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Binding Modes of New Bis-Ru(II) Complexes to DNA: Effect of the Length of the Linker
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Bis-[dipyrido[3,2-a:2',3'-c]phenazine)2(1,10-phenanthroline)2Ru2]2+ complexes (bis-Ru(II) complexes) tethered by lin-
kers of various lengths were synthesized and their binding properties to DNA investigated by normal absorption and 
linear dichroism spectra, and fluorescence techniques in this study. Upon binding to DNA, the bis-Ru(II) complex with 
the longest linker (1,3-bis-(4-pyridyl)-propane), exhibited a negative LDr signal whose intensity was as large as that in 
the DNA absorption region, followed by a complicate LDr signal in the metal-to-ligand charge transfer region. The lu-
minescence intensity of this bis-Ru(II) complex was enhanced. The observed LDr and luminescence results resembled 
that of the [Ru(1,10-phenanthroline)2dipyrido[3,2-a:2',3'-c]phenazine]2+ complex, whose dipyrido[3,2-a:2',3'-c]phena-
zine (dppz) ligand has been known to intercalate between DNA bases. Hence, it is conclusive that both dppz ligands of 
the bis-Ru(II) complex intercalate. The binding stoichiometry, however, was a single intercalated dppz per ~ 2.3 bases, 
which violates the “nearest binding site exclusion” model for intercalation. The length between the two Ru(II) complexes 
may be barely long enough to accommodate one DNA base between the two dppz ligands, but not for two DNA bases. 
When the linker was shorter (4,4'-bipyridine or 1,2-bis-(4-pyridyl)-ethane), the magnitude of the LD in the dppz absorp-
tion region, as well as the luminescence intensity of both bis-Ru(II) complexes, was half that of the bis-Ru(II) complex 
bearing a long linker. This observation can be elucidated by a model whereby one of the dppz ligands intercalates while 
the other is exposed to the aqueous environment.   
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Complex 1 PF6 PF6 0 4,4'-bipyridine
Complex 2 PF6 Cl 2 1,2-bis-(4-pyridyl)-ethane
Complex 3 PF6 PF6 3 1,3-bis-(4-pyridyl)-propane

Scheme 1. Chemical structures of the [µ-(linker)L2(dipyrido[3,2- 
a:2',3'-c]phenazine)2 (phenanthroline)2Ru(II)2]2+ with linkers: 4,4'- 
bipyridine; 1,2-bis-(4-pyridyl)-ethane; 1,3-bis-(4-pyridyl)-propane, 
from the top, respectively. In the text, these molecules are denoted as 
complex 1, 2, and 3, from the top.

Introduction

Interaction of one of the [Ru(1,10-phenanthroline)3]2+ compl-
ex families, namely the [Ru(1,10-phenanthroline)2dipyrido[3,2- 
a:2',3'-c]phenazine]2+ complex (hereafter referred to as [Ru(ph-
en)2dppz]2+), with DNA, has been a subject of intense study due 
to its unique photophysical properties, binding modes, and po-
tential application in biology.1 Upon binding to double-stranded 
DNA, the extended dppz ligand of the [Ru(phen)2dppz]2+ com-
plex undoubtedly intercalates between the DNA base pairs,2-9 al-
though the direction of insertion, whether from the major groove 
or minor groove, is still uncertain. As a result of intercalation, the 
water molecules are stripped from the dppz ligand, resulting in 
the “light switch effect” that denotes a remarkable enhancement 
in the luminescence intensity upon binding to double-stranded 
DNAs.6-9 It has been proposed that two energetically close me-
tal-to-ligand charge transfer (MLCT) bands, whose relative en-
ergies are sensitive to environmental polarity, are responsible for 
the enhancement of luminescence intensity.10-13 Recently, a lar-
ge enhancement of luminescence intensity upon binding to even 
single-stranded DNA has been reported.14-16 With single-strand-
ed DNA, the formation of a cavity surrounding the [Ru(phen)2 

dppz]2+ complex and/or stacking of the dppz ligand between the 
DNA bases was proposed for the reason of the “turning on the 
light switch”. 

