator strengths of the electronic
excitations, which include all allowed singlet-singlet elec-
tron transitions in the UV and visible region (200–320 nm)

Table 2 Selected computed bond lengths (Å) and angles (°) of Cu
(IDB)Cl2

Parameters Gasa Solventb Expt.f

Cu-N34 2.046 2.016 1.980
Cu-N36 2.046 2.016 1.988
Cu-N38 2.464 2.171 2.025
Cu-Cl17 2.326 2.405 2.266
Cu-Cl18 2.400 2.605 2.603
(C-C)mc 1.397 1.399 1.382
(C-N)md 1.364 1.364 1.358
N34- Cu-N36 151.3 159.7 158.9
N34- Cu-N38 75.8 79.9 78.9
N36- Cu-N38 75.8 79.8 80.4
N38-Cu-Cl18-Cl17 180.0 179.9 178.0
N36-Cu-N34-Cl17 113.2 141.1 143.4

a and b express respectively optimized geometry parameters in the gas
phase and in the solvent. c and d express the main bond lengths of
ring skeleton of the IDB ligand. f is taken from ref. [79]

Table 1 Ground-state multiplicities and first-excited energies (kcal
mol−1) for M(IDB)Cl2 complexes

Mn Fe Co Ni Cu Zn

Ground-state
multiplicity

2 3 2 1 2 1

First-excited energy 24.6 11.1 39.7 8.6 74.8 77.2
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of the spectrum, for Cu(IDB)Cl2 complex. This investiga-
tion with the corresponding solvent is comparable with the
experimental data demonstrated by the previous studies
[67, 86], and is helpful in assigning the electronic transition
characteristics to the experimental absorption bands in more
detail. The intensity of absorption band is evaluated as the
oscillator strength (f) calculated in the dipole length
representation. As is well known, the oscillator strengths
are strongly dependent on the theoretical models. There-
fore, three different exchange-correlation functionals, i.e.,
B3LYP, PW91 and PBE, were employed to investigate the
optical absorption properties of the studied complex. The
simulated UV spectra (200–320 nm) of Cu(IDB)Cl2 with
the three calculation models along with the experimental
results [79] are presented in Fig. 2. As shown in Fig. 2, it is
obvious that the UV spectrum of Cu(IDB)Cl2 (as shown in
Fig. 2(a)) simulated by B3LYP is more consistent with the

experimental UV spectrum than those by PW91 and PBE.
The computed absorption spectral energies, oscillator
strengths (f) of the electronic transitions, and wavelengths
with the B3LYP model along with the corresponding
experimental data are also given in Table 3. The following
discussions are mainly focused on the computational results
by B3LYP method. It is observed from Table 3 that there
are three strong transitions in the ultraviolet region, which
are located at 203 nm (f=0.6356) for the first band, 237 nm
(f=0.0598) and 250 nm (f=0.2266) for the second one, and
270 nm (f=0.2118) for the third one. It is theoretically
assigned that the first absorption band at 203 nm presents the
main 1LLCT (ligand-to-ligand charge transfer) characteristics
[87] of πL→πL* transfer and the part 1LMCT (ligand-to-
metal charge transfer) characteristics of πL→dCu* transfer;
that the second absorption band ranging from 237 nm
to 250 nm presents mostly 1LLCT characteristics. The

(a) (b)

(c) (d)

Fig. 2 Simulated UV spectra of Cu(IDB)Cl2 in solvent using three DFT methods, (a) B3LYP, (b) PW91, and (c) PBE along with (d)
experimental spectrum in ref. [79]
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calculated spectra of other complexes will be presented
and discussed in detail in Absorption spectra section.
Summarily, the calculated geometry and spectroscopy
information for Cu(IDB)Cl2 complex are mostly consis-
tent with the experimental results, supporting that the
theoretical model and calculation levels used in the
present work are suitable and reliable.

