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Abstract

The trend in DNA-binding affinities and the spectral properties of a series of Ru(II) polypyridyl complexes, [Ru(bpy),(dmdpq)]**
(1), [Ru(bpy)(dpq)** (2), [Ru(bpy)(cndpq)]*™ (3) (bpy = 2.2"-bipyridine; dpq = dipyrido[3,2-d:2’,3'-flquinoxaline; dmdpq = di-
methyl-dpq; dedpq = di-cyano-dpq), have been experimentally and theoretically investigated. The DNA-binding constants Ky, of
the complexes were determined systematically with spectrophotometric titration. The density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations were carried out for these complexes. The experimental results show that these complexes
bind to DNA in intercalation mode, and the order of their intrinsic DNA-binding constants K3, is Ki,(1) < Ky,(2) < Kp(3). The sub-
stituents on the intercalative ligands of the complexes play a very important role in the control of DNA-binding affinities of the
complexes, in particular, the stronger electron-withdrawing substituent (~CN) on the intercalative ligand can greatly improve the
DNA-binding property of the derivative complex. The trend in DNA-binding affinities as well as the spectral properties of
metal-ligand charge-transition ('MLCT) of this series of complexes can be reasonably explained by applying the DFT and TDDFT
calculations and the frontier molecular orbital theory.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The trends in DNA-binding of transition metal com-
plexes, especially Ru(II) polypyridyl complexes and the
related behaviors have aroused a great deal of interests
of many researchers [1-8]. Clarification of these trends
will be very helpful for the comprehension and the con-
trol of interactions between the complexes and DNA,
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and thus for the comprehension of mechanisms of
DNA mutation and damage, as well as the design of
new clinic anti-cancer drugs and novel complexes with
biochemical activity [1,2,5].

At present, a considerable number of Ru(II) polypyr-
idyl complexes have been synthesized and characterized,
and the DNA-binding properties of the complexes have
been investigated with spectrophotometric titration, vis-
cosity measurements, equilibrium dialysis and circular
dichroism spectroscopy [9-15]. Three types of binding
modes, i.e., electrostatic binding mode, groove binding
mode and intercalative binding mode, for the interaction
mechanism between metal complexes and DNA have
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been proposed and further developed [16-18]. Since
many important applications of these complexes, e.g.,
DNA-structural probe [2], molecular “light switch”
[15], and DNA-photocleavage reagent [2,9], require that
the complexes bind to DNA in an intercalation mode, so
much work has been focused on the prototypes [Ru(b-
py)-L]** or [Ru(phen),L]** with symmetric intercalative
aromatic ligand (L), such as dipyrido [3,2-d:2’,3’-f]qui-
noxaline (dpq), dipyrido[3,2-a:2’,3’-c]phenazine (dppz),
2-phenylimidazo[4,5-f][1,10]-phenanthroline (pip) and
their substituent derivatives [1,2,17]. In order to guide
the design and synthesis of new complexes with excellent
bioactivity, some important factors affecting DNA-
binding affinities of such a kind of Ru(II) polypyridyl
complexes, e.g., the planarity and planarity area (S)
and substituent properties of the intercalative ligands,
as well as ancillary ligand effects, have been experimen-
tally summarized in certain scale [2,17].

In addition to the experimental studies, the transition
metal polypyridyl complexes have also attracted many
theoretical chemists. Various theoretical researchers
have been trying to correlate some theoretical predic-
tions to the experimental findings. In particular, more
and more computations applying the density functional
theory (DFT) [19-22] and the time-dependent DFT
(TDDFT) methods [23-26] have been reported [27-37],
because the DFT method can better consider electron
correlation energies and obviously reduce the computa-
tion expenses. Furthermore, TDDFT method can suit
the calculations of such a kind of complexes for their ex-
cited states, especially for their spectral properties. How-
ever, when quantum-chemical computations are applied
to inorganic biochemical field, up to now, the supramo-
lecular system formed from DNA and a metal complex
is too large in size to be calculated yet. Therefore, it is
very important and necessary to theoretically analyze
the interaction between the complexes and DNA from
their individual electronic structural characteristics and
explore the trend in the DNA-binding affinities of com-
plexes and the related behaviors. In this field, the molec-
ular orbital theory, in particular, the frontier molecular
orbital theory introduced by Fukui et al. [38] and Flem-
ing [39] will play an important role. Recently, Rillema
et al. [35] reported the results on Ru(Il) two ring diimine
complex cations with the DFT method and suggested
that the lowest energy transitions are metal-to-ligand
charge transfer and that the LUMO of the mixed
ligand complex [RuL;L,Ls]** is mainly located on the li-
gand with the lowest LUMO energy in the correspond-
ing complex [RuLs]*" with homogeneous ligand (L = L,
or L, or L), based on the distributions of HOMOs and
LUMOs of the complexes. Via investigating the energies
of frontier molecular orbitals, Reha et al. [36] reported
some valuable results as follows: all intercalators, such
as ethidium and so on, are good electron acceptors be-
cause their LUMO energies are negative, all bases and