Interaction of the various bis-Ru(II) complexes with DNA has 
also been reported.17-23 The bis-Ru(II) complex in which the two 
[Ru(phen)2dppz]2+ complexes are connected by a rigid or semi- 
rigid linker,21-23 such as ∆,∆- and Λ,Λ-[µ-(tatpp)(phen)4Ru2]4+ 
(where tatpp = 9,11,22,29-tetraazatetrapyrido[3,2-a:2′,3′-c:3″,

2″-1:2″′,3″′-n]pentacene), can intercalate between DNA base 
pairs in spite of their two bulky phenanthroline ligands at both 
ends. When bound to DNA, one of the Ru(II) locates in the minor 
groove of the DNA, while the other in the major groove.23 In 
contrast, when the two dppz moieties were connected by a flexi-



1616      Bull. Korean Chem. Soc. 2010, Vol. 31, No. 6  Byung-Hyang Kwon et al.

ble linker, the two Ru(II)s, ligated with two phenanthroline each, 
were located at the minor groove, with the linker situated in the 
major groove.21,22 Other type of the bis-Ru(II)dppz, in which the 
two Ru(II) units are tethered by a 4,4'-dipyridyl-1,5-pentane 
linker, with DNA have also been investigated by spectroscopic 
and thermodynamic study. It has been shown that at least one of 
the two dppz ligands intercalates between the DNA base-pairs.19 
In this case, the linker is connected to the two Ru(II) complexes 
at the ligated pyridinium ring in lieu of the dppz ligands.

In this study, the synthesis and interaction of bis-Ru(II) com-
plexes, chemical structures shown in Scheme 1, with native calf 
thymus DNA (hereafter referred to as DNA) are reported. As 
shown in the Scheme 1, two Ru(II) complexes, both possessing 
one intercalating dppz ligand, are connected by bridges of dif-
ferent lengths, thereby allowing effective investigation of the 
effects of the bridge on the binding mode of the two Ru(II) com-
plexes. In the case of complex 1, the bridge is short and the inter-
calation of at least one of the dppz ligand will not be allowed 
while the bridge of complex 3 is long enough for intercalation of 
both dppz ligands. The effects of these binding modes on the 
“light switch effect”, as well as the interaction between the two 
dppz ligands which are expected to be parallel in the case of 
complex 3 as a result of intercalation of both dppz ligands, were 
investigated in this study. 

Materials and Methods

Synthesis of the [µ-(B)(PF6)2(dppz)2(phen)2Ru2]2+ (B = bpy, 
bpp) and [µ-(bpe)(PF6)(Cl)(dppz)2-(phen)2Ru2]2+ complexes. 
The starting materials, [Ru(phen)(dppz)Cl2], were synthesized 
by a previously reported method.7,24 The [Ru(phen)(dppz)Cl2] 
(0.5 mmol, 0.3173 g) was dissolved in a 10 mL EtOH:H2O mix-
ture (1:1, v/v), and then a solution of 10 mL of an EtOH:H2O 
mixture (1:1, v/v) containing the appropriate bridge ligand, na-
mely, 4,4'-bipyridine, 1,2-bis(4-pyridyl)ethane, or 1,3-bis(4-py-
ridyl)propane (hereafter referred to as bpy, bpe, and bpp, respec-
tively) (0.25 mmol) was added. The solution was heated at reflux 
for seven days. The resulting dark reddish-brown solution was 
cooled to room temperature and the solvent removed by eva-
poration and the residue dissolved in EtOH and evaporated aga-
in. The residue was then dissolved in hot H2O and centrifuged. 
The supernatant was collected and upon addition of aqueous 
ammonium hexafluorophosphate solution, produced an orange 
solid that was filtered, washed with diethyl ether, and dried in an 
oven (50 oC). The orange solid was dissolved in acetonitrile and 
chromatographed on alumina (20 × 1 cm) with acetonitrile as the 
eluent. The orange band was collected. Column separation was 
repeated for higher purity. The orange solution was concentrated 
by evaporation and precipitated with diethyl ether. The light red-
dish-orange solid was collected by filtration, washed with dieth-
yl ether, and dried in an oven (50 oC). All solids were then dis-
solved in acetone and tetrabutylammonium chloride in acetone 
was added to obtain a water-soluble compound. The light red-
dish-orange solid was filtered, washed with diethyl ether, and 
dried in an oven (50 oC). All solvents used in the process were 
dried using standard procedures. All reactions were carried out 
under an inert atmosphere. 

