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Photoinduced electron transfer (ET) dynamics from the excited state of a ruthenium complex [Ru(bpy)3
2+ (bpy = 2,2′-bipyridine)] to a serie

f intercalators in DNA, 9-substituted-10-methylacridinium ions (AcrR+, R = H, CH2Ph, Pri and Ph), 3-substituted-1-methylquinolinium io
RQuH+, R = H, Me, CN and Br) and 4- and 5-methylphenanthridinium ions (4- and 5-MePhen+), were examined from the emission de
rofiles of Ru(bpy)32+ in the absence and presence of DNA in an aqueous solution. Intercalation of AcrH+ to DNA is found to result in

nhibition of hydride transfer from an NADH model compound, 1-benzyl-1,4-dihydronicotinamide, to AcrH+. In contrast, the rate consta
f photoinduced ET of intercalated molecules to DNA become much larger than those of free intercalators in solution due to the po

n the one-electron reduction potentials by the intercalation into DNA. Theintramolecular pathway of photoinduced ET from Ru(bpy)3
2+*

ound electrostatically to DNA to intercalators bound to the same DNA molecule has been distinguished from theintermolecular pathway o
hotoinduced ET of intercalators bound to a different DNA molecule. The occurrence of photoinduced ET is examined by laser flash
xperiments which show the transient absorption spectra of the one-electron reduced intercalator when the ET is exergonic. The re
ere analyzed in light of the Marcus theory of ET to determine reorganization energies of ET in DNA as well as in an aqueous so
2005 Elsevier B.V. All rights reserved.

eywords: DNA; Electron transfer; Intercalation; Marcus theory; Reorganization energy

. Introduction

Extensive studies have been devoted to elucidate the role
f DNA double helix in mediating electron transfer between
lectron donors and acceptors bound to DNA by intercalation

1–12]. The question of how electrons travel through DNA
s of fundamental importance in relation with development
f DNA-inspired electronically active materials with self-
rganization properties[13–15]. The DNA double helix con-
ists of a linear array of�-stacked, aromatic heterocyclic nu-
leobases within a polyanionic sugar-phosphates backbone,

∗ Corresponding author. Tel.: +81 6 6879 7368; fax: +81 6 6879 7370.
E-mail address: fukuzumi@chem.eng.osaka-u.ac.jp (S. Fukuzumi).

which provides an ideal medium of efficient electron tran
mediated by a�-stack[1–12]. Most studies have so far f
cused on distance dependence of electron coupling with
DNA duplex, since DNA may serve a novel medium to fac
tate nonadiabatic long-range electron transfer, which lea
the oxidative damage of DNA[1–13]. However, the driving
force of electron transfer of intercalators may also be cha
by the presence of DNA, since the redox potential of an in
calated molecule may be altered by intercalation due t
change in the environment from an aqueous phase to a
between�-stacked nucleobase pairs. Only small chang
the redox potentials of intercalators in the presence of D
have so far been reported in the pulse radiolysis studies[16].
In addition, the lack of appropriate intercalators having a w

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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80 S. Fukuzumi et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 79–88

range of redox potentials have precluded the detailed investi-
gation of the effects of DNA on the driving force dependence
of photoinduced electron transfer of intercalated molecules.

We report herein the systematic study on the effects of
DNA medium on the driving force dependence of photoin-
duced electron transfer of a series of intercalators which have
a wide redox potential range[17]. The system we have chosen
is the combination of Ru(bpy)3

2+ (bpy = 2,2′-bipyridine) with
cationic �-molecules such as acridinium and quinolinium
ions, which can intercalate into DNA[17]. Since Ru(bpy)32+

binds only electrostatically with DNA[18–21], the change in
the redox potentials of intercalators by the binding to DNA
may be directly reflected to the change in the photoinduced
electron transfer. The detailed analysis of emission decay
dynamics of Ru(bpy)32+ with the intercalators in the pres-
ence of DNA enables us to determine the photoinduced elec-
tron transfer rate constants (first-order) of groove binding
ruthenium complexes with the nearest intercalated molecules
and also the photoinduced electron transfer rate constants
(second-order) of groove binding ruthenium complexes with
free molecules in an aqueous solution separately. The driv-
ing force of both types of electron transfer have been deter-
mined by the electrochemical measurements of groove bind-
ing ruthenium complexes, intercalated molecules in DNA,
and intercalators in an aqueous solution. The resulting data
were evaluated in light of the Marcus theory of electron trans-
f oth
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reaction of the corresponding phenanthridines, obtained
commercially, with methyl iodide in acetone and purified
by recrystallization from EtOH. 1-Methylquinolinium
perchlorate (QuH+ClO4