Properties of M(IDB)Cl2 complexes

Geometries

The systematic studies on the geometries of transition metal
complexes, M(IDB)Cl2 (M = Mn, Fe, Co, Ni and Zn), in
the same period were carried out at the same theoretical
level with methanol solvent. The optimized geometries
diagram of these complexes is shown in Fig. 1(b). The

selected bond lengths and angles of these optimized
complexes are listed in Table 4. It is clear from the
calculated results that the electronic structures of the central
metal cations could affect the geometries of complexes. The
five-coordinated pattern of the center metal cation connect-
ing the ligands in each of the studied complexes represents
mostly an approximate trigonal bipyramidal structure. The
two chlorine anions set at the axial position of trigonal
bipyramid; and the three nitrogen atoms of IDB are located
in the plane of trigonal bipyramid. However, the geometries
of the complexes can be changed from the distorted trigonal
bipyramidal structure to the square pyramidal one with the
variations of electronic properties of the center metal
cations. Namely, the geometries of Mn2+ and Co2+

complexes tend to the trigonal bipyramidal structures, and
those of Fe2+, Ni2+, Cu2+and Zn2+ complexes mostly
approach to square pyramidal geometries.

Table 4 Selected calculated bond lengths (Å), angles (°) and coordination energies (kcal mol−1) for the complexes

Parameter Mn(IDB)Cl2 Fe(IDB)Cl2 Co(IDB)Cl2 Ni(IDB)Cl2 Zn(IDB)Cl2

M-N34 2.099 2.006 1.957 1.916 2.195
M-N36 2.101 2.007 1.958 1.916 2.195
M-N38 2.097 2.099 2.084 2.048 2.299
M-Cl17 2.427 2.395 2.403 2.453 2.404
M-Cl18 2.451 2.476 2.487 2.560 2.415
(C-C)ma 1.399 1.399 1.399 1.398 1.399
(C-N)ma 1.364 1.364 1.363 1.364 1.364
N34-M-N36 159.8 162.2 164.3 164.7 146.4
N34-M-N38 80.0 81.1 82.3 82.7 74.0
N36-M-N38 79.9 81.1 82.1 82.7 73.9
N38-M-Cl18-Cl17 180.0 179.7 180.0 179.9 180.0
N36-M-N34-Cl17 97.1 136.9 128.6 145.5 120.3
Coordination Energy 536.52 676.31 681.12 706.49 623.14

664.87b

a : main bond lengths of ring skeleton of the IDB ligand. b : coordination energy for Cu(IDB)Cl2.

Table 3 Calculated excitation energies (eV, nm), oscillator strengths (f), and transition characters for Cu(IDB)Cl2

lexpt (nm)
a λcal (nm) E/eV fb transitions character

203 203 6.12 0.6356 H → L + 2 (25%)c LLCT
H-3 → L + 4 (24%)
H-1 → L + 3 (9%)

237 237 5.23 0.0598 H-2 → L + 1 (42%) LLCT
HOMO → L + 1 (23%)

250 4.96 0.2266 H-2 → L + 1 (38%) LLCT
HOMO→ LUMO (15%)
H-3 → L + 1 (13%)

270, 277 270 4.59 0.2118 H-10 → LUMO (81%) LMCT

a is taken from ref. [79]. b Oscillator strengths for f<0.05 are not list. c The percentage of contributions to wave functions of excited states are given
in parentheses.
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Coordination stabilities

To discuss theoretically the coordination stabilities (S) of
the investigated complexes, for the procedure of

M 2þ þ 2Cl� þ IDB ! M IDBð ÞCl2
we define the coordination energy, ΔE [63, 88], of a
complex as follows:

ΔE ¼ EM2þ þ 2ECl� þ EIDB � EM IDBð ÞCl2 ð1Þ
where EM2+, ECl−, EIDB and EM(IDB)Cl2 are the energies of
M2+, Cl−, IDB and M(IDB)Cl2, respectively. An identical
computational method with gas phase was used to calculate
the energies for these complexes and corresponding ions
involved in the Eq. (1). According to Eq. (1), a positive
value of ΔE represents that the corresponding complex is
energetically stable. Moreover, the greater the coordination
energy ΔE is, the more stable the complex is.