Yield: 60 mg. [µ-(bpy)(PF6)2(dppz)2(phen)2Ru2] (PF6)2 Ele-

mental analysis calcd (%) for C70H44N14P4F24Ru2 (1863.193): 
C 45.12, H 2.38, N 10.52; found: C 45.10, H 2.19, N 10.25. 
1H-NMR ([µ-(bpy)(PF6)2(dppz)2(phen)2Ru2] (PF6)2, 600 MHz, 
DMSO-d6, 25 oC) δ 9.62 (dd, 4H), 8.78 (d, 2H), 8.51 (d, 1H), 
8.37 (dd, 4H), 8.25 (t, 2H), 8.16 (t, 2H), 8.05 (d, 2H), 7.93 (dd, 
4H), 7.88 (dd, 4H), 7.76 (t, 2H). 19F NMR ([µ-(bpy)(PF6)2 

(dppz)2(phen)2Ru2] (PF6)2, 600 MHz, DMSO-d6, 25 oC) δ 
69.840, ‒71.099 

Yield: 60 mg. [µ-(bpe)(PF6)(Cl) (dppz)2(phen)2Ru2] (PF6)2 

Elemental analysis calcd (%) for C72H48N14ClP3F18Ru2 
(1781.7392): C 48.54, H 2.72, N 11.01; found: C 48.04, H 2.36, 
N 11.21. 1H-NMR ([µ-(bpe)(PF6)(Cl) (dppz)2(phen)2Ru2] (PF6)2, 
600 MHz, DMSO-d6, 25 oC) δ  9.62 (dd, 4H), 8.78 (d, 2H), 8.52 
(d, 1H), 8.36 (dd, 4H), 8.25 (t, 2H), 8.16 (t, 2H), 8.05 (d, 2H), 
7.91 (dd, 4H), 7.88 (dd, 4H), 7.76 (t, 2H), 2.08 (t, 2H). 19F-NMR 
([µ-(bpe)(PF6)(Cl) (dppz)2(phen)2Ru2] (PF6)2, 600 MHz, DM-
SO-d6, 25 oC) δ  ‒69.836, ‒71.095 

Yield: 90 mg. [µ-(bpp)(PF6)2(dppz)2(phen)2Ru2] (PF6)2 Ele-
mental analysis calcd (%) for C73H50N14P4F24Ru2 (1905.2734): 
C 46.02, H 2.65, N 10.29; found: C 46.01, H 2.34, N 10.26. 
1H-NMR ([µ-(bpp)(PF6)2(dppz)2(phen)2Ru2] (PF6)2, 600 MHz, 
CDCl3-d, 25 oC) δ 9.68 (dd, 4H), 8.71 (d, 2H), 8.66 (d, 1H), 8.58 
(dd, 4H), 8.46 (t, 2H), 8.14 (t, 2H), 8.11 (d, 2H), 8.06 (dd, 4H), 
8.03 (dd, 4H), 7.926 (t, 2H), 2.34 (t. 2H), 1.01(t, 2H). 19F-NMR 
([µ-(bpp)(PF6)2(dppz)2(phen)2Ru2] (PF6)2, 600 MHz, CDCl3-d, 
25 oC) δ ‒69.946, ‒71.207 

Other materials. Calf thymus DNA (referred to as DNA) was 
purchased from Worthington (Lakewood, NJ, USA) and purifi-
ed by dissolution (exhaustive shaking at 4 oC) in a 5.0 mM caco-
dylate buffer at pH 7.0, containing 100 mM NaCl and 1.0 mM 
EDTA, followed by several rounds of dialysis at 4 oC against 
5.0 mM cacodylate buffer, pH 7.0. The latter buffer was used 
throughout this work. Other chemicals were purchased from 
Aldrich or Merck and used without purification. The mixing 
ratio, R, was defined by the ratio of the concentration of the dppz 
of the complex per DNA base or phosphate concentration. 
Therefore, for instance, R = 0.1 indicates five bis-Ru(II) com-
plexes (or 10 dppz moieties) per 100 DNA bases or phosphate. 
The concentrations of DNA and of complexes 1, 2, and 3 were 
determined spectrophotometrically using their proper extinction 
coefficients: ε258nm = 6700 M‒1cm‒1 for DNA; ε372nm = 31680, 
30110, and 29680 M‒1cm‒1 for complex 1, 2, and 3, respectively. 