base pairs of isolated DNA, e.g., adenine, thymine,
whereas adenine-thymine (AT), etc., are all good elec-
tron donors and very poor electron acceptors because
their LUMO energies are all positive in contrast to neg-
ative LUMO energies of intercalators. Kurita and
Kobayashi [37] reported the density functional MO cal-
culations for stacked DNA base-pair model with back-
bones and the results that the energies of the HOMO
and occupied MO near HOMO are rather high and their
components are mainly distributed on the base-pairs of
DNA. Therefore, Kurita’s results offered a further theo-
retical foundation for the base-pairs of DNA being good
electron donors. We have also reported some DFT re-
sults on the electronic structures and related properties
of some Ru(Il) polypyridyl complexes, e.g., [Ru(bpy),-
(6,6'-2R-dpq)]** (R = OH, H and F), [Ru(phen),(9,9’-
2R-dpq)]** (R =NH,, OH, H and F), [Ru(bpy),L]*"
(L = o-hpip, m-hpip and p-hpip), [Ru (phen),(p-L)]**
(L = mopip, hpip and npip), etc. [9,40-43]. These theo-
retical efforts on the level of molecular electronic struc-
tures of the complexes and DNA are very significant
in guiding experimental works.

In this paper, the trend in DNA-binding affinities and
the spectral properties of a series of Ru(II) polypyridyl
complexes [Ru(bpy),L]*" (L = dmdpq, dpq, and dcdpq),
i.e., [Ru(bpy)s(6,6’-2R-dpq)]*" (R = CH3, H, CN), were
experimentally and theoretically studied. The DNA-
binding constants K, of the complexes were determined
systematically with spectrophotometric titration. The
theoretical calculations were performed by applying
the DFT and TDDFT methods. This paper is mainly fo-
cused on experimentally revealing the trend in DNA-
binding affinities of such a type of Ru(Il) polypyridyl
complexes and on theoretically attempting to under-
stand them in order to effectively control the DNA-
binding affinities of the complexes by selecting some
suitable substituents. In addition, the spectral properties
of "MLLCT of this series of complexes were further stud-
ied by applying the TDDFT calculations.

2. Experimental
2.1. Synthesis and characterization

The synthesis, purification and characterization of all
complexes were performed according to the literature
procedures [44-46]. The related spectral properties of
the complexes are given in Table 1.

2.2. Binding constant measurements

Interactions of complexes with calf thymus DNA
have been studied by NMR spectra, electronic absorp-
tion spectra, CD spectra, cyclic voltammetry, steady-
state fluorescence spectra, and viscosity measurements.
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Table 1

3313

Absorption and emission spectra, and DNA-binding constants Ky, of [Ru(bpy),L]**

Complex Absorption ., (nm) Ky (M’l) Emission A, (nm)

Free Bound AL H% Free Bound AL 11,
1 [Ru(bpy),dmdpq]** 453 453 0 —11 2.3x10* 607 603 —4 2.7
2 [Ru(bpy).dpql** 453 458 5 —14 4.7 % 10* 629 625 —4 32
3 [Ru(bpy).dcdpq]** 450 452 2 -20 3.9%10° 588 582 -6 20.7

