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Abstract

Theoretical studies on a series of molecular ‘‘light switch’’ complexes [Ru(phen)2L]2+ (phen = 1,10-phenanthroline; L: dppz = dipyr-
ido [3,2-a:2 0,3 0-c]phenazine; taptp = 4,5,9,18-tetraazaphenanthreno-[9,10-b]triphenylene; phehat = 1,10-phenanthrolino[5,6-b]1,4,5,8,
9,12-hexaazatriphenylene) 1–3 have been carried out applying DFT/TDDFT (density functional theory and time-dependent DFT) meth-
ods. The geometric and electric structure-characteristics of these complexes have been revealed, and the trend in their DNA-binding con-
stants (Kb), i.e., Kb (2) < Kb (3) < Kb (1), which closely relates to the luminescence properties of the complexes in DNA, has been
reasonably explained. The results show that simply increasing the planar area of intercalative ligand may be ineffective on improvement
of DNA-binding of resulting complex because of going with the increase in the LUMO (and LUMO + x) energy, but introducing some
heteroatoms (e.g., N atom) with stronger electronegativity into the ring skeleton of intercalative ligand should be effective because of the
decrease in the LUMO (and LUMO + x) energy to a certain extent. In addition, the spectra of this series of complexes in vacuo are also
computed, simulated, and minutely discussed by the DFT/TDDFT methods, and it is interesting to find that the symmetries of the
excited and accepting orbitals of the transition with the largest f value are the same.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The clinical utility of transition metal complexes binding
to DNA has inspired a great interest in design and develop-
ment of such a type of complex that can act as luminescent
probes and molecular ‘‘light-switches’’ [1,2]. Ru(II) poly-
pyridyl complexes are therein the most attractive research
objects because they possess many excellent performances
closely relative to their structures, e.g., the binding to
DNA in intercalative but noncovalent mode, the light-
absorption and emission in the visible area, the coordin-
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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atively saturated but modifiable structures, etc. [3–5]. Dur-
ing the last more than 15 years, [Ru(phen)2(dppz)]2+ and
[Ru(bpy)2(dppz)]2+ (bpy = 2,2 0-bipyridine) well-known as
molecular ‘‘light switches’’ of DNA have induced consider-
able interest, after the discoveries that they exhibit a negli-
gible background emission in water but exhibit an intense
luminescence in the presence of double strand DNA [6,7].
Moreover, their marked luminescence enhancement can
owe to their ligand dppz binding to the DNA-base-pairs
in intercalative mode [8,9], because the intercalative ligand
(dppz) of [Ru(L)2(dppz)]2+(L = phen, bpy) can be pro-
tected by the DNA from its interaction with solvent water
molecules, resulting in an enormous increase in quantum
yield. It is the reason why these complexes possess an
excellent molecular ‘‘light switch’’ performance [10–12].
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Modifying the polypyridine ligands can usually create some
unique differences in the DNA-binding and spectral prop-
erties of the resulting complexes [6,13,14]. Therefore, dur-
ing the last decade, in order to develop novel molecular
‘‘light switch’’ Ru(II) complexes, three main considerations
have been presented and performed in experiments: (1)
introducing some substituents on the intercalative ligand
(dppz) of [Ru(L)2(dppz)]2+(L = phen, bpy) [15,16]; (2)
enlarging the conjugate area of the intercalate ligand based
on dppz or/and introducing some heteroatoms (e.g., N
atom) with stronger electronegativity into the ring skeleton
of intercalative ligand [17,18]; (3) developing novel parent
ligand as an intercalative ligand, e.g., 2-phenylimi-
dazo[4,5-f] [1,10]-phenanthroline (pip) and 2-(4-hydroxy-
phenyl)imidazo[4,5-f] [1,10] phenanthroline (hpip), and so
forth [4,19]. In addition to experimental work, many theo-
retical researchers have tried to correlate the experimental
findings with theoretical predictions. Some studies on
trends in DNA-binding affinities of this kind of Ru(II)
complex applying the density functional theory (DFT)
[20–22] method have been reported [23–27]. However, most
of them mainly focus on the effects of substituents of inter-
calative ligand [25–27], including our recent report on the
trend in DNA-binding affinitie of complexes [Ru(bpy)2(p-
R-pip)]2+ (R = –OH, –CH3, –H, –NO2) [28], whereas the
DFT studies on the effects of increasing the conjugate area
of intercalative ligand as well as introducing some heteroa-
toms (e.g., N atom) with stronger electronegativity into the
ring skeleton of intercalative ligand have not been found
yet.