Measurements. Measurement of normal absorption spectra 
and linear dichroism (LD) spectra has been described else-
where.23 The reduced LD (LDr), defined by the ratio of measured 
LD to the isotropic absorption spectrum,25-27 and related to the 
angle between the DNA helical axis and electronic transition 
moment of the DNA-bound Ru(II) complexes, was analyzed 
based on a detailed discussion for the electronic transition mo-
ment of the [Ru(phen)2dppz]2+ complex reported by Lincoln 
et al.28 Fluorescence measurements were performed on a FP-777 
(Jasco, Tokyo, Japan). Excitation and emission wavelength 
were 440 and 606 nm, respectively. Slit widths were 10/10 nm.

Results

Absorption and LD spectra. Absorption spectra of bis-Ru(II) 
complexes 1, 2, and 3 in the presence and absence of 100 µM 
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Figure 1. Representative absorption spectra of bis-Ru(II) complexes 1
(panel a), 2 (panel b), and 3 (panel c), in the presence (dashed curves) 
and absence (solid curves) of DNA. [DNA] = 100 µM, [complex] = 
10.0 µM, which corresponds to 20.0 µM of the dppz unit. The absorp-
tion spectra of DNA were subtracted and the spectra enlarged by 3, 
shown at long wavelength for ease of comparison. The absorption spec-
tra of the DNA-bound complexes at a concentration range below 10.0
µM (20.0 µM in dppz) were identical for all three complexes. 
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Figure 2. LDr spectra of the DNA-bound bis-Ru(II) complex 1 (panel
a), 2 (panel b), and 3 (panel c). [DNA] = 100 µM, [complex] = 2.0, 4.0,
6.0, 8.0, 10.0 µM (4.0, 8.0, 12.0, 16.0, 20.0 µM in dppz). The magnitude
of the LDr in the DNA absorption region (~ 260 nm) decreased along 
the arrow direction as the concentration of the complex increased. The
absorption band, corresponding to the electronic transition moment, 
lies along the long axis of the dppz ligand and is marked by arrows (~ 
329 nm). 

DNA were recorded at complex concentrations of 2.0, 4.0, 6.0, 
8.0, 10.0 µM. The shapes of the absorption spectra were inde-
pendent of the bis-Ru(II) complex, therefore, only that of 10.0 
µM Ru(II) complex 1, 2, and 3 (20.0 µM in dppz) in the presence 
and absence of 100 µM DNA are shown in Fig. 1 as an example. 
The absorption maxima at 360 and 370 nm correspond to the in-
traligand transition of dppz moieties, while the broad-band 
centered at 439 nm in the absence of DNA relates to the metal- 
to-ligand transition (MLCT band).25 Although appearance of all 
three absorption spectra looked similar in the absence of DNA, 
the wavelength at which the absorption maxima were observed 
were similar, being 264, 276, 360 (shoulder), 372, and 439 nm. 
However, there are slight differences between complexes with 
short linkers and the longest linker; absorption spectra of com-
plexes 1 and 2 were identical, while different from that of com-
plex 3. In the 250 ~ 300 nm wavelength region, the former two 
complexes produced two clear maxima, while that of complex 3 
produced one maximum plus a shoulder.

The fact that the shape of the absorption spectra of all compl-
exes upon association with DNA is independent of the complex 

concentration suggests that the binding mode of complexes to 
DNA is homogeneous. An isosbestic point at 469 nm for com-
plexes 1 and 2, and 466 nm for complex 3, also support the pre-
sence of one binding species. The UV-vis absorption spectra of 
complexes 1 and 2 appeared to be similar. Upon association with 
DNA, the dppz ligand absorption band at 372 nm shifted to a 
long wavelength by 3 ~ 4 nm for bis-Ru(II) complexes 1 and 2, 
and ~ 8 nm for complex 3. The hypochromism was ~ 25% for all 
complexes. The hypochromism in the MLCT band was smaller 
compared to that in the dppz absorption region, being ~ 7% for 
all complexes. These observations suggest a strong interaction 
of the dppz ligand with the DNA bases. The origin of the altera-
tion in the spectral properties between 200 ~ 300 nm may be the 
change in the bis-Ru(II) complex, or DNA, or both. Because 
DNA also absorbs in this region and is indistinguishable from 
that of the complex, the spectral change in this region will not 
be discussed further. 