Some results have been reported by us [44,47], and the
results show that these complexes bind to DNA in inter-
calation mode, but their binding constants Ky have not
been reported before. In order to explore the trend in
DNA-binding affinities and the related behaviors of
the complexes, the binding constants Kj, of the com-
plexes were further studied and determined systemati-
cally according to Eq. (1) [48], through a plot of
[DNAJ/(e, — &) versus [DNA]

[DNA] [DNA] 1
Ky (en — &)

(1)

Ea — & &p — &f

where [DNA] is the concentration of DNA in base pairs,
&, & and g, are, respectively, the apparent extinction
coefficient (A4,ps/[M]), the extinction coefficient for free
metal (M) complex and the extinction coefficient for
the metal (M) complex in the fully bound form. In plots
of [DNA]/(e, — &) versus [DNA], K, is given by the ratio
of slope to intercept (see Fig. 2).

3. Computational

Structural schematic diagram of the complexes is
shown in Fig. 1. Every octahedral complex [Ru(b-
py)LL?" (L=dmdpq, dpg, and dcdpq), ie.,
[Ru(bpy)»(6,6’-2R-dpq)]*" (R = CH3, H and CN), forms
from Ru(Il) ion and an intercalative ligand (L) called
main ligand, and two bpy ligands called co-ligand.

Fig. 1. Structural schematic diagram of [Ru(bpy),L]** (L = dmdpq,
dpq, and dcdpq).

These complexes all belong to C, symmetry. All calcula-
tions have been performed with the GaussiaN-98 quan-
tum chemistry program-package [49]. The ground state
structures were optimized at the DFT/B3LYP level
using 6-31G* basis set on the carbon, nitrogen, and
hydrogen atoms and LanL2DZ pseudo-potential
[22,50,51] on the ruthenium atom. The full geometry
optimization computations for the ground states of
these complexes with singlet state [52] were carried
out. The gas-phase singlet-excited-state energies were
calculated by the TDDFT method based on the ground
state geometries of the complexes. In order to vividly de-
pict the detail of the frontier molecular orbitals, the ste-
reo-contour graphs of some related frontier molecular
orbitals of the complexes for the ground states were also
drawn with the MoLDEN v3.7 program [53].

4. Results and discussion
4.1. Computed geometric structures of the complexes

The computed selective bond lengths and bond angles
of this series of complexes and their parent complex
[Ru(bpy)s]** for comparison are all shown in Table 2.

From Table 2, we can see that the substituents have
slight effects on geometric structures of the complexes.
Here, m-electron-withdrawing group (—CN) makes the
coordination bond-length of main ligand (Ru-N,,) a lit-
tle longer than that of co-ligand, although substituent
effects on whole geometrical structures of the complexes
are just only slight.

Comparing the computed results of the parent com-
plex [Ru(bpy)s]*" [52] with its experimental data (see
in Table 2), we can find that the computed coordination
bond lengths (Ru-N) are greater than those of the
experiments by ~3%, and the computed coordination
bond angles (A4) are less than those of the experiments
by ~1%. At the same time, the computed mean bond-
lengths C-C (and C-N) of the ligand skeletons of these
complexes are very close to their general bond-length
(0.140 nm). Although the direct comparison between
the computed results and the corresponding experimen-
tal values for each of the substitution derivatives was not
performed because the reports on their crystal structures
have not been found yet, the results of the full geometry
optimization computations by the DFT method should
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Table 2
Computed selective bond lengths (nm) and bond angles (°) of [Ru(bpy)zL]2+ and [Ru(bpy)g]er for comparison
Complex (calc.) M-N,,? M-Ng, A Aco C-Cn C—Ceo CXm
C-N,,° C-N..¢ X =-CHj, -CN

0 [Ru(bpy);]** 0.2118 0.2118 77.6 77.6 0.1381 0.1381 -

[Ru(bpy)s]** (expt.) 0.2056 0.2056 78.7 78.7 0.1369 0.1369 -
1 [Ru(bpy),dmdpq]** 0.2127 0.2115 78.4 77.7 0.1389 0.1389 0.1501
2 [Ru(bpy)dpq]** 0.2128 0.2116 78.3 77.7 0.1388 0.1388 -
3 [Ru(bpy).dedpq]** 0.2129 0.2116 78.2 77.7 0.1389 0.1389 0.1435

# M-N,, expresses the coordination bond length between the metal ion and the main ligand.

® A, expresses the coordination bond angle between the metal ion and the main ligand.