−), 3-bromoquinolinium perchlo-
rate (BrQuH+ClO4

−), 3-cyanoquinolinium perchlorate
(CNQuH+ClO4

−) 1,3-dimethyl quinolinium perchlorate
(MeQuH+ClO4

−), were prepared by the reaction of the
corresponding quinoline derivatives with methyl iodide
in acetone, followed by the metathesis with magnesium
perchlorate[27]. Purification of water (18.3 M� cm) was
performed with a Milli-Q system (Millipore; Milli-RO 5
plus and -Q plus). Acetonitrile was purified and dried by the
standard procedure[28].

2.2. Electrochemical measurements

Cyclic voltammetry measurements were performed at
298 K on a BAS 100 W electrochemical analyzer in deaer-
ated Tris–HCl buffer containing 5 mM Na2SO4 as support-
ing electrolyte. A conventional three-electrode cell was used
with a gold working electrode (surface area of 0.3 mm2) and
a platinum wire as the counter electrode. The gold working
electrode (BAS) was routinely cleaned by soaking it in con-
centrated nitric acid, followed by repeating rinsing with water
and acetone, drying at 353 K prior to use in order to avoid pos-
sible fouling of the electrode surface. The reference electrode
w ere
m t con-
t ac
v ed
o mM
T -
p ox-
i ode
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a trode
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a
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t Inc.
D onal
er [22–24]to determine the reorganization energies of b
ypes of electron transfer.

. Experimental section

.1. Materials

Calf-thymus deoxyribonucleic acid, sodium s
DNA) and tris(2,2′-bipyridine)ruthenium dichlorid
[Ru(bpy)3]Cl2) were purchased from Sigma Chem. C
SA. Stock solution of DNA (18 mg in 25 mL sol.) we
repared by dissolution overnight in 5 mM Tris–H
uffer (pH 7.0) containing 5 mM sodium sulfate (Na2SO4).
ris(hydroxy-methyl)aminomethane was purchased
acalai Tesque, Japan. Hydrochloric acid and sod
ulfate (99.9%) were purchased from Wako Pure Chem
nd. Ltd., Japan. 10-Methylacridinium iodide was prepa
y the reaction of acridine with methyl iodide in aceto
nd it was converted to the perchlorate salt (AcrH+ClO4

−)
y addition of Mg(ClO4)2 to the iodide salt, and purifie
y recrystallization from methanol[25,26]. 9-Substitute
0-methylacridinium perchlorates (AcrR+ClO4

−: R = Pri,
H2Ph and Ph) were prepared by the reaction of
ethylacridone in dichloromethane with the correspon
rignard reagents (RMgX), then addition of sodi
ydroxide for the hydrolysis and perchloric acid for the n

ralization, and purified by recrystallization from ethano
thyl ether[27]. 4-Methyl- and 5-methylphenanthridiniu

odides (4- and 5-MePhen+I−) were prepared by th
as an Ag/0.01 M AgCl. The cyclic voltammograms w
easured with various sweep rates in a deaerated solven

aining Na2SO4 (5 mM) at 298 K. The second harmonic
oltammetry (SHACV)[29] measurements were perform
n a BAS 100B electrochemical analyzer in deaerated 5
ris–HCl buffer (pH 7.0) containing 5 mM Na2SO4 as a sup
orting electrolyte at 298 K to determine the one-electron

dation and reduction potentials. The gold working electr
BAS) was polished with BAS polishing alumina suspens
nd rinsed with acetone before use. The counter elec
as a platinum wire (BAS). The values (versus Ag/Ag
re converted to those versus SCE by adding 0.04 V[30].

.3. Spectroscopic measurements

All change in the UV–vis spectra of several substr
ere monitored by using a Hewlett Packard 8453 di
rray spectrophotometer. The interaction between int

ators and DNA were examined from the change in
V–vis spectra of intercalators in the presence of var
oncentrations of DNA (0–1.7× 10−3 M). Concentration o
NA per nucleotide phosphate were determined by ab

ion spectroscopy using a molar extinction coefficien
600 M−1 cm−1 at 260 nm[31].