The LDr spectra of the bis-Ru(II) complex-DNA adducts, 
obtained by division of the measured LD spectrum by the normal 
absorption spectrum, LDr(λ) = LD(λ)/A(λ), are depicted in Fig. 
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Figure 4. Increase in luminescence intensity of the bis-Ru(II) complex-
es with increasing complex concentration. Excitation and emission 
wavelength were 440 and 606 nm, respectively. Slit widths were 
10/10 nm. [DNA] = 10 µM in base or phosphate. Open and closed 
circles denote complexes 1 and 2, respectively. Triangles represent 
complex 3.

2. At a glance, the magnitude of the LDr in the DNA absorption 
region for all three complexes is easily noticeable. A positive 
contribution centered at 267 nm for complexes 1 and 2, and 265 
nm for complex 3, are also noticed. Despite the positive contri-
butions, decreases in the LDr magnitude in DNA absorption 
regions suggest that either DNA is bent upon binding of the 
bis-Ru(II) complexes, or the double strand dissociates near the 
binding site. In the complex 3 case, the magnitude at 329 nm at 
which the electric transition moment along the long in-plane 
symmetry axis of dppz ligand absorbs the radiation is compar-
able to that in the DNA absorption region, particularly at the low 
[bis-Ru(II) complex]:[DNA] ratio, suggesting that the dppz 
molecular plane is almost perpendicular to the DNA helical axis. 
In contrast, the LDr magnitude at 329 nm of complexes 1 and 2 
are less than half, compared to that in the DNA absorption re-
gion. The LDr in the MLCT absorption region appeared to be 

complicate as observed for the mono-[Ru(phen)2dppz]2+ compl-
ex.7,25 Assuming the LDr value at 280 nm represents the DNA 
bases where the positive contribution from the ligand is negligi-
ble, the angle (α) of the dppz molecular plane of complex 3, with 
respect to the DNA helical axis, calculated from the equation: 
LDr = 1.5S(3cos2α-1), was 85.5o for the bis-Ru(II) complex- 
DNA adduct at the lowest Ru(II) complex concentration. In 
the equation, S is the orientation factor, reflecting the ability of 
DNA to orient, calculated by assuming an average angle of 86o 
between the DNA base and helical axis.25,26 The average angles 
obtained from the same calculation were ~ 63o and ~ 64o for 
complexes 1 and 2 at the lowest concentration, respectively. It 
should be noted that as the concentration of the DNA-bound 
complex increases, decreases in the LDr magnitude in the DNA 
absorption region were observed for all three complexes while 
the magnitude in other wavelength regions, dppz absorption re-
gion and the MLCT band, are retained.

Figure 3 shows the LD spectrum of DNA, complex 1-DNA, 
and complex 3-DNA adducts. That of the complex 2-DNA ad-
duct was identical to that of complex 1, and hence is not shown. 
In the DNA absorption region, complexes 1 and 2 exhibited 
some negative contributions in short wavelengths (ca. 235 ~ 250 
nm), while at longer wavelengths, positive contributions were 
apparent (ca. 250 ~ 280 nm). In contrast, the LD of complex 3 in 
the long wavelength region consisted of positive and negative 
contributions, although the appearance of the LD in the short 
wavelength region was similar to that of complexes 1 and 2. The 
LD signal above 300 nm is also complicate and may be elucidat-
ed by the LDr spectrum. The point is that the overall magnitude 
of the LD spectrum of DNA does not seem to decrease by addi-
tion of the bis-Ru(II) complexes. Thus, decrease in the LDr mag-
nitude in the DNA absorption region in Fig. 2 may be due to the 
large absorbance of the complexes (large denominator) in this 
region, rather than positive contributions of the ligands or the 
decrease in the orientation abilities of DNA. 