¢ C-Cp (C-Np,) expresses the mean bond length of the main ligand skeleton.

4 C-Cqo (C-Ngo) expresses the mean bond length of the co-ligand skeleton (including the longest bond linking the two pyridyl rings in bpy).

be reliable for the theoretical study, and these errors can
be thought as systemic errors caused by the computation
method and environment factors. Therefore, based on
the computed geometries of the complexes, the studies
on the electronic structures, trend in DNA-binding,
and spectral properties of complexes [Ru(bpy),L]*"
(L =dmdpq, dpq, and dcdpq) with the DFT and
TDDFT methods can be further performed.

4.2. Trend in DN A-binding affinities of the complexes and
theoretical explanations

The binding constants (K) of the complexes to calf
thymus DNA were experimentally determined and given
also in Table 1.

For [Ru(bpy),L]**, the low energy absorption band
centered at 450-458 nm (see Fig. 2) in DNA medium
can be assigned to metal-to-ligand charge transfer
(MLCT) transition [52]. The intrinsic binding constants
Ky, of complexes 1-3 were measured to be 2.3 x 10,
4.7x10* and 3.9x10° M, respectively. Comparing
the intrinsic binding constants of the three complexes
with those of the so-called DNA-intercalative Ru(II)
complexes (1.1 x 10*-4.8 x 10* M) [54,55], and consid-
ering the results reported by us before [44,47], we can de-
duce that these complexes 1-3 all bind to DNA in
intercalation mode.

The DNA-binding of the complexes through interca-
lation usually leads to the change of hypochromism
(H%) and bathochromism (AA), due to the intercalation
mode involving a strong m—mn stacking interaction be-
tween an aromatic chromophore and the base pairs of
DNA. The extent of hypochromism (H%) closely corre-
lates to the DNA-binding affinity of complexes, and the
hypochromisms (H%) of 1-3 were measured to be
—11%, —14% and —20%, respectively. Such a trend is
here in agreement with that in the binding constants.
On the other hand, luminescence-spectroscopic studies
can further confirm the trend in DNA-binding constants
of the complexes [Ru(bpy),L]**. The relative lumines-
cence strengths (//1,) were obtained to be 2.7, 3.2 and

20.7 for complexes 1-3, respectively. This implies that
this series of the complexes can intercalate between the
base pairs of DNA and thus be protected by DNA effi-
ciently, since the hydrophobic environment inside the
DNA helix reduces the accessibility of solvent water
molecules to the complex and the complex mobility is re-
stricted at the binding site, leading to the decrease of the
vibration modes of relaxation. Such a trend is also in
agreement with that in the binding constants (Kj).

The trend in DNA-binding activities of the complexes
can be reasonably explained by our theoretical compu-
tations with the DFT method and the frontier molecular
orbital theory [38,39]. As well-established, there are n—n
stacking interactions in the DNA-binding of these com-
plexes in intercalation mode. As above-mentioned, the
DNA molecule is generally an electron-donor and the
intercalated complex is an electron-acceptor. According
to the frontier molecular orbital theory, a higher
HOMO energy of DNA molecule and a lower LUMO
energy of the complex molecule are more advantageous
to the interaction between these two molecules, because
“electron-cloud” more easily transfers from the HOMO
of the DNA molecule to the LUMO of the complex and
then it must result in a stronger interaction between
DNA and the complex. Kurita and Kobayashi [37] have
reported a simple calculation model and computed re-
sults by the DFT method for stacked DNA base-pairs
with backbones. It should be a rather reasonable
approximation model for DNA, and thus should be use-
ful for such a discussion. The energies of the HOMO
and 6 occupied MOs lying near the HOMO for the
CG/CQG stacking calculated by the authors were —1.27,
—1.33, —-1.69, —1.79, —1.98, —2.06 and —2.08 eV,
respectively, and the components of HOMO and NHO-
MO were mainly distributed on the base-pairs. We have
also performed some calculations for the complexes
using the DFT method, and the calculated energies of
their LUMOs and unoccupied MOs lying near the LU-
MOs for [Ru(bpy),L]** are in the range from —7.8 to
—4.0 eV, and the components of these MOs distribute
predominantly on the ligands, in particular, on the
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Fig. 2. Absorption spectra of complexes in 5 mM Tris-HCI and 50
mM NacCl buffer (pH 7.2) in the presence of various amounts of CT-
DNA ([DNA] = 0-100 pM, [Ru] = 10 uM).