The computational coordination energies are shown in
Table 4. The trend of coordination stabilities (S) for these
complexes is in the order of S(Ni) > S(Co) > S(Fe) > S(Cu)
> S(Zn) > S(Mn) with 706.49 kcal mol−1 for Ni, 681.12 kcal
mol−1 for Co, 676.31 kcal mol−1 for Fe, 664.87 kcal mol−1

for Cu, 623.14 kcal mol−1 for Zn and 536.52 kcal mol−1 for
Mn (see Table 4). These results indicate that metal center
cations bind strongly to the IDB and chlorine ligands. It is
obvious that the stabilities of Fe, Co and Ni complexes
belonging to VIII family are higher than those for Cu, Zn
and Mn complexes. The structural characteristics that the
bond lengths of metal ions and N atoms of the IDB ligand
for Cu, Zn and Mn complexes are longer than those of Fe,
Co and Ni complexes supports this observation.

Electronic properties

The noncovalence or hyperconjugated interactions are
estimated by the NBO method [89] as the second-order
perturbation interaction energy, E(2), between the occupied
molecular orbitals (donor, i) and the neighboring unoccu-
pied molecular orbitals (acceptor, j). The E(2) called
stabilization energy associates with the delocalization
occurred (2e stabilization) between the donor NBO (i) and
the acceptor NBO (j), and can be evaluated from the
following equation:

E 2ð Þ ¼ ΔEij ¼ qi � F2 i; jð Þ� "j � "i
� � ð2Þ

where, qi is the ith donor orbital occupancy; εi and εj are the
diagonal elements (orbital energies); F(i, j) is the off-
diagonal elements associated with NBO Fock matrix
element [90]. The greater the ΔEij value is, the stronger
the interaction between an electron donor and acceptor is.
Such energy analysis provides the assignment of orbital
contribution to stabilizing these complex structures. To
evaluate the contribution from the orbital interactions
between the central metal cations and ligand anions, the
NBO second-order perturbation analysis for these com-
plexes was carried out at the same computational level
based on the optimized geometries. The calculated results
indicated that the orbital interactions depend greatly on the
electronic properties of central transition metal cations. The
obtained stabilization energies from the nN→dM* orbital
interactions are listed in Table 5. Since there are three
nitrogen atoms N34, N36 and N38 connecting with the
center metal cation in each complex, the value of
interactions between a metal cation and N anions in one

Table 5 Second-order perturbation interaction energies of the complexes (kcal mol−1)

Mn(IDB)Cl2 Donor → Acceptor S. E.a Co(IDB)Cl2 Donor → Acceptor S. E. Cu(IDB)Cl2 Donor → Acceptor S. E
LP1N34→LP*3Mn39 12.90 LP1N34→LP4Co39 22.49 LP1N34→LP*5Cu39 12.64
LP1N34→LP*4Mn39 13.37 LP1N34→LP*5Co39 39.93 LP1N34→LP*6Cu39 43.33
LP1N36→LP*3Mn39 12.96 LP1N34→LP*6Co39 21.27 LP1N36→LP*5Cu39 12.60
LP1N36→LP*4Mn39 13.30 LP1N36→LP4Co39 22.44 LP1N36→LP*6Cu39 43.32
LP1N38→LP*5Mn39 20.81 LP1N36→LP*5Co39 39.80 LP1N38→LP*5Cu39 8.47
Fe(IDB)Cl2 Donor → Acceptor S. E. LP1N36→LP*6Co39 21.25 LP1N38→LP*6Cu39 19.67

