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uctures and trend in DNA-binding affinities of a series of Co(Ш) complexes have
been carried out, using the density functional theory (DFT) at the B3LYP/LanL2DZ level. The optimized
geometric structures of these Co(Ш) complexes in aqueous solution are more close to experimental data than
those in vacuo. The electronic structures of these Co(Ш) complexes were analyzed on the basis of their
geometric structures optimized in aqueous solution, and the trend in the DNA-binding constants (Kb) was
reasonably explained. In addition, the electronic absorption spectra of these complexes were calculated and
simulated in aqueous solution using the time dependent DFT (TDDFT) at the B3LYP/LanL2DZ level. The
calculated absorption spectra of these Co(Ш) complexes in aqueous solution are in satisfying agreement with
experimental results, and the properties of experimental absorption bands have been theoretically explained
in detail. Meanwhile, in order to explore the solvent effect on the absorption spectra of these Co(Ш)
complexes, their absorption spectra in vacuo were also calculated, and the results show that the calculated
absorption spectra of Co(Ш) complexes are greatly influenced by the solvent effect.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
DNA plays a very important role in the life process, because it is the
carrier of genetic information and its configuration exhibits poly-
morphism. DNA is a particularly good target for metal complexes as its
base-pairs owns rich electrons. Therefore, transition metal complexes
can bind to DNA in many modes such as electrostatic, groove and
intercalative binding, etc. Among them, the intercalative mode is the
most important mode in which transition metal complexes can
intercalate between the pair-bases of double helix DNA, forming π–π
overlapping interaction. It is this interaction that greatly affects and/or
damages DNA conventional behavior and so that these transition
metal complexes possess a very broad application background in the
field of bio-inorganic chemistry [1–5]. For example, the well-known
Ru(II) polypyridyl-type complexes can used widely in probes of DNA
structure, DNA-dependent electron transfer, DNA-molecular “light
switches”, DNA-photocleavage reagents and anticancer drugs [1]. Co
(Ш) polypyridyl-type complexes have many attractive behaviors
similar to Ru(II) polypyridyl-type complexes, and thus also attract
most interests. Recently, many Co(Ш) polypyridyl complexes have
been synthesized and characterized, and their DNA-binding proper-
ties were also investigated by UV–vis absorption spectra, emission
spectra, viscosity measurements, circular dichroism spectra and gel
electrophoresis experiments, etc [6–18]. In particular, Co(Ш) complex
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[Co(bpy)2(pip)]3+ (pip=2-phenylimidazo[4,5-f] [1,10]-phenanthroline)
and its derivatives, have been found to possess excellent DNA-binding
affinity, DNA-photocleavage ability as well as many other valuable
biochemical functions, and thus more and more studies on Co(Ш)
polypyridyl complexes have been carrying out [19]. It is very
interesting that modifying the polypyridine ligands can usually create
some unique differences in the DNA-binding properties of the
resulting complexes [20,21]. Therefore, recently in order to develop
novel molecular Co(Ш) complexes, some substituents were intro-
duced on the main ligand (or called intercalative ligand) of some
parent complexes, e.g., the ligand pip of [Co(bpy)2(pip)]3+ [22–24]. The
DNA-binding behaviors of these derivatives as well as their spectral
properties hopefully applied in DNA-molecular “light switches” and
DNA-photocleavage reagents, closely relate to their electronic struc-
tures. However, so far as we know, the theoretical reports based on the
electronic structures of Co(Ш) complexes to explain the DNA-binding
regularity (or trend) as well as spectral properties remain quite
infrequent, though the theoretical studies on the Ru(II) polypyridyl
complexes have been quite frequently reported [25–30]. Since Co(Ш)
ion carries more charges than Ru(II) ion, the Co(Ш) polypyridyl-type
complexes should possess some owned characteristics different from
Ru(II) polypyridyl complexes. Therefore, the theoretical studies on the
electric structures, the related DNA-binding and spectral properties of
these Co(III) polypyridyl-type complexes are still very significant
works for directing the functional molecular design of transitionmetal
complexes as well as the action mechanism analysis.