intercalative ligands. It can be clearly seen that the ener-
gies of the HOMO and the occupied orbitals lying near
the HOMO of the DNA model are all much higher than
those of the LUMO and many unoccupied MOs lying
near the LUMO of each one of [Ru(bpy),L]**. There-
fore, these complexes should all be good electron accep-

tors in their interactions with DNA and the lower
LUMO energy and the predominant LUMO population
on the intercalative ligand of the complex should be
advantageous to their accepting the electron from
base-pairs of DNA. That is to say, the LUMO energies
as well as the LUMO populations on the intercalative li-
gands of the complexes should be very important factors
correlating to their DNA-binding constants K, of the
complexes. In addition, the planarity area (S) of interca-
lative ligand of the metal complex is also surely an
important factor, because the larger the planarity area
(S) of the intercalative ligand is, the more the binding
sites are, and thus the stronger the n—=n interaction be-
tween intercalative ligand and base-pairs of DNA is.

The experimental results show that the trend in
DNA-binding constants (Kp) is Kp(3) > Kp(2) > Kyp(1).
It can be attributed to the sequence of LUMO energies
of the complexes (see in Table 3 or Fig. 3), i.e., ¢.(3) <
e1(2) < er(1), since the planarity areas (S) of intercala-
tive ligands of these complexes are almost equal.

It is notable that our experiments also show the con-
stant Ky, (3.9 10° M) of 3 to be much greater than
those of 1 and 2, shown in Table 1 and Fig. 2. Such a
trend can also be clearly explained from our theoretical
results. As above-mentioned, the substituent -CN with
strong withdrawing ability can make not only the
LUMO energy of the corresponding substitution deriv-
ative lower but also its LUMO components predomi-
nantly be distributed on the intercalative ligand,
shown in Fig. 4 [3, LUMO (3b)]. On the contrary, the
LUMO components of 1 and 2 are distributed predom-
inantly on the co-ligands, and just only a little on the
intercalative ligand. Therefore, it can be expected that
the interaction between the intercalative ligand of 3
and the base pairs of DNA should be much stronger
due to the direct contact between its LUMO and the
HOMO (and NHOMO) of DNA base-pair model. This
is also why the DNA-binding constant of 3 is much
greater.

This trend suggests that the DNA-binding affinities of
the complexes can be effectively controlled by selecting a
suitable substituent via a consideration of both the ener-
gies and populations of the LUMOs (perhaps, and
NLUMOs) of the substitution derivatives when the pla-
narity areas (S) of their intercalative ligands are almost
equal.

4.3. Spectral properties of the complexes and the
theoretical explanations

As well-established, the lowest energy electron-trans-
fer spectra of such a type of Ru(Il) complexes are as-
signed to 'MLCT spectra. Since such spectra play a
very important role in the study of interaction between
a complex and DNA, it is necessary and significant to
theoretically clarify the detail of the spectra. The
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Table 3
Symmetries and energies (¢/a.u.) of some frontier molecular orbitals of [Ru(bpy)zL]er (la.u. =27.21 eV)
No. Point group Occ? Occ NHOMO HOMO LUMO NLUMO Vir® Aer y
1 C la 2a 1b 3a 2b 4a 3b

—0.4153 —0.4062 —0.4030 —0.3999 —0.2680 —0.2655 —0.2596 0.1319
2 C la 2a 1b 3a 2b da 3b

—0.4275 —0.4105 —0.4088 —0.4046 —0.2716 —0.2689 —0.2660 0.1330
3 G, 1b la 2b 2a 3b 3a 4b