Luminescence measurement. That luminescence intensity 
of the monomer [Ru(phen)2dppz]2+ complex increases upon bin-
ding to DNA has been well known and is denoted as the “light 
switch effect.”2-9 A similar increase in the luminescence intensi-
ty was observed for all three complexes. At a constant DNA con-
centration, the luminescence intensities for the complexes in-
crease almost proportionally to their concentrations (Fig. 4). The 
maximum was reached at a [complex]:[DNA] ratio of ~ 0.4 for 
complexes 1 and 2; further increase in complex concentration 
resulted in a slight decrease in intensity. Although the concentra-
tion ratio at the maximum was less clear for complex 3, it seemed 
to start to saturate at a [complex]:[DNA] ratio of ~ 0.4. In con-
trast with complexes 1 and 2, complex 3 did not produce a de-
crease in the luminescence intensity at high mixing ratios. The 
luminescence intensity of the DNA-bound complex 3 was about 
twice as high compared to those of complexes 1 and 2, suggest-
ing that the environment of complex 1 and 2 were different from 
that of complex 3 near the binding site at DNA, or that the bind-
ing stoichiometry of the complexes is different. Although data 
are not shown to avoid complication, the luminescence intensity 
of the DNA-bound complex 3 at the maximum is comparable 
to that of the DNA-bound rac-[Ru(phen)2dppz]2+ monomer at 
the same dppz concentration. 
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Figure 5. Change in luminescence intensity relative to the change in 
mole fraction of the bis-Ru(II) complexes (the Job plot). The mole frac-
tion is in dppz unit. The conditions used to measure luminescence inten-
sity are identical to those in Fig. 4.
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Figure 6. Schematic diagram of the bis-Ru(II) complex-DNA adduct.
(a) Both the dppz ligand intercalates and one DNA base-pair is accom-
modated between dppz ligands as it is discussed for the complex 3 (upp-
er diagrams). (b) One dppz is intercalated and the other exposed to the
solvent (complex 1 and 2 case). 

The binding stoichiometry of the bis-Ru(II) complexes may 
be determined by the Job plot. When the luminescence intensity 
is used instead of absorbance change, the complex that changes 
in the luminescence characteristics upon binding to DNA is 
detected. From the absorption spectrum, the binding modes of 
the bis-Ru(II) complexes seem to be homogeneous, as well as 
the luminescence properties, thus the change in the lumines-
cence intensity is well applicable to determine the binding stoi-
chiometry. As depicted in Fig. 5, the maximum luminescence in-
tensity was found at a dppz mole fraction of 0.3 for all com-
plexes. This binding stoichiometry corresponds to one dppz 
ligand per 2.3 bases, or approximately one DNA base-pair, 
which is in contrast with the dppz mole fraction at a maximum 
of 0.2 found for the [Ru(phen)2dppz]2+ complex monomer. The 
stoichiometry of the [Ru(phen)2dppz]2+ complex to DNA is one 
complex (one dppz) per four DNA base or two base-pairs, and 
thus obeys the “nearest neighboring site exclusion model”. 
Nevertheless, the stoichiometry found for the bis-Ru(II) com-
plexes was not able to be explained by the “nearest neighboring 
site exclusion model”. Further increase in the dppz mole fraction 
resulted in a decrease in the luminescence intensity for all com-
plexes, due likely to self-quenching by overlying crowded Ru 
(II) complexes. The decreasing aspect of complex 3 upon in-
creasing the dppz mole fraction is slightly different from those 
of complexes 1 and 2. In the case of both complexes 1 and 2, the 
intensity of luminescence reached zero at a mole fraction of 
0.6, corresponding to 1.5 dppz per DNA base, while no zero lu-
minescence intensity in the Job plot was found for complex 3, 
except in the case of a mole fraction of 0 or 1. It should also be 
noted that the luminescence intensity of complexes 1 and 2, 
when associated with DNA at the maximum, is near half that of 
complex 3, as observed in Fig. 4.

Discussion

Binding properties of complex 3 to DNA. The change in 
spectral properties of complex 3 is summarized by hypochromi-
sm in all absorption ranges that is particularly pronounced in 