On the other hand, in the last several years, time-
dependent density function theory (TDDFT) has become
a popular tool for the calculation of various response
properties, such as electronic excitations or polarizabilities
in medium and large size molecules, due to its good accu-
racy and reasonable computational cost [29,30]. Although
TDDFT still introduces errors by using approximate xc-
functional and fails in the excited states for long distance
charge transition [31,32], it has been successfully used to
calculate the spectral properties of general transition
metal complexes [33]. More recently, TDDFT calculations
on several ligands and related Ru(II) complexes have also
been reported [34–37]. We have also reported some
TDDFT studies on spectral properties of Ru(II) polypyr-
idyl complexes [27,28].

Since the DNA-‘‘light switch’’ behaviors of Ru(II)
polypyridyl complexes closely relate to the trend in
DNA-binding affinities as well as spectral properties,
the above-mentioned theoretical efforts on the electronic
structures, trend in DNA-binding affinities as well as
spectral properties of this kind of Ru(II) complex are
very significant in guiding the design of molecular ‘‘light
switch’’ complexes of DNA and the analysis of their
action mechanism.

In this paper, three molecular ‘‘light switch’’ complexes
[Ru(phen)2L]2+ (L: dppz, taptp, and phehat) 1–3 are
selected to perform theoretical studies. The first one is
the well-known parent complex [Ru(phen)2dppz]2+1 for
comparison, the second one is [Ru(phen)2taptp]2+ 2 with
greatly extended conjugate area, the third one is
[Ru(phen)2phehat]2+ 3 with N atoms on the ring skeleton
of extended main ligand. This paper is mainly focused on
theoretically exploring the trend in DNA-binding affinities
of this series of Ru(II) complexes. In addition, the singlet
MLCT spectra of these complexes are also computed, sim-
ulated and explained by the DFT/TDDFT methods.

2. Computational methods

The investigated complexes are shown in Fig. 1. Each
complex with C2 symmetry is composed of Ru(II) atom,
one main ligand L (or called intecalative ligand), and two
co-ligands (phen). Seventy-seven to eighty-seven atoms
are involved in each complex. The DFT-B3LYP method
[20–22] and the LanL2DZ basis set (ECP + DZ for Ru
atom, D95 for other atoms) [22,38,39] were adopted. The
full geometry optimizations were carried out for the elec-
tronic singlet ground states of the complexes [40]. Further-
more, the stable configurations of these complexes were
confirmed by frequency analysis, in which no imaginary
frequency was found for all configurations at the energy
minima. In order to perform accurately the UV–Vis spec-
tral computations, the 40 singlet-excited-state energies in
vacuo were calculated by the TDDFT method at B3LYP/
LanL2DZ level. In addition, the stereo-contour graphs of
some related frontier molecular orbitals of the complexes
in the ground states were drawn with the MOLDEN v3.7 pro-
gram [41] based on the computational results. The GAUSS-

IAN 98 program package (Revision A.11.4) [42] was used
for all the calculations.

3. Results and discussion

3.1. Ligand effects on selected bond lengths and bond angles

of the complexes

The computational results and experimental data for the
selected bond lengths and bond angles of the complexes are
shown in Table 1. Some structural characteristics and dif-
ferences can be seen from Table 1. First, a subtle but
detectable difference in the coordination bond lengths of
their main ligands can be found, and the order is Ru–
Nm(3) > Ru–Nm(2) > Ru–Nm(1), whereas those of their
co-ligands are the same (0.2107 nm). Second, the mean
bond lengths of co-ligand skeletons are the same (0.1405
nm) and near their standard bond length (0.1400 nm).
Third, all dihedral angles of main ligands of these com-
plexes are close to ±0.0, or ±180.0, showing that the pla-
narity of main ligands of these complexes are very
excellent and thus advantageous to their parallelly interca-
lating between the adjacent base-pairs of DNA.