On the other hand, in recent years, time dependent density
functional theory (TDDFT) has become a useful tool for the
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Fig. 1. Structural diagrams of the complexes 1–3 and atomic labels.
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calculations of various molecule properties, such as electronic
excitations, magnetic properties or polarizabilities in medium and
larger molecule system, due to its good accuracy and reasonable
computational cost [31–34]. The TDDFT method introduces errors by
using approximate exchange-correlation (XC) functionals and fails
in the excited states for long-range charge transition, but it can be
solved by using approximate functionals corrected for long-range
effects [35–38]. Recently, we have reported some TDDFT studies on
spectral properties of Ru(II) polypyridyl complexes. Moreover, the
computed results are in good agreement with the experimental ones,
and thus provide considerable explanations and predictions for the
experimental findings [25–28,39,40].

In this paper, the theoretical studies on the complex [Co(bpy)2
(pip)]3+ [19] and its substitutive derivatives [Co(bpy)2(L)]3+ (L=odhip,
hnoip) (odhip=3, 4-dihydroxyl-imidazo[4,5-f] [1,10]phenanthroline,
hnoip=2-(2-hydroxy-5-nitrophenyl) imidazo [4,5-f ] [1,10]phenan-
throline) [22,23] applying the DFT method are carried out. The effects
of some substituents on the intercalative ligand (pip) on the geometric
and electronic structures of the resulting complexes are investigated.
This paper is mainly focused on theoretically explaining the trend in
DNA-binding affinities of this series of complexes. In addition, the
absorption spectra of the complexes in aqueous solution are also
computed, simulated, and discussed by the TDDFT method.

2. Computational methods

The studied complexes are shown in Fig. 1. Every one of the
complexes [Co(bpy)2(L)]3+ (L=pip, odhip, hnoip) forms from Co(Ш)
ion, one main ligand (or called as intercalative ligand) (L), and two co-
ligands (bpy), and has no symmetry. Full geometry optimization of the
complexes in ground state (S0) was carried out in aqueous solution
using the restricted DFT-B3LYP method and LanL2DZ basis set [41,42].
For the obtained structures, the frequency calculations adopting the
Table 1
Computed selective bond lengths (Å), bond angles (°) and dihedral angles (°) of the comple

Comp. Co–Nm
a Co–Nco

a C–C(N)mb C–C(N)cob

[Co(phen)3]3+ 1.981 1.981 1.405 1.405
*[Co(phen)3]3+ 1.968 1.968 1.403 1.403
Expt [47] 1.943 1.943
1 (L=pip) 1.977 1.972 1.405 1.399
*1 (L=pip) 1.970 1.959 1.404 1.398
2 (L=odhip) 1.976 1.972 1.405 1.399
*2 (L=odhip) 1.969 1.960 1.404 1.398
3 (L=hnoip) 1.980 1.971 1.407 1.399
*3 (L=hnoip) 1.971 1.958 1.404 1.398

aCo–Nm is the average coordination bond length between the central atom and the main liga
the mean bond length of skeleton of the main ligand, and C–C(N)co is that of the co-ligands (
main ligand, and θco is that of the central atom and the two N atoms of the co-ligands (bpy),
C8–C7–O11–H12, C4–C5–N11–O12 and C7–C8–O9–H10, respectively. *: The complexes with “*” a
same method were also performed in order to verify the optimized
structure to be an energy minimum. On the basis of the DFToptimized
ground geometry, the electronic absorption spectra in aqueous
solution were calculated with the time-dependent theory (TDDFT)
at the level of B3LYP/LanL2DZ. 180 singlet-excited-state energies of
these complexes were calculated to reproduce electronic absorption
spectra. The conductor polarizable continuum model (CPCM) [43,44]
was applied to the solvent effect in aqueous solution. To explore the
solvent effect on the electronic structures and related properties, the
calculations of these complexes in vacuo were also carried out
adopting the same method. All the calculations were performed by
means of the Gaussian03 program-package (revision D.01) [45]. In
addition, in order to clearly depict the detail of some frontier
molecular orbitals of these complexes in ground state, their stereo-
contour graphs were drawnwith the Molden v4.2 [46] program based
on the DFT computational results.