Time-resolved fluorescence spectra were measure
Photon Technology International GL-3300 with a P

on Technology International GL-302, nitrogen laser/pum
ye laser system, equipped with a four channel d

al delay/pulse generator (Stanford Research System
G535) and a motor driver (Photon Technology Internati
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MD-5020). Excitation wavelength was 480 nm using
coumarin 480 (Exciton Co., USA) as a laser dye.

For nanosecond laser flash photolysis experiments, deaer-
ated 5 mM Tris–HCl buffer solutions (pH 7.0) of 4-MePhen+

containing Ru(bpy)32+ in the presence and absence DNA
were excited by a Panther OPO pumped by Nd:YAG laser
(Continuum, SLII-10, 4–6 ns fwhm) atλ = 450 nm with the
power of 5 mJ per pulse. The photochemical reactions were
monitored by continuous exposure to a Xe-lamp (150 W) as
a probe light and a photomultiplier tube (Hamamatsu 2949)
as a detector. The transient spectra were recorded using fresh
solutions in each laser excitation. All experiments were per-
formed at 298 K.

3. Results and discussion

3.1. Driving force of photoinduced electron transfer in
the absence and presence of DNA

In order to evaluate the driving force of photoinduced
electron transfer from the excited state of Ru(bpy)3

2+

[(Ru(bpy)32+*; * denotes the excited state] to intercalators,
the one-electron redox potentials of Ru(bpy)3

2+ and inter-
calators in the absence and presence of DNA were deter-
mined respectively. Intercalators employed in this study are
s
o Cl
b SCE
b s
t -
e e
( d
fl ctron
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t of
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t n of
D o of
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Fig. 2. (a) Plot of the one-electron reduction potential (E0
red) of AcrH+

(5.0× 10−5 M) vs. concentration of DNA in a 5 mM Tris–HCl buffer aque-
ous solution (pH 7.0), determined by SHACV. (b) Plot of the ratio of inter-
calated AcrH+ (5.0× 10−5 M) vs. concentration of DNA in 5 mM Tris–HCl
buffer (pH 7.0).

exhibiting a reversible wave at−0.56 V (versus SCE)[17].
Virtually the same results were obtained by the SHACV mea-
surements. Similarly positive potential shifts are observed
for other acridinium, quinolinium and phenathridinium ions
as listed inTable 1. Such potential shifts in the presence of
DNA may be attributed to the intercalation of these cationic
species into DNA. Since only single reversible wave is ob-
served irrespective of DNA concentration, the intercalated
cation molecules in DNA are in equilibrium with free cation

of intercalators in this study.
hown inFig. 1. The one-electron oxidation potential (E0
ox)

f Ru(bpy)32+ at ground state in deaerated 5 mM Tris–H
uffer aqueous solution is determined as 1.18 V versus
y the cyclic voltammetry (CV) and theE0

ox value remain
he same in the presence of DNA (1.3× 10−3 M). The one
lectron oxidation potential of Ru(bpy)3

2+* at excited stat
E0∗

ox) was determined fromE0
ox and visible absorption an

uorescence spectra (vide infra). In contrast, the one-ele
eduction potential of AcrH+ determined by the second h
onic ac voltammetry (SHACV) measurements (see

ion 2) is shifted to a positive direction in the presence
NA as compared with the value in its absence. The

ential shift value increases with increasing concentratio
NA to reach a constant value (+0.19 V) where the rati
oncentrations of DNA to AcrH+ is larger than 20 as show
n Fig. 2a. In the case of AcrPri+, a reversible CV wave is o
erved for the one-electron redox couple of AcrPri+/AcrPri-

t -0.70 V (versus SCE) in deaerated 5 mM Tris–HCl bu
queous solution and this is also shifted to a positive direc

Fig. 1. Structures
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molecules outside DNA at the time scale of CV and SHACV
measurements.