Since the reports on the crystal structures of these
three complexes have not been found yet, the direct com-
parison between the computational results and the corre-



N
N

N

N N

N
Ru

N

N

1
23

4

1'
2'

3'
4'

N
N

N

N N

N
Ru

N

N

1
2

3
4

1'
2'

6'
5'

5
6

5

5' 3'
4'

8

7

7'

8'

2+ 2+

 [Ru(phen)2(dppz)]2+  (1)                    [Ru(phen)2(taptp)]2+  (2) 

N

N

N N

N
Ru

N

N

1
2

3
4

1'
2'

6'5'

N

N

N

N

5 6

3'
4'

8

7

7'

8'

N

2+

  [Ru(phen)2(phehat)]2+  (3) 

Fig. 1. Structural schematic diagrams and computational models of [Ru(phen)2(L)]2+ (L = dppz, taptp, phehat) 1–3.

Table 1
Computational selected bond lengths (nm), bond angles (�) and dihedral angles (�) of [Ru(phen)2(L)]2+ (L = dppz, taptp, phehat) 1–3 as well as
[Ru(phen)3]2+ 0 for comparison

Comp. Ru–Nm
a Ru–Nco C–C(N)m

b C–C(N)co Am
c Aco Dihedral angle

0 (calc) 0.2106 0.2106 0.1405 0.1405 79.5 79.5 – – –
½RuðphenÞ3�

2þðexptÞ 0.2067 0.2067 – – 79.9 79.9 – – –
1 (L = dppz) 0.2105 0.2107 0.1405 0.1405 79.2 79.4 180.0/180.0 180.0/180.0 0.0/�180.0

(C1–C2–C3–N4)/
(C10–C20–C3 0–N40)

(C2–C3–N4–C5)/
(C20–C30–N40–C5)

(C2–C3–C30–C2
0 0
)/

(C2–C3–C30–N40)
2 (L = taptp) 0.2106 0.2107 0.1410 0.1405 79.3 79.4 �179.9/�179.9 0.0/0.0 0.0/0.0

(C1–C2–C3–N4)/
(C10–C20–C3 0–N40)

(C1–C2–C5–C6)/
(C10–C20–C50–C60)

(C2–C1–C7–C8)/
(C20–C10–C7 0–C80)

3(L = phehat) 0.2108 0.2107 0.1398 0.1405 79.3 79.4 �180.0/�180.0 �0.0/�0.0 0.0/0.0
(C1–C2–C3–N4)/
(C1 0–C20–C3 0–N40)

(C1–C2–N5–C6)/
(C10–C20–N50–C6 0)

(C2–C1–C7–N8)/
(C20–C10–C7 0–N80)

a Ru–Nm expresses the mean coordination bond length between Ru and N atoms of the main ligand (L = dppz, taptp, phehat), and Ru–Nco expresses
that between Ru and N atoms of the co-ligand (phen).

b C–C(N)m expresses the mean bond length of ring skeleton of the main ligand.
c Am expresses the coordination bond angle between Ru and two N atoms of the main ligand.
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sponding experimental data cannot be performed. How-
ever, according to the comparison between the calculated
results and experimental data of the parent complex
[Ru(phen)3]2+ [43] as well as the similar comparison
reported by Fantacci et al. [34], we can reasonably
deduce that the results of the full geometry optimization
computations by the DFT method should be reliable.
Therefore, based on the computed geometries of the
complexes, we can further perform the studies on the
electronic structures, and the trend in DNA-binding
affinities and spectral properties of complexes
[Ru(phen)2(L)]2+(L = dppz, taptp, phehat).
3.2. Characteristic of the electronic structures of the

complexes and their difference

The components and energies of the frontier molecular
orbitals are very important to investigate the trend in
DNA-binding of complexes and their spectral properties.
The stereo contour graphs of the some frontier molecular
orbitals of the complexes are also shown in Fig. 2.