3. Results and discussion

3.1. Ligand effects on selected bond lengths and bond angles of
the complexes

The calculated geometrical parameters of complexes 1–3 are
selectively listed in Table 1. For comparison, the corresponding X-ray
data of the analog [Co(phen)3](ClO4)3 [47] are also given in Table 1.

Since the crystal structures of the three complexes have not been
determined yet, the direct comparison between the computational
results and the corresponding experimental data cannot be performed.
However, according to the comparison between the calculated results
and experimental data of the analog [Co(phen)3](ClO4)3, we can find
that the computedmean bond lengths (Co–Nmand Co–Nco) are 1.981 Å
in vacuo and 1.968 Å in aqueous solution by the DFT method. These
calculated bond lengths are slightly longer than the corresponding
xes in vacuo and in aqueous solution using the DFT at the B3LYP/LanL2DZ level

θm
c θco

c Dihedral angle

84.1 84.1
84.7 84.7

84.2 83.0 179.91β

83.6 84.0 −179.22β

84.2 83.1 −179.33β 180.00γ −179.98ε

84.4 83.6 −177.59β 179.94γ 179.80ε

84.0 83.1 −179.99β 179.92φ 179.96δ

84.2 83.6 −179.92β 179.74φ 179.77δ

nd (L), and Co–Nco is that between the central atom and the co-ligand (bpy). bC–C(N)m is
bpy). cθm is the coordination bond angle of the central atom and the two N atoms of the
β is the dihedral angle N1–C2–C3–C4. γ, ε, φ and δ are the dihedral angles C7–C6–O9–H10,
nd without “*” express the calculations in aqueous solution and in vacuo, respectively.



Fig. 2. Energies of some frontier molecular orbitals of complexes 1–3 in aqueous
solution at the B3LYP/LanL2DZ level.
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experimental value (1.943 Å). Comparing the calculated geometrical
parameters of the [Co(phen)3]3+ in vacuo and in aqueous solutionwith
corresponding X-ray data, we can clearly see that the calculated results
in aqueous solution are quite better than those in vacuo. Therefore, it
can be reasonably deduced that the solvent effect is very important for
the calculations of this kind of Co(III) complex with high positive
charges.

Table 1 gives the computational selected geometric parameters of
the ground-state complexes 1–3 in vacuo and in aqueous solution.
From computational geometric parameters in aqueous solution in
Table 1, we can see the following: First, the coordination bond length
(1.969–1.971 Å) of the main ligand for every one of complexes 1–3 is
slightly longer than that (1.958–1.960 Å) of the co-ligands. Second, the
mean bond length of the skeleton of the main ligand (C–C(N)m) and
that of the co-ligands (C–C(N)co) for complexes 1–3 are almost
unchanged, and the former is only slightly longer than the latter for
every one of complexes 1–3. Third, although all related dihedral
angles (listed in Table 1) of these complexes are close to ±180.0°, there
is a detectable difference among the dihedral angles (β) of complexes
1–3, that is, the dihedral angles (β) of complexes 1–3 are −179.22 °,
−177.59 ° and −179.92 °, respectively. Such a fact shows that the
planarity of the main-ligand of the complex 2 is worse than those of
complexes 1 and 3, and thus the steric hindrance of its main-ligand
intercalating between DNA-base-pairs must be bigger than those of
complexes 1 and 3.