—0.4465 —0.4205 —0.4194 —0.4145 —0.2857 —0.2802 —0.2794 0.1288

% Occ: occupied molecular orbital; HOMO (or H): the highest Occ; NHOMO (or NH): the next HOMO (or HOMO — 1).
® Vir: virtual molecular orbital; LUMO (or L): the lowest Vir; NLUMO (or NL): the next LUMO (or LUMO + 1).

g/au
) 4a "
-0.275 2b DR 3a
2b -
3b
-0.300 |
-0.325 |
-0.350 |
-0.375 |
-0.400 3a ... 3a
1b y Teel2a
1b [ —
-0.425 2b
1 2 3

Fig. 3. Schematic representation of energies and the related energy
transitions of some frontier molecular orbitals of [Ru(bpy).L]**.

TDDFT approach is a very good tool for computing the
wavelengths and revealing the spectral properties of the
complexes. The computed compositions of some fron-
tier molecular orbitals of the complexes are given in
Table 4, and their theoretical wavelengths and properties
of the "MLLCT are given in Table 5. The experimental
absorption-spectral data are also listed to compare with
the results of the TDDFT calculations in Table 5. We
can see that the computed wavelengths are well in accor-
dance with the corresponding experimental data. How-
ever, it is very important to further reveal the
difference of spectral properties in detail with the
TDDFT calculations.

The charge-transfer of transition metal complex can
be traditionally classified into three categories: (i) a me-
tal-to-ligand (MLCT), (ii) a ligand-to-ligand (LLCT),
and (iii) a ligand-to-metal (LMCT). From Table 4, we
can see that the HOMOs of [Ru(bpy),L]*" are all char-
acteristic of metal-ligand orbital (~83% metal d-orbital
and ~17% ligand m-orbital), whereas the LUMOs are all
predominantly characteristic of ligand-n*-orbitals.
However, it is notable that the LUMO (and some unoc-
cupied orbitals near LUMO) of complex 3 is predomi-

nantly distributed on main ligand (dcdpq), whereas
those of complexes 1 and 2 are predominantly distrib-
uted on co-ligand (bpy) although mixed with ©*-orbitals
of main ligand to a certain extent.

TDDFT is based on linear-response theory and is
structurally similar to CIS (configuration interaction
using single excitations), but yields better results due
to the use of the Kohn—-Sham exchange and correlation
potential [22,23]. The calculated linear combination
coefficients of configurations for the lowest singlet ex-
cited states of the complexes are given in Table 5. Com-
bining them with the molecular orbital composition
characteristic (contribution column) offered from Table
4, the electron transfer characteristic of the lowest ex-
cited states can be assigned (see the last column in Table
5). Since the lowest singlet excited states of complexes 1
and 2 mainly correspond to a transfer from HOMO to
LUMO +1 (Hy to L;) with coefficient (coef.) being
0.69, their corresponding spectra can be assigned as
'"MLCT (dg, — Typy) i0 @ spectral property. However,
the lowest singlet excited state of complex 3 is quite dif-
ferent from those of complexes 1 and 2, because it
mainly corresponds to a transfer (Hy to L, coef. = 0.53)
including a transfer (Hq to Ls, coef. = —0.42) and its
corresponding spectrum can be assigned to 'MLCT
(dRu — Tieqpq)- Such differences can owe to the substi-
tuent effects. The substituent (—-CN) with strong elec-
tron-withdrawing ability can reduce the negative
charge density of dpq of the intercalative ligand (dcdpq),
and thus the d-orbital electron of Ru can easily transfer
to the intercalative ligand (dedpq). On the contrary, the
substituent —CH; with strong electron-pushing ability
can increase the negative charge density of dpq of the
intercalative ligand (dmdpq), and thus the d-orbital elec-
tron of Ru can easily transfer to the co-ligand (bpy), not
to the intercalative ligand (dmdpq).

Although TDDFT calculations in the spectra of many
complexes are reliably accurate for both wavelengths and
spectral properties, it is still a simple and effective ana-
lytic method in the above-spectral explanation to apply
the frontier molecular orbital theory based on the gen-
eral DFT calculations. The computed stereo-contour
graphs of HOMO, LUMO and NLUMO of the
complexes with the general DFT method are shown in
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1 HOMO (3a) 1 LUMO (2b) 1 NLUMO (4a)

2 HOMO (3a)

3 HOMO (2a) 3 LUMO (3b) 3NLUMO (3a)

Fig. 4. Stereo-contour graphs of HOMOs and LUMOs of [Ru(bpy),L]*".