LP1N38→LP4Co39 5.26 LP*6Cu39→RY*1N34 4.72
LP1N34→LP*3Fe39 22.20 LP1N38→LP*5Co39 12.64 LP*6Cu39→RY*1N36 4.71
LP1N34→LP*4Fe39 14.77 LP1N38→LP*6Co39 31.03
LP1N34→LP*5Fe39 22.01 Ni(IDB)Cl2 Donor → Acceptor S. E. Zn(IDB)Cl2 Donor → Acceptor S. E.
LP1N34→LP*6Fe39 16.27
LP1N36→LP*3Fe39 22.05 LP1N34→LP*5Ni39 45.10 LP1N34→LP*6Zn39 25.23
LP1N36→LP*4Fe39 14.84 LP1N34→LP*6Ni39 40.97 LP1N36→LP*6Zn39 25.21
LP1N36→LP*5Fe39 21.87 LP1N36→LP*5Ni39 45.21 LP1N38→LP*6Zn39 14.86
LP1N36→LP*6Fe39 16.28 LP1N36→LP*6Ni39 41.05
LP1N38→LP*4Fe39 11.43 LP1N38→LP*5Ni39 19.22
LP1N38→LP*5Fe39 16.96 LP1N38→LP*6Ni39 25.67
LP1N38→LP*6Fe39 17.59

a : stabilization energy.

474 J Mol Model (2009) 15:469–479



complex should be the sum of nN→dM* orbital interactions
for all three N atoms. In the NBO analysis, the natural bond
orbitals are first defined for each covalent bond, lone pair,
and antibonding orbital by using the obtained molecular
orbitals; and the orbital interaction energies (i.e., the NBO
second-order perturbation energies) are subsequently ana-
lyzed for all possible combinations of the two natural bond
orbitals. It can be seen from the NBO analysis that the
interactions between the lone pairs (nN) of N atom ligands
and the antibonding orbitals (dM*) of center metal cation
(M) contribute significantly to the stabilization of the
complex. The contribution of interaction of N34 or N36
with the metal cation in these complexes is larger than that
of N38, due to N38 connecting to two pentagons with large
steric tension and less electron donation, which is supported
by the calculated geometry characteristics discussed above.
Moreover, the orbital interactions between the metal ions
and N atoms for the series of M(IDB)Cl2 (M = Mn, Fe and
Zn) complexes are smaller than those for M = Cu, Ni and
Co complexes. Namely, the maximum stabilization energies
for Mn, Fe and Zn complexes range up to 20.81, 23.04 and
25.23 kcal mol−1, respectively; those for Cu, Co and Ni
complexes are 43.33, 39.93 and 45.21 kcal mol−1,
respectively. These results are consistant with the small
coordination energies for Mn and Zn complexes and large
coordination energies for Ni and Co ones. However, the
contribution of chlorine ligands to stabilization of complex
does not present significant difference for various studied
complexes.

According to the natural orbital population analysis
(NPA), the net charge populations on some key atoms of
M(IDB)Cl2 complexes are given in Table 6. As one can see
from Table 6, the charge populations on the central metal
cations have been greatly influenced by metal electronic
properties and coordination structures. The net charge
populations on the Mn, Fe, Co, Ni, Cu and Zn cations for
the corresponding complexes are 1.01, 1.50, 1.01, 1.03,
0.94 and 1.63, respectively. It is obvious that the charges
localized at Fe and Zn cations are larger than those at
others, which can be explained by the fact that Zn cation in
the complex with full occupied d10 configuration and Fe

cation with two parallel electrons occupying higher d
orbitals are all unfavorable to accept other electrons from
donors. Although the relative large positive charges localize
at Zn and Fe cations in the corresponding complexes, such
charge does not considerably increase the coordination
stabilities of the complexes. The reasons for that may come
from the coordination stabilities influenced by the whole
electronic properties of the complexes with the ligands,
atomic orbitals and polarity of the complexes, not only by
the charges of metal cations.

Energies of the molecular orbitals

Previous studies have indicated that a DNA molecule and a
transition metal complex are an electron-donor and an
electron-acceptor [79, 91], respectively. The positive
charges localized at the center metal ions for the metal
complexes through the above NPA analysis also support the
characteristics of electron-acceptors of metal complexes.
According to the frontier molecular orbital theory [92], the
lower the LUMO energy of the complex is, the easier the
acceptance of electrons from the HOMO of DNA base pairs
is, the stronger the binding of complex to DNA molecule is.
The large population of ligands on LUMO of these
complexes can be favorable to the orbital interaction
between the complexes and DNA. Therefore, the DNA-
binding abilities of the complexes can be possibly evaluated
by the frontier molecular orbital interactions.