the dppz ligand absorption region, the negative LDr signal in 
the dppz ligand, whose magnitude is similar to that in the DNA 
absorption region, and followed by a complicate mixed positive 
and negative LDr in the MLCT band. Increase in luminescence 
intensity upon binding to DNA was also observed. The maxi-
mum luminescence intensity of complex 3 was comparable to 
that of the rac-[Ru(phen)2dppz]2+ complex at the same dppz con-
centration when bound to DNA. From LDr, it is indicative that 
the long symmetry axis of both dppz ligands of complex 3, and 
thus the molecular plane of both dppz ligands, are near parallel 
to the DNA base plane (perpendicular to the DNA helical axis). 
Luminescence measurements indicated that both dppz ligand 
are protected from the water molecules and interact with the 
DNA bases at the binding site. All these observed spectral pro-
perties are indicative that both dppz ligands of complex 3 inter-
calate between the DNA base pairs. From the Job plot, the bind-
ing stoichiometry corresponds to 1 dppz per ~ 2.3 bases, and thus 
one base pair is observed, violating the “nearest site exclusion 
model” for intercalation. This observation is in contrast with the 
intercalation of the rac-[Ru(phen)2dppz]2+ monomer, which 
obeys the model. The length of the linker of complex 3 was 
approximately 4.1 Å when fully extended. This length is barely 
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enough to accommodate one DNA base between dppz ligand of 
complex 3; the thickness of a DNA base is nearly 3.4 Å. Inter-
actions of other structurally related bis-Ru(II) complexes with 
DNA have been reported.19,20 For instance, thorough spectros-
copic and thermodynamic studies show that at least one of the 
two dppz units of the bis-Ru(II) complex, tethered by a 4,4'- 
dipyridyl-1,5-pentane linker, intercalates between the DNA 
base pairs.19 The linker in this study, 4,4'-dipyridyl-1,3-propane, 
is significantly short. This fact may be the reason for violating 
the “nearest site exclusion” model. A schematic diagram of the 
bis-Ru(II) complex-DNA adduct, in which both the dppz ligands 
intercalate and one DNA base-pair is accommodated between 
dppz ligands, is depicted in Fig. 6. Although the Ru(II) metal is 
located in the minor groove in Fig. 6, the possibility of bis-inter-
calation from the major groove cannot be ruled out by this study. 

Binding properties of complex 1 and 2 to DNA. The spectral 
properties of complexes 1 and 2 resemble each other. The ma-
gnitude of the LDr in the dppz ligand absorption region is less 
than half of complex 3 and is significantly smaller compared to 
that in the DNA absorption region. The average angle was ~ 64o 
relative to the DNA helical axis. The luminescence intensities of 
complexes 1 and 2 also increase upon binding to DNA. How-
ever, the intensity at the maximum is half that of complex 3. 
These changes in spectral properties of complexes 1 and 2, upon 
binding to DNA, do not seem to agree with the bis-intercalation 
model discussed for complex 3. Considering all spectral pro-
perties, the model in which one of the dppz ligand intercalates 
while the other remains exposed to the aqueous solvent may be 
suggestible. In this model, the intercalated dppz ligand orients 
as the DNA aligns in the flow, while that exposed to solvent does 
not, thereby not contributing to the LD signal. However, both 
dppz ligands absorb the radiation, which would result in a small 
LDr, even though one of the dppz ligand intercalates. The fact 
that the luminescence intensities at all complex concentrations 
is about half of complex 3 may also be elucidated by this model; 
the concentration of the bound (intercalated) dppz ligand of 
complexes 1 and 2 was half that of complex 3. The lengths of 
the linkers in their full extension are ~ 1.36 and 3.85 Å for com-
plexes 1 and 2, respectively. Although the length of the linker 
of the complex 3, 3.85 Å, is barely longer than the thickness of 
one base-pair, this would not be long enough to harbor the DNA 
base-pair. A binding mode, in which both of the dppz ligands lie 
at a ~ 64o angle with respect to the DNA helical axis and are 
partially exposed to the solvent so as to result in half the intensity 
of the dppz ligand of complex 3, may also fit the observed LDr 
and the “light switch effect”. However, this model is not con-
ceivable because the similar orientations of the electric transi-
tion moments in the MLCT band and the binding stoichiometry 
cannot be explained by this model. Figure 6 shows a schematic 
diagram for the model in which one of the dppz ligand inter-
calates while the other dppz is exposed to solvent. 

Conclusions

Both dppz ligands of the bis-Ru(II) complex 3 intercalate bet-
ween DNA base pairs. Upon intercalation, the dppz ligand does 
not follow the “nearest site exclusion model”, probably due to 

the short length of the linker. For the bis-Ru(II) complex with a 
shorter linker, one of the two dppz ligands conceivably inter-
calates while the other is exposed to the aqueous solvent. 
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