From Fig. 2, we can see that: although the component-
characteristics of the frontier molecular orbitals of these
complexes are similar to those of some other Ru(II) poly-
pyridyl complexes [44,45], there are still some important



Fig. 2. Some related frontier MOs contour plots of complexes [Ru(phen)2(L)]2+ (L = dppz, taptp, phehat) using the DFT method at the B3LYP/
LanL2DZ level.
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difference among those of the three complexes. First, the
molecular orbitals of which the components come mainly
from d orbitals of the central metal atom (Ru) or are char-
acterized by d orbitals of the metal atom, are the HOMO
and HOMO-2 for complex 1, the HOMO-3 for complex
2, and the HOMO-2 for complex 3. Second, the molecular
orbitals of which the components come mainly from p
orbitals of C and N atoms in main-ligand (L), are the
LUMO + 1 for complex 1, the LUMO + 3 for complex 2

and the LUMO + 2 for complex 3. Such component-
characteristics of the frontier molecular orbitals can be
used to explain the trend in DNA-binding and spectral
properties of these complexes along with their orbital
energy characteristics.

The schematic diagram of the computed energies of
some frontier molecular orbitals and the related energy
transitions of the complexes are shown in Fig. 3. From
Fig. 3, we can see that the order of the LUMO energies
(eLUMO) of these complexes is eLUMO(2) > eLUMO(3) >
eLUMO(1), and the orders of their some LUMO + x ener-
gies (eLUMO+x) are similar to that of their LUMO energies
(eLUMO).

3.3. Trend in DNA-binding affinities

Based on spectroscopic methods, the intrinsic binding
constants Kb of the complexes to calf thymus (CT) DNA
have been experimentally measured [6,17,18,46–48], shown
in Table 2. We can see that the trend in DNA-binding
constants (Kb) of this series of complexes is Kb(2) < Kb(3)
< Kb(1). Such a trend can be reasonably explained by the
DFT calculations.



Fig. 3. Schematic diagram of the energies of some frontier MOs of
[Ru(phen)2(L)]2+ (L = dppz, taptp, phehat) 1–3 using the DFT at the
B3LYP/LanL2DZ level (Allowheads express some transitions most
contributing to experimental 1MLCT bands (400–500 nm) with the
TDDFT method, seeing Table 3).

Table 2
Absorption spectra and DNA-binding constants Kb of
[Ru(phen)2(L)]2+(L = dppz, taptp, phehat) 1–3 as well as related
references

Complex Absorption kmax (nm) Kb (M�1) Ref.

1 439 5.1 · 106(>106) [6,47]
2 465 6.4 · 104 [17]
3 440 2.5 · 106 [18]
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It is well known that there are p–p stacking interactions
in the DNA-binding of Ru(II) polypyridyl-type complexes
in an intercalative (or partly intercalative) mode [4]. Fur-
thermore, many theoretical studies have shown that a
DNA molecule is an electron–donor and an intercalated
complex is an electron–acceptor [23,49]. For example,
based on the DFT calculations and the frontier molecular
orbital theory, Reha and Hobza et al.reported that all iso-
lated intercalators (ethidium, daunomycin, ellipticine and
4 0,6-diaminide-2-phenylindole) binding to DNA are good
electron acceptors because their LUMO energies are
almost negative, whereas all isolated bases and base pairs
of DNA (e.g., adenine, thymine, and adenine-thymine)
are very poor electron acceptors because their LUMO
energies are all positive [49]. Kurita and Kobayashi further
reported the DFT results for stacked DNA-base-pairs with
backbones [23]. Their results indicate that the HOMO
energy and the energies of some occupied orbitals near
the HOMO are rather high, and the HOMO and
HOMO-1 are predominately distributed on the base pairs
of DNA, and thus such facts show the bases and base-pairs
being good electron donors. Recently, we reported some
DFT results on the electronic structures and the trend in
DNA-binding affinities of complexes [Ru(bpy)2L]2+

(L = o-npip, m-npip and p-npip) [26], [RuL2(pmip)]2+

(L = bpy, phen, dmp) [50], [Ru(phen)2(6-R-dppz)]2+

(R = –OH and –NO2) [51] and so forth, further supported
the above proposals.