The stereographs of calculated LUMOs for the com-
plexes as electron-acceptors are depicted in Fig. 3. It can be
seen from Fig. 3 that the components of LUMOs of the
complexes come mainly from the d orbitals of central metal
cations and the p orbitals of chlorine anions, except for Mn
and Zn complexes. However, the LUMOs of the Mn and
Zn complexes are mainly contributed by the pz orbitals of C
and N of the IDB ligand. Considering the interaction of
complex with DNA from molecular interaction, the
contribution of the chlorine ligands to LUMO is much
preferable to that of the IDB ligand as an electron-acceptor,
which leads to the fact that the DNA affinities of the Fe,
Co, Cu and Ni complexes are higher than those of the Mn
and Zn complexes. For a simple comparison, a schematic
representation of energy levels of some frontier molecular
orbitals for these complexes is shown in Fig. 4. It is
predicted from the LUMO’s energies of the complexes in
Fig. 4 that the binding affinities (A) of complexes are in the
order of A(Zn) < A(Mn) < A(Fe) ≈ A(Co) < A(Ni) < A(Cu).
For example, the εLUMO (−3.8243 eV) of the copper
complex is the lowest one among these complexes, which
means that the DNA affinity of copper complex would be
the largest in all complexes studied. It is very interesting to
note that the coordination stabilities are of approximately
similar trend as their DNA affinity order for these

Table 6 NBO charge populations at key atoms of the studied
complexes

Complex M39 N34 N36 N38 Cl17 Cl18

Mn(IDB)Cl2 1.01 −0.29 −0.29 −0.33 −0.39 −0.39
Fe(IDB)Cl2 1.50 −0.29 −0.29 −0.34 −0.37 −0.39
Co(IDB)Cl2 1.01 −0.28 −0.28 −0.33 −0.40 −0.41
Ni(IDB)Cl2 1.03 −0.55 −0.55 −0.68 −0.84 −0.87
Cu(IDB)Cl2 0.94 −0.26 −0.26 −0.31 −0.37 −0.44
Zn(IDB)Cl2 1.63 −0.68 −0.68 −0.76 −0.89 −0.90
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complexes with the exceptions for the Cu complex and a
slight switch between Mn and Fe complexes.

Absorption spectra

The absorption spectra of the M(IDB)Cl2 (M = Mn, Fe, Co,
Ni and Zn) complexes calculated by using the TD-DFT/
B3LYP method in methanol solvent are shown in Fig. 5,
except for Cu complex discussed in the first section. The
computed absorption spectral energies, oscillator strengths

(f) of the electron transition and wavelengths are given in
Table 7. For the considered energy range, the spectra of the
M(IDB)Cl2 (M = Mn, Fe, Co, Ni and Zn) complexes
present two bands as labeled “band I” around 187∼210 nm
and “band II” around 250 nm. The intensity of band I is
larger than that of band II. It is conformed from the
transition orbital analysis that band I around 187∼210 nm
for the calculated complexes represents the dominant
1LLCT (ligand-to-ligand charge transfer, πL→πL* transi-
tions) and part 1LMCT (ligand-to-metal charge transfer,

Fig. 4 Schematic representation
of energies and transitions of
some frontier molecular orbitals
for M(IDB)Cl2 complexes