Fig. 4. From Fig. 4, we can easily see that: the HOMOs
of the three complexes are all essentially characteristic of
d-orbitals of Ru ion (dgr,); the LUMOs (and LU-
MOs + 1) of complexes 1 and 2 are predominantly char-
acteristic of m*-orbitals of co-ligand (m,,) and the

LUMO (and LUMO + 1) of complex 3 is predominantly
characteristic of n*-orbitals of main-ligand (1., )-
Therefore, the above-mentioned spectral properties
("MLCT) for the lowest energy bands can also be reason-
ably explained. On the other hand, the wavelength
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Table 4

Orbitals involved in the description of the lowest singlet excited states of [Ru(bpy),L]**

[Ru(bpy)>(dmdpq)** (1)

[Ru(bpy)x(dpq)l* (2)

[Ru(bpy)x(dedp)”™* (3)

Orbital Label Contribution Orbital Label Contribution Orbital Label Contribution
LUMO +1 L, 7% dry LUMO +1 L, 7% dru LUMO +3 L; 7% dgry
92% myyy 92% i,y 31% my,,
19% Mmdpq 1% g 62% Mjedpq
LUMO Lo 3% dgry LUMO Lo 2% dgry LUMO + 2 L, 2% dgry
93% myy 89% Typy 65% My
4% Tmdpq 9% mipg 33% Mieap
HOMO H, 83% dru HOMO H, 83% dru LUMO + 1 L, 1% dgry
11% Tppy 11% Tppy 6% Ty
6% Tldmdpq 6% Tdpq 93% nzcdpq
LUMO Lo 1% dry
3% Mopy
96% Ticapq
HOMO H, 84% dry
11% Ty
5% Tdcedpq
Table 5
Calculated energies and the assignments of the lowest singlet excited states of [Ru(bpy),L]**
No. Complex Wavelength (nm) Principal excitation Coefficient Assignment
Calc. Expt.
1 [Ru(bpy)o(dmdpq)]** 455 453 Ho— L, 0.69 dru — T,y
[Ru(bpy)(dpa)]** 449 453 Hy— L, 0.69 dra — Ty,
3 [Ru(bpy)a(dedpg)** 455 450 Ho— Lo 0.53 dru — T
H() — L3 —0.42 dRu — nzpq.bpy

calculations from the energy difference (Ae 1) between
the LUMO and HOMO of the complex on an absolute
sense are not rather accurate and greater than the corre-
sponding energies (AE) of the 'MLCT absorption spec-
tra of the complexes by 0.75-0.88 eV. However, such
an error can be reduced by using a standard sample cor-
rection method, i.e., an approximate correlation of reverse
ratio of the energy difference (Agr_g) between the LUMO
and the HOMO to experimental wavelength (1) [40,42],
and thus such a simple estimation for the wavelength cal-
culations is still useful in the qualitative spectral analysis.

5. Conclusions

The DNA-binding constants K}, of a series of Ru(II)
polypyridyl complexes [Ru(bpy),L]** (L = dmdpq, dpq,
and dcdpq) were determined systematically with spec-
trophotometric titration. The experimental results show
that these complexes bind to DNA in intercalation
mode, and the order of their intrinsic DNA-binding con-
stants Ky is Kp(1) < Kp(2) < Kpp(3). The substituents on
the intercalative ligands of the complexes play a very
important role in the control of DNA-binding affinities
of the complexes, in particular, the stronger electron-
withdrawing substituent (-CN) on the intercalative li-
gand can greatly improve the DNA-binding property

of the derivative complex. The trend in DNA-binding
affinities of this series of complexes can be reasonably
explained by applying the DFT method and the frontier
molecular orbital theory, and it suggests that the DNA-
binding affinities of the complexes can be effectively con-
trolled by selecting a suitable substituent to change the
energy and population of the LUMO (and NLUMO)
of the substitution derivative. In addition, the spectral
properties of the complexes can further be discussed
by applying the TDDFT method.
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