Therefore, the factors affecting DNA-binding affinities
of the complexes can be usually considered from the pla-
narity, the energy and population of the lowest unoccupied
molecular orbital (LUMO, even and LUMO + x) of the
complex molecule [44,50–52]. The above-mentioned trend
in DNA-binding, i.e., Kb(2) < Kb(3) < Kb(1), can be
explained as follows: the planarities of these complexes
are all very excellent and substantially the same, and they
all can easily intercalate between base-pairs of DNA in
an intercalative mode, so that the key factors affecting Kb

are the energies and populations of LUMOs (even and
LUMO + x) of the complexes. From Fig. 3, we can see that
the LUMO energies (eLUMO) follow the sequence of
eLUMO(2) (�7.254 eV) > eLUMO(3) (�7.341 eV) > eLUMO(1)
(�7.349 eV). Moreover, from Figs. 2 and 3, we can also see
that the LUMO + x on which the p-components of interca-
lative ligands are predominantly populated, are the
LUMO + 1 for complex 1, the LUMO + 3 for complex
2, the LUMO + 2 for complex 3, respectively, and their
energy order is also eLUMO+3(2) (�7.053 eV) > eLUMO+2(3)
(�7.227 eV) > eLUMO+1(1) (�7.257 eV). Synthetically, the
two energy orders all lead to the DNA-binding order being
Kb(2) < Kb(3) < Kb(1), because the lower LUMO and
LUMO + x energies are advantageous to accepting the
electrons of HOMO from DNA-base-pairs in an intercala-
tive mode, based on the frontier molecular orbital theory
[53,54]. Therefore, considering the LUMO (even and
LUMO + x) energies and its p-components on intercala-
tive ligands, the DNA-binding affinity of complex 1 being
greater than that of complex 2 and 3 can be explained.
On the other hand, the fact that the DNA-binding affinity
of complex 3 is greater than that of complex 2 can also be
explained by eLUMO(2) > eLUMO(3) and eLUMO+3(2) >
eLUMO+2(3) whereas the planar area of their intercalative
ligands is the same.

3.4. Singlet MLCT spectra

The experimental spectra of these Ru(II) complexes in
aqueous solution shows the presence of the band of com-
parable intensity, centered at ca. 400–500 nm, and such a
band is generally assigned to a singlet metal-to-ligand
charge transfer (1MLCT) in the UV–Vis region and it
is very widely applied in bio-inorganic chemistry
[10,40]. The spectral properties of the complexes in vacuo
have been computed by the TDDFT method at the
B3LYP/LanL2DZ level, and the property of 1MLCT
bands will be emphatically discussed. The comparison
between computational and experimental [17,18,46–48]
absorption-spectral data, the related transfers and assign-
ments of 1MLCT spectra of [Ru(phen)2(L)]2+(L = dppz,
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taptp, phehat) are further given in Table 3, considering
the theoretical transitions characterized by an oscillator
strength (f) larger than 0.05 and an orbital contribution
larger than 10% within 400–500 nm. The experimental
electronic absorption spectra [17,18,48] of complexes 1–
3 and their simulated ones in the range of 350–550 nm
using the TDDFT method in vacuo are also shown in
Fig. 4.