A bathchromic shift and hypochromicity of its visible ab-
sorption band is observed in the electronic absorption spec-
trum of AcrH+ in the presence of DNA in deaerated 5 mM
Tris–HCl buffer as compared to that in the absence of DNA.
From the absorbance change of AcrH+ with DNA concentra-
tion is obtained the ratio of the intercalated AcrH+ molecules
by using Eq.(1)

[DNA–AcrH+]

[AcrH+]0
= A0 − A

A0 − A∞
(1)

where [DNA–AcrH+] and [AcrH+]0 are the concentrations of
the intercalated AcrH+ and the initial concentration of AcrH+,
andA0, A, andA∞ are the initial absorbance in the absence of
DNA and that at a given concentration of DNA and at the large
concentration of DNA when all AcrH+ molecules intercalated
into DNA, respectively. The [DNA–AcrH+]/[AcrH+]0 value
increases with increasing concentrations of DNA to reach
unity where the ratio of concentrations of DNA to AcrH+ is
larger than 20 as shown inFig. 2b. This value agrees with
that observed for the potential shift in the presence of DNA
(Fig. 2a). Such agreement confirms that the potential shift
results from the intercalation of AcrH+ to DNA.

Intercalation of AcrH+ to DNA results in inhibition of hy-
d zyl-
1 e-
o -
d hy-
d
d eld
1 -
d e-
t ride
t nce at
3 of
h H
i ns of
D ar
p d
t r
r ratio
o A
o tivity
o
c rom
B n
i A]
b

k

w d
i
i s
ride transfer from an NADH model compound, 1-ben
,4-dihydronicotinamide (BNAH), since BNAH in an aqu
us solution cannot interact with intercalated AcrH+ embed
ed between base pairs in DNA (vide infra). Although
ride transfer from BNAH to AcrH+ occurs efficiently in
eaerated 5 mM Tris–HCl buffer (pH 7.0) at 298 K to yi
-benzylnicotinamidinium ion (BNA+) and 10-methyl-9,10
ihydroacridine (AcrH2) [25,32], the hydride transfer is r

arded significantly in the presence of DNA. Rates of hyd
ransfer were determined from the decrease in absorba
58 nm due to AcrH+. The second-order plots for the rates
ydride transfer from BNAH to equivalent amount of Acr+

n the absence and presence of various concentratio
NA gave straight lines (Fig. 3). From the slopes of line
lots of 1/([AcrH+] − [AcrH+]∞) versus time are obtaine

he second-order rate constants (kobs) of the hydride transfe
eaction. Thekobsvalue decreases with an increase in the
f [DNA bases]0/[AcrH+]0. Such a retarding effect of DN
n the hydride transfer reaction indicates that the reac
f AcrH+ toward BNAH is diminished when AcrH+ is inter-
alated to DNA. If one assumes that hydride transfer f
NAH occurs only to unbound AcrH+ in solution as show

n Scheme 1, kobs can be expressed as a function of [DN
y Eq.(2),

obs = k0
obs

1 + K[DNA]
(2)

herek0
obs is the rate constant in the absence of DNA anK

s the binding constant of AcrH+ with DNA. From Eq.(2)
s derived the ratio of the intercalated AcrH+ molecules a
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Fig. 3. Decay rate profiles of hydride transfer from BNAH (3.2× 10−5 M) to
AcrH+ (3.2× 10−5 M) in the absence and presence of various concentrations
of DNA in 5 mM Tris–HCl buffer (pH 7.0) at 298 K; [DNA] = (a) 0, (b)
1.4× 10−4, (c) 2.8× 10−4, (d) 4.7× 10−4, (e) 7.1× 10−4, (f) 9.4× 10−4

and (g) 1.4× 10−3 M.

shown in Eq.(3).

[DNA–AcrH+]

[AcrH+]0
= k0

obs− kobs

k0
obs

(3)

Plot of (k0
obs− kobs)/k0

obsversus [DNA]0/[AcrH+]0 is shown
in Fig. 4, which agrees with the plot inFig. 2. Such an agree-
ment strongly indicates that AcrH+ is intercalated to DNA
and that BNAH cannot access to the intercalated AcrH+ em-
bedded between the nucleic acid base.