Fig. 3 LUMOs of M(IDB)Cl2
(M = Mn, Fe, Co, Ni, Cu and
Zn) complexes
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πL→dM* transitions) characteristics. The wavelength of
dominant adsorption peaks for various complexes presents
certain difference due to the band I including partly the
ligand-to-metal electron transitions. The adsorption peak
wavelength of band I for Zn(IDB)Cl2 complex represents an
obvious blue-shift to 187 nm compared with those of other
complexes around 210 nm, due to the πL→dM* transitions
included in this band, and the dM* orbital energy being
higher than that of πL* orbital for Zn(IDB)Cl2. In addition,
there are little blue-shifts to 205 nm for Mn and Fe
complexes with part πL→dM* transitions. On the other
hand, the band II around 250 nm for all calculated
complexes presents the excitation characteristics of 1LLCT
type. The adsorption peak wavelengths of band II for all

Table 7 Calculated excitation energies (eV, nm) and oscillator
strengths (f) for the complexes

M(IDB)Cl2 l
(nm)

E
/eV

f transitions

Mn 200 6.20 0.4474 H-2 → L + 7 (14%)
H-2 → L + 5 (14%)

H-2 → L + 7 (12%)
H-3 → L + 5 (10%)

H-4 → L + 6 (7%)
251 4.94 0.1867 H-5 → L (33%)

H-4 → L + 1 (21%)
H-4 → L + 1 (8%)
H-5 → L + 2 (7%)

Fe 205 6.05 0.2774 H-3 → L + 6(46%)
H-3 → L + 3 (6%)

H-2 → L + 6 (6%)
250 4.96 0.1538 H → L + 2 (40%)

H-2 → L (8%)
H-7 → L + 2 (6%)
H-2 → L + 4 (5%)

Co 210 5.90 0.3821 H → L + 4 (48%)
H-1 → L + 4 (18%)

H-6 → L + 3 (12%)
250 4.96 0.1775 H-3 → L + 1 (47%)

H-1 → L + 4(7%)
H-5 → L + 2 (6%)
H-2 → L + 5 (6%)

Ni 209 5.89 0.5115 H-10→ L + 1 (31%)
H-2 → L + 3 (16%)

H-2 → L + 5 (13%)
H → L + 7 (10%)

250 4.96 0.2597 H-4 → L + 1 (61%)
H-5 → L + 2 (15%)

H-2 → L + 3 (8%)
Zn 187 6.63 0.3976 H-1 → L + 5 (25%)

H-2 → L + 3 (17%)
H-3 → L + 2 (16%)
H-1 → L + 4 (12%)

240 5.16 0.1288 H-1 → L (77%)
H-3 → L (6%)

Fig. 5 Simulated UV spectra of M(IDB)Cl2 in solvent along with
electronic transition types
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these complexes locate at mostly the same position around
250 nm, except for Zn(IDB)Cl2 complex with little blue-shift
to 240 nm caused by its symmetric electronic configuration
(d10). In addition, the HOMO energy of Zn(IDB)Cl2
complex is the lowest in all studied complexes, which leads
also to large excited energy for the electronic transitions.

Conclusions

The electronic structures, UV absorption spectra, and DNA-
binding properties yielded by molecular orbital energies for
the series of the complexes, M(IDB)Cl2 (M = Mn, Fe, Co,
Ni, Cu and Zn), have been studied by using the DFT/
B3LYP and TD-DFT/B3LYP methods at the 6-311G** +
LanL2DZ level of theory with PCM solvent model. The
calculated results indicate the geometries of the complexes
can be changed from the distorted trigonal bipyramidal
structure to the square pyramidal one with the variations of
electronic properties of the center metal cations. The
calculated coordination energies of the M(IDB)Cl2 com-
plexes demonstrate the order of coordination stability of S
(Ni) >> S(Co) > S(Fe) > S(Cu) > S(Zn) > S(Mn). The
DNA-binding affinities yielded by the LUMO energies of
these complexes are in the order of A(Zn) <A(Mn) < A(Fe)
≈ A(Co) < A(Ni) < A(Cu). It can be estimated further that
the complex with large coordination stability generally
presents the strong DNA-binding ability for the studied
complexes. Adsorption spectral bands were theoretically
simulated lying in the range of 180–320 nm in methanol
solvent. The characteristics of electron transitions of the
complexes with 1LLCT and 1LMCT types for band I and
1LLCT for band II are also assigned.
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