From Table 3, we find that for complex 1, two strong
transitions with f > 0.09 lie in the range of 400–500 nm.
The strongest band (f = 0.165) at 424 nm mainly involves
the transition from dRu (HOMO-2) to p�L (LUMO + 1)
(49%), and it can be characterized by dRu ! p�L. Besides
this transition most contributing to the strongest band, sev-
eral transitions with the charter of dRu ! p�phan, i.e.,
HOMO! LUMO + 3 (14%), HOMO-2 ! LUMO
(14%) and HOMO-3! LUMO + 2 (10%), are involved.
The next strongest band at 405 (f = 0.098) nm has also
an obvious 1MLCT character, and mainly originates from
the transition of HOMO-2! LUMO + 3 (68%) and
involves the transition of HOMO! LUMO + 4 (11%).
Both of them are characterized by dRu ! p�phen. Therefore,
the experimental broad band of complex 1 at 439 nm can
be assigned to a superposition of these two bands with
1MLCT feature. Moreover, considering that the most
important contribution to this experimental broad is the
transition from dRu (HOMO-2) to p�L (LUMO + 1), the
1MLCT band at 439 nm can be simply assigned to the tran-
sition of dRu ! p�L:
Table 3
Comparison between computational and experimental [6,17,18] wave lengths (
phehat) 1–3 as well as their assignments using the TDDFT at the B3LYP/Lan

No Wavelength (nm) As

Expt Calc fa

1 439 426 0.165 H
H
H
H

405 0.098 H
H

2 465 479 0.054 H
438 0.051 H

H
H

424 0.478 H
H

419 0.056 H
H

406 0.091 H
3 440 426 0.201 H

H
H
H

406 0.088 H
H

a Oscillator strength.
b The percentage contributions to wavefunctions of excited states are given
c The orbital symmetries of the related transitions.
The strongest band of complex 2 at 424 nm (f = 0.478)
mainly involves the transitions of HOMO-1! LUMO + 5
(49%) and HOMO-5! LUMO + 3 (19%), and thus it can
be characterized by pL ! p�L and dRu ! p�L, respectively.
In particular, the next stronger bands at 479 nm
(f = 0.054), 438 nm (f = 0.051) and 419 nm (f = 0.056),
which are mainly characterized by dRu ! p�phen, and have
an obvious 1MLCT character. Moreover, the next stron-
gest band at 406 nm (f = 0.091), has an obvious 1MLCT
character, and mainly originates from HOMO-
5! LUMO + 2 (68%) ðdRu ! p�phenÞ. Therefore, the exper-
imental broad band of complex 2 at 465 nm can be also
mainly assigned to a superposition of these five calculated
bands, and can be assigned to the 1MLCT transition of
dRu ! p�L/p�phen with some pL ! p�L feature.

The strongest band of complex 3 at 426 nm (f = 0.201)
mainly involves the transition of the HOMO-
3! LUMO + 2 (53%), and thus it can be mainly charac-
terized by dRu ! p�L. The next strongest band at 406
(f = 0.088) nm, has also an obvious 1MLCT character,
and mainly originates from HOMO-3! LUMO + 3
(57%) ðdRu ! p�phenÞ. Therefore, the experimental broad
band (440 nm) of complex 3 can be assigned to a superpo-
sition of these two bands, moreover, the most important
contribution to this experimental band is the transition
from dRu (HOMO-3) to p�L (LUMO + 2), and thus it can
be simply assigned to the transition of dRu ! p�L.

In summary, the experimental singlet metal-to-ligand
charge transfer (1MLCT) bands of this series of complexes
kmax) of 1MLCT absorption spectra of [Ru(phen)2(L)]2+ (L = dppz, taptp,
L2DZ level