The driving force of the photoinduced electron transfer
(−�G

◦
et) was determined by Eq.(4),

−�G
◦
et = e(E0

red − E0∗
ox) (4)

whereE0
red is the one-electron reduction potential of inter-

calators, theE0∗
ox is the one-electron oxidation potential of

Ru(bpy)32+* ande is elementary charge. TheE0∗
ox in deaer-

ated 5 mM Tris–HCl buffer is determined as−0.89 V (versus
SCE) from theE0

ox value in the ground state (1.18 V versus
SCE) and the free energy change between the ground and
excited states (�G∗ = 2.07 eV)[33–35]. Since theE0

ox value
is virtually the same irrespective of the absence or presence
of DNA (vide supra), the effects of DNA on the driving force
of electron transfer result from the positive shift of theE0

red

Fig. 4. Plot of (k0
obs− kobs)/k0

obsvs. [DNA bases]/[AcrH+] for hydride trans-
fer from BNAH to AcrH+ in the presence of various concentrations of DNA
in 5 mM Tris–HCl buffer (pH 7.0) at 298 K.

values of intercalators in the presence of DNA. The driving
forces of photoinduced electron transfer in the absence and
presence of DNA are also listed inTable 1. The largest change
in the driving force by the presence of DNA is obtained for
AcrH+ (0.19 eV) and CNQuH+ (0.19 eV) whereas the small-
est change is obtained for AcrCH2Ph+ (0.03 eV). This indi-
cates the steric effect of the substituent plays an important
role in the�–� interaction of the intercalator with base pairs
of DNA and also in solvation with solvent molecules outside
DNA. In any case, the photoinduced electron transfer from
Ru(bpy)32+* to intercalators becomes more exergonic in the
presence of DNA as compared with that in its absence.

3.2. Effects of DNA on rates of photoinduced electron
transfer

First, the rate constants of photoinduced electron transfer
from the excited state of Ru(bpy)3

2+ to a series of interca-
lators inTable 1were determined by the emission lifetime
measurements of the excited states of Ru(bpy)3

2+ used as an
electron donor in the presence of intercalators in deaerated
5 mM Tris–HCl buffer (pH 7.0) at 298 K. The emission decay
of Ru(bpy)32+* in the presence of each intercalator without
DNA in Table 1obeys first-order kinetics[36]. A typical ex-
ample is shown inFig. 5for the photoinduced electron trans-
f n-
s n of
A
(
s
m f
i -
r
i pec-
t )
[
Scheme 1.
er (ET) from Ru(bpy)32+* to AcrH+. The decay rate co
tant (kd) increases linearly with increasing concentratio
crH+. The rate constant ofintermolecular photoinduced ET

ket) is determined from the slope of the linear plot ofkd ver-
us concentration of AcrH+. Similarly theket values ofinter-
olecular photoinduced ET from Ru(bpy)3

2+* to a series o
ntercalators were determined as listed inTable 1. The occur
ence of photoinduced electron transfer from Ru(bpy)3

2+* to
ntercalators was confirmed by the transient absorption s
ra of the electron transfer products (e.g., AcrH• at 520 nm
37] as described in detail later.
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Fig. 5. Decay profile of emission of Ru(bpy)3
2+* in the presence of various

concentrations of AcrH+ in 5 mM Tris–HCl buffer (pH 7.0) at 298 K.

The driving force dependence of logket for photoinduced
ET from Ru(bpy)32+* to a series of intercalators without DNA
is shown inFig. 6, exhibiting a typical feature of ET reactions:
the logket value increases with increasing the driving force
to reach a plateau value which corresponds to the diffusion
rate constant (8.0× 109 M−1 s−1) [33] as the photoinduced
electron transfer becomes energetically more favorable (i.e.,
more exergonic)[33].

According to the Marcus theory of electron transfer, the
observed rate constant ofintermolecular electron transfer is
given as:

1

ket
= 1

kdiff
+ 1

Z exp[−(λ/4)(1+ �G
◦
et/λ)2/kBT ]

(5)

wherekdiff is the diffusion rate constant,Z is the collision
frequency which is taken as 1× 1011 M−1 s−1, λ is the reor-
ganization energy of electron transfer,kB is the Boltzmann
constant andT is the absolute temperature[22,38]. By fitting
the data inFig. 6 with the Marcus equation for bimolecu-

F .
N

Fig. 7. (a) Emission decay profiles of Ru(bpy)3
2+* in the presence of AcrH+

in deaerated 5 mM Tris–HCl buffer (pH 7.0) containing DNA (1.4× 10−3 M)
at 298 K observed by excitation at 490 nm. (b) Ratio of fluorescence decay
components of Ru(bpy)3

2+* vs. concentration of AcrH+.

lar ET reactions Eq.(5), an experimental value of 0.60 eV
is deduced for the reorganization of photoinduced ET from
Ru(bpy)32+* to intercalators without DNA as shown by the
solid line inFig. 6.

In contrast to the clean single-exponential decay of the
emission of Ru(bpy)32+* in the presence of AcrH+ without
DNA, the emission decay of Ru(bpy)3

2+* with AcrH+ in the
presence of DNA (1.4× 10−3 M) can be well fitted with two
exponentials as shown inFig. 7a[39]. It should be noted that
the emission decay of Ru(bpy)3

2+* in the presence of DNA
without AcrH+ obeys first-order kinetics with virtually the
same lifetime as that in the absence of DNA. This indicates
that Ru(bpy)32+* is not quenched by DNA. The lifetime of the
faster component (τ1) is constant irrespective of concentra-
tion of AcrH+, whereas the slower component (τ2) becomes
faster with increasing concentration of AcrH+. However, the
percentage of the faster component increases with increas-
ing concentration of AcrH+ to reach 100%, whereas the slow
component (τ2) decreases to zero (Fig. 7b). If groove binding
Ru(bpy)32+ were free to migrate along the phosphate back-
bone of DNA to which AcrH+ is intercalated, the emission
ig. 6. Marcus plot of logket vs.−�G
◦
et in 5 mM Tris–HCl buffer (pH 7.0)

umbers refer to intercalators inTable 1.
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decay would be single-exponential. Thus, the two-exponen-
tial emission decay inFig. 7 indicates that Ru(bpy)3

2+*,
bound electrostatically to DNA[18,19], is quenched by the
nearest-neighbor AcrH+ molecule, which is intercalated to
the same DNA molecule as Ru(bpy)3

2+. The distance depen-
dence of the rate constant ofintramolecular ET (kET) is given
by Eq.(6),

kET = k
◦
ET exp(−βR) (6)

wherek
◦
ET is the rate constant of adiabaticintramolecular

ET, R is the donor-acceptor center-to-center distance and
β is dependent on the nature of the environment which af-
fects the electronic coupling between the donor and acceptor
molecules[40–43]. In DNA, theβ value has been determined
as 0.77Å−1 [42], when an increase inR by the DNA �-
stacking distance (3.4̊A) results in a significant decrease in
the kET value (1/14). The largerβ value would lead to the
larger decrease in thekET value. In such a case, Thus, the
rate constant ofintramolecular photoinduced ET (kET) from
Ru(bpy)32+* to AcrH+ in DNA is determined from the shorter
lifetime (ket = τ−1

1 ). Similarly thekET values of a series of
10-methylacridinium ion derivatives (AcrCH2Ph+, AcrPri+,
AcrPh+), 1-methylquinolinium ion derivatives (CNQuH+ and
BrQuH+), phenthridinium ion derivatives (4-MePhen+ and 5-
MePhen+) were determined as listed inTable 1, wherek
a
i
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s A as
s en
i t-
o -
c -
s rther
i
w
i ac-
c
p -
s A
m -
t 4-
M in-
t
f

m
D -
f
1
v
b
t pe
o

Fig. 8. (a) Emission decay profile of Ru(bpy)3
2+* in the presence of 4-

MePhen+ in deaerated 5 mM Tris–HCl buffer (pH 7.0) containing DNA
(1.3× 10−3 M) at 298 K observed by excitation at 490 nm. (b) Plots ofkd

vs. [4-MePhen+] in the presence of DNA (1.0× 10−3 and 2.0× 10−3 M) in
deaerated 5 mM Tris–HCl buffer (pH 7.0).

Fig. 9. Plot of kd vs. concentration of intercalated 4-MePhen+ [DNA
bases–4-MePhen+] for intermolecular photoinduced ET from Ru(bpy)3

2+*

to 4-MePhen+ in the presence of DNA (1.4× 10−3 M) in deaerated 5 mM
Tris–HCl (pH 7.0) at 298 K.
ET
ndkET denotes the rate constants ofintramolecular ET and

ntermolecular ET, respectively.
When intercalators which have lowerE0

red value than
rQuH+ are employed, the emission of Ru(bpy)3

2+* exhibits
ingle-exponential decay even in the presence of DN
hown inFig. 8a for the emission quenching by 4-MePh+

n the presence of DNA (1.4× 10−3 M). In this case, the firs
rder decay rate constant (kd) increases significantly with in
reasing concentration of 4-MePhen+ to reach a nearly con
tant value which increases with a smaller slope with a fu
ncrease in 4-MePhen+ concentration as shown inFig. 8b,
here the magnitude of the initial increase in thekd value

ncreases with increasing DNA concentration. Such an
elerating effect of DNA may be ascribed tointermolecular
hotoinduced ET from Ru(bpy)3

2+* bound to DNA electro
tatically to 4-MePhen+ intercalated into a different DN
olecule from that bound to Ru(bpy)3

2+. The concentra
ion of 4-MePhen+ intercalated into DNA [DNA bases-
ePhen+] is determined from the absorption change by

ercalation. A plot ofkd versus [DNA bases–4-MePhen+] af-
ords a linear correlation as shown inFig. 9.

From the slope is determined theket value of inter-
olecular photoinduced ET from Ru(bpy)3

2+* bound to
NA electrostatically to 4-MePhen+ intercalated into a dif

erent DNA molecule from that bound to Ru(bpy)3
2+ as

.6× 109 M−1 s−1. This value is 28 times larger than theket
alue ofintermolecular photoinduced ET from Ru(bpy)3

2+*

ound to DNA electrostatically to free 4-MePhen+ in solu-
ion (5.7× 107 M−1 s−1), determined from the smaller slo
f the plot of kd versus [4-MePhen+] (Fig. 8b). The ket
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Scheme 2.

value ofintermolecular photoinduced ET from Ru(bpy)3
2+*,

bound to DNA electrostatically, to free 4-MePhen+ is vir-
tually the same as the value in the absence of DNA
(8.9× 107 M−1 s−1).

As shown above, there are three types of photoinduced
ET from Ru(bpy)32+* to intercalators in the presence of
DNA (Scheme 2): (I) intramolecular photoinduced ET from
Ru(bpy)32+* bound to DNA electrostatically to intercalators
intercalated to the same DNA molecule as Ru(bpy)3

2+; (II)
intermolecular photoinduced ET from ET from Ru(bpy)3

2+*

bound to DNA electrostatically to intercalators bound to a
different DNA molecule; (III)intermolecular photoinduced
ET from Ru(bpy)32+* bound to DNA electrostatically to free
intercalators in solution. These rate constants have been eval-
uated separately from the decay dynamics of Ru(bpy)3

2+* in
the presence of intercalators and DNA and theket values are
summarized inTable 1.

The ket values ofintermolecular photoinduced ET from
Ru(bpy)32+* bound to DNA electrostatically to free inter-
calators in solution (type III inScheme 2) are virtually the
same as those in the absence of DNA. However, theket val-
ues with a large driving force of ET in the presence of DNA,
which correspond to the diffusion rate constant, are some-
what smaller than those in its absence because of the smaller
diffusion rate constants ofintermolecular reactions involv-
i ing
o f
i
t fer-
e
l o
t ted
m
u ange
o f
D
t -
c
n
o f the
4 as
s of
D s-
s ound

Fig. 10. Transient absorption spectra of an aqueous solution of 4-MePhen+

(1.0× 10−3 M) and Ru(bpy)32+ (1.0× 10−4 M) in the absence of DNA (©)
and in the presence (2.0× 10−3 M) of DNA (�) at 298 K taken at 8�s after
laser excitation at 450 nm.

600–700 nm due to 4-MePhen• (closed circles inFig. 10)
[44].

As the case of 4-MePhen, no transient absorption spec-
trum due to QuH• was observed in the laser flash photolysis
experiments of the QuH+-Ru(bpy)32+ system in the absence
of DNA, when the�G

◦
et value (+0.05 eV) is positive (en-

dergonic)[17]. However, the addition of DNA to the QuH+-
Ru(bpy)32+ system results in observation of the transient ab-
sorption band at 520 nm due to QuH• [45], when the�G

◦
et

value (−0.08 eV) becomes negative (exergonic)[17].
The driving force dependence ofket for both type II and

type III intermolecular photoinduced ET agrees with each
other as shown inFig. 11, where the difference in the driv-
ing force between the absence and presence of DNA is taken
account[46]. Fitting the data inFig. 11with the Marcus equa-
tion (Eq.(5)) for both type II and IIIintermolecular photoin-
duced ET affords the same reorganization energy (0.60 eV)
of photoinduced ET in the absence of DNA inFig. 6.