In addition, from the optimized results of complexes 1–3, we can
also see that their dipole moments are 13.97, 17.83 and 30.92 Debye in
vacuo and 22.07, 27.13 and 41.33 Debye in aqueous solution,
respectively. Such a result shows that the values of dipole moments
of complexes 1–3 in aqueous solution aremarkedly greater than those
in vacuo, and proves further that the solvent has an important effect
on the electronic and geometric structures of this kind of Co(III)
complex with high positive charges.

3.2. Theoretical explanation of the trend in DNA-binding affinities of the
complexes

The intrinsic binding constants Kb of the complexes 1–3 to calf
thymus (CT) DNA, which quantitatively express their DNA-binding
affinities, have been experimentally measured. The results show that
the trend in DNA-binding constants (Kb) of the three complexes is Kb

(2, 7.9×104 M−1)bKb(1, 1.9×105 M−1)bKb(3, 2.06×105 M−1) [19,23,48].
Such a trend can be reasonably explained by the DFT calculations.
As is well-known, there are π–π stacking interactions between the
complex and DNA-base-pairs while the complex binds to DNA in an
intercalation (or part intercalation) mode [1,49]. Moreover, many
theoretical studies have shown the following idea: (1) The DNA base-
pairs are electron donors and an intercalated complex is an electron
acceptor. (2) The energies of HOMO and HOMO −x (x: small integer) of
DNA-base-pairs are rather high, and their components are predomi-
nately distributed on DNA-base-pairs [50,51]. (3) The energies of
LUMO and LUMO+x of the intercalated complex are all negative and
rather low, and even quite lower than those of HOMO−x of DNA-base-
pairs, and their components are generally distributed on the main
ligand of the complex. Since the DNA base-pairs as electron-donor are
unchanged in our study, from the above analysis, we can see that the
key factor affecting DNA-binding affinities of the complexes should be
the energy and population of the lowest unoccupied molecular orbital
(LUMO, even and LUMO+x) of the intercalated molecules [52–54]. In
addition, the planarity of the complex molecule should also be
considered. Hereby, the above-mentioned trend in DNA-binding, i.e,
Kb(2)bKb(1)bKb(3), can be explained as follows: First, the energies
of the LUMO+x (x=0−4) of these complexes are all rather low negative
values (see Fig. 2), suggesting that these complexes are very excellent
electron acceptors in their DNA-binding. Second, the LUMO
energies (εLUMO) follow the sequence of εLUMO (2, −3.363 eV)≈εLUMO

(1, −3.369 eV)NεLUMO (3, −3.435 eV). Moreover, from Fig. 3, we can see
that there are always some LUMO+x on which the π-components of
intercalative ligands are predominantly populated. A lower LUMO
energy of complex is advantageous to accepting the electrons from
DNA base pairs in an intercalative mode, because electrons or
“electron-cloud” can transfer from HOMO of DNA-base-pairs to
LUMO of the complex via inter-overlapping orbitals. So we can
preliminarily predict that the trend in DNA-binding constants (Kb)
of these complexes is Kb(3)NKb(1)≈Kb(2) via the analysis in LUMO
energies. Third, from the geometric parameters of these complexes
(see Table 1), although the planarity and conjugated area of the main-
ligand skeletons of complexes 1–3 are not substantially different, the
steric hindrance of the main ligand of complex 2 in the intercalative
mode should be bigger than those of complexes 1 and 3 because the
important dihedral angle β (N1–C2–C3–C4) of main-ligand of complex
2 is obviously greater than those of complexes 1 and 3 in aqueous
solution (see Table 1). So we can predict that the DNA-binding
constant of complex 2 [Kb(2)] should be the smallest. In a word,
synthetically considering LUMO energy and steric hindrance, the
trend in DNA-binding affinities, i.e., Kb(3)NKb(1)NKb(2), can be
reasonably explained.

In summary, from the above analysis, it can be seen that the
substitution of an electron-withdrawing and π-planar-keeping group
for H on the intercalative ligand is much more advantageous to
reducing the energies of LUMO+x and thus to improving the DNA-
binding affinity of the substituted complex.

3.3. Theoretical explanation on the spectral properties

The experimental absorption spectra of Co(Ш) complexes in
aqueous solution shows the presence of the band of comparable
intensity, lying in the range of 200–400 nm, and such bands are
mainly assigned to a ligand-to-ligand π–π* transition of the
coordinated groups [6,19,22–24]. The calculated excitation energies
(ΔE/eV) within the range 200–400 nm, oscillator strengths (f≥0.20)
and main orbital transition contributions (≥12%) of the three
complexes in aqueous solution with the TDDFT at the level of B3LYP/
LanL2DZ, as well as the experimental values are given in Table 2. In
addition, the simulated absorption spectra in aqueous solution and in
vacuo are given in Fig. 4(a,b), and the corresponding experimental
absorption spectra are also given in Fig. 4(c).

From Table 2, we can find for complex 1 in aqueous solution, five
strong transitions with fN0.2 lie in the range of 200–400 nm. Among
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them, the three bands at 309.1 nm, 288.7 nm and 275.9 nm mainly in-
volve HOMO→LUMO+9; HOMO−5→LUMO+4; HOMO−4→LUMO+4;
HOMO−2→LUMO+5; and they can mainly be characterized by
πm→π*co+π*m and πco→π*m +π*co. The experimental broad band at
293 nm can be assigned to a superposition of these three bands with a
ligand-to-ligand transition (π→π*) feature. The other bands at
200.0 nm and 227.0 nm mainly involve HOMO−8→LUMO+6 and
HOMO−13→LUMO+1, and they can be respectively characterized by
πco→π*co and πco→dCo* . The experimental band observed at 223 nm can
be assigned to a superposition of the two bands with ligand-to-ligand
transition (π→π*) and ligand-to-metal charge transfer (LMCT) characters.
Fig. 3. Steric contour plots of some frontier molecular orbitals of complexes 1–
For the spectra of complex 2 in aqueous solution, first, the
experimental band at 305 nm can be assigned to a superposition of the
bands at 333.5 nm (f=0.624), 284.1 nm (f=0.338) and 277.1 nm
(f=0.464). These bands mainly involve the orbital transitions of
HOMO−4→LUMO+10,HOMO−2→LUMO+5 andHOMO−3→LUMO+5,
respectively. From Fig. 3, we can see that the above three orbital
transitions possess a π→π* feature of ligand-to-ligand (LL) transition.
Second, the experimental band observed at 221 nm can also be assigned
to a superposition of the strong bands at 226.6 nm (f=0.212) and
220.2 nm (f=0.316), which mainly involve the orbital transitions of
π→π* with a ligand-to-ligand (LL) feature.
3 in aqueous solution using the DFT method at the B3LYP/LanL2DZ level.



Fig. 3 (continued).
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For the spectra of complex 3 in aqueous solution, the experimental
band observed at 308 nm can be assigned to a superposition of five
strong bands at 348.1 nm (f=0.326), 320.6 nm (f=0.504), 288.9 nm
(f=0.296), 271.5 nm (f=0.214) and 263.9 nm (f=0.220), and all orbital
Table 2
Calculated excitation energies (ΔE/eV), oscillator strengths (f≥0.20), and main orbital tr
experimental values [19,22,23]

No Major contribution ΔE/eV f λ/n

1 H→L+9 4.01 0.533 309
H−5→L+4 4.29 0.234 288
H−4→L+4
H−2→L+5 4.49 0.617 275
H−13→L+1 5.46 0.257 227
H−8→L+6 6.20 0.259 200

2 H−4→L+10 3.72 0.624 333
H−2→L+5 4.36 0.338 284
H−3→L+5 4.47 0.464 277
H−4→L+8 5.47 0.212 226
H−14→L+2 5.63 0.316 220
H−11→L+4

3 H−1→L 3.56 0.326 348
H→L+7 3.87 0.504 320
H−4→L+5 4.29 0.296 288
H−1→L+7 4.57 0.214 271
H−6→L+1
H−6→L+3 4.70 0.220 263
H−15→L+3 5.47 0.232 226
H−13→L+5
transitions possess a π→π* feature of ligand-to-ligand (LL) transition
and minor π→d* feature of ligand-to-metal charge transfer (LMCT)
transition. Furthermore, the experimental band observed at 228 nm
can also be assigned to the strong band at 226.4 nm (f=0.232). This
ansition contributions (≥12%) of complexes 1–3 in aqueous solution as well as the

m (calc.) λ/nm (expt.) Character

.1 293 πm→π*co+π*m

.7 πco→π*m+π*co
πco→π*m+π*co πm→π*co or πm→π*m

.9 πm→π*m
.0 223 πco→dCo*
.0 πco→π*co dCo→π*co
.5 305 πco→π*m
.1 πm→π*m
.1 πm→π*m
.6 πco→π*co
.2 221 πco→dCo*

πco→π*m+π*co
.1 πm→π*m
.6 308 πm→π*m+π*co
.9 πco→π*co
.5 πm→π*co+π*m

πm→dCo*
.9 πm→π*m+dCo*
.4 228 πco→π*m+dCo*

πco→π*co +dCo→π*co
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band mainly involves the orbital transitions of HOMO−15→LUMO+3
and HOMO−13→LUMO+5, and they can be characterized by
πco→π*m+dCo* and πco→π*co containing dCo→π*co.

The simulated absorption spectra of complexes 1–3 in vacuo are
also given in Fig. 4(b). Comparing Fig. 4(a, b) with Fig. 4(c), we can
Fig. 4. The calculated absorption spectra of complexes 1–3 in aqueous solution
clearly see that the simulated absorption spectra in aqueous solu-
tion are in satisfying agreement with the experimental results and
those in vacuo quite deviate from the experimental results. Such a
fact shows that the Co(Ш) complex is influenced greatly by the
solvent effect and the solvent effect must be taken into careful
(a) and vacuo (b) and corresponding experimental ones (c or the bottom).
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account for the calculations of absorption spectra of the Co(Ш)
complexes.

In summary, the absorption spectra of the three complexes can be
simulated and discussed in detail by the TDDFT computations. The
stronger bands, in particular at ~300 nm, of the three complexes are
mainly attributed to the transitions of πm→π*co+π*m or πco→π*m+π*co,
which can be used to explain the intense absorption spectra involving
ligand-to-ligand (LL) π→π* transitions of cobalt complexes in experi-
ments. We can also see that the errors of the calculated energies of
spectral bands of these complexes in aqueous solution from experiment
data lie within 20–40 nm. Such errors may originate from the following
reasons: Besides the theoretical level of the TDDFT, the present solvent
effectmodelmay be related for applied to Co(Ш) complexeswith higher
charges in highly polar solvent. We hope to further investigate these
effects in future.

4. Conclusions

The DFT studies of a series of complexes [Co(bpy)2(L)]3+ (L = pip,
odhip, hnoip) 1–3 show that the substituents on the intercalative
ligands have important effects on the electronic structures, trend in
the DNA-binding affinities and spectral properties of these complexes.
The studied results show the following: (1) The optimized geometric
structures in aqueous solution are more close to experimental data
than those optimized in vacuo. (2) The trend in DNA-binding affinities
(Kb) of the complexes, that is, Kb(2)bKb(1)bKb(3), can be reasonably
explained by the DFT calculations. (3) The absorption-spectral bands
in vacuo and in aqueous solution have theoretically been calculated,
simulated and assigned. The results show that the Co(Ш) complexes
are greatly influenced by the solvent effect and the calculated
absorption spectra of the Co(Ш) complexes in aqueous solution are
in satisfying agreement with the experimental results.
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