signment

OMO-2! LUMO + 1 (49%)b dRu ! p�L b! bc

OMO! LUMO + 3 (14%) dRu ! p�phen a! a
OMO-2! LUMO (14%) dRu ! p�phen b! b
OMO-3! LUMO + 2 (10%) dRu ! p�phen a! a
OMO-2! LUMO + 3 (68%) dRu ! p�phen b! a
OMO! LUMO + 4 (11%) dRu ! p�phen a! b
OMO-1! LUMO + 3 (70%) pL ! p�L b! b
OMO-4! LUMO (42%) dRu ! p�phen a! b
OMO-5! LUMO + 1 (27%) dRu ! p�phen b! a
OMO-3! LUMO + 4 (13%) dRu ! p�phen a! b
OMO-1! LUMO + 5 (49%) pL ! p�L b! b
OMO-5! LUMO + 3 (19%) dRu ! p�L b! b
OMO-3! LUMO + 4 (56%) dRu ! p�phen a! b
OMO-5! LUMO + 3 (17%) dRu ! p�L b! b
OMO-5! LUMO + 2 (68%) dRu ! p�phen b! a
OMO-3! LUMO + 2 (53%) dRu ! p�L b! b
OMO-2! LUMO + 3 (14%) dRu ! p�phen a! a
OMO-4! LUMO + 1 (11%) dRu ! p�phen a! a
OMO-3! LUMO (10%) dRu ! p�phen b! b
OMO-3! LUMO + 3 (57%) dRu ! p�phen b! a
OMO-2! LUMO + 4 (14%) dRu ! p�phen a! b

in parenthesis.



Fig. 4. (a) Electronic absorption spectra of complex 1–3 [17,18,47]. For complex 1: absorption spectra of the D-[Ru(phen)2(dppz)]2+ in the absence of
DNA (solid curve), in the presence of poly[d(AT)2] (dotted curve), and in the presence of DAPI-poly[d(A-T)2] (dashed curve) [47]; For complex 2: the
arrowhead expresses the increase in DNA concentration from zero [17]. (b) Corresponding simulated spectra in 300–550 nm and oscillator strengths (f)
using the TDDFT method in vacuo.
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can be minutely discussed by the TDDFT computations.
Increasing the planar area of intercalative ligand can make
1MLCT band red-shift and mix with some pL ! p�L fea-
ture. Introducing N atoms into the ring skeleton of interca-
lative ligand can make 1MLCT band blue-shift and keep
the excellent dRu ! p�L=p

�
phen feature.

It is interesting to find the following: the excited and
accepting orbitals of every transition with the largest f

value for all these complexes have the same symmetry (b
symmetry of C2 point group) and an excellent overlapping
population, as shown in Table 3 and Fig. 2. It means that
the same symmetries of the related orbitals must be advan-
tageous to the most effective orbital overlap in the studied
system, and thus be advantageous to the related transition.
Such a fact is in agreement with a general insight of the
radiation theory [55], and thus further shows the above
computational results being reliable. In addition, the simu-
lated electronic absorption spectra in the range of 350–
550 nm are also presented along with the experimental ones
in Fig. 4. The errors of the calculated wavelengths from
experiment data for this series of the complexes, lie within
10–30 nm.
In addition, solvent effect may play a role to a limited
extent in simulation of the electronic spectra of highly
polar solvents and/or solvents with hydrogen bond [34].
Here our limited studies did not perform this rectification.
We hope to further investigate these effects in future stud-
ies. Even though, the solvatochromism of the Ru(II) com-
plexes are very small [4,52]. Therefore, the gas-phase
calculations are still suitable to reproduce the experimental
spectra of this kind of Ru(II) complex [24,28,33,34].

4. Conclusions

The DFT study on a series of molecular ‘‘light switch’’
complexes [Ru(phen)2L2+(L = dppz, taptp, phehat) 1–3

shows that simply increasing the planar area of intercala-
tive ligand may be ineffective on improvement of DNA-
binding of resulting complex because of going with the
increase in the LUMO (and LUMO + x) energy, but
inducing some heteroatoms (e.g., N atom) with stronger
electronegativity in the ring skeleton of intercalative ligand
should be effective because of the decrease in the LUMO
(and LUMO + x) energy to a certain extent. Therefore,
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the trend in DNA-binding constants (Kb) of this series of
the complexes, i.e., Kb(2) < Kb(3) < Kb(1), which is closely
related to the luminescence property of the complex in
DNA, can be reasonably explained. In addition, the
1MLCT spectra of this series of complexes can be minutely
discussed by the TDDFT calculations, and it is interesting
to find that the symmetries of the excited and accepting
orbitals of the transition with the largest f value are the
same. It means that the same symmetries of the related
orbitals must be advantageous to the most effective orbital
overlap in the studied system, and thus advantageous to
the related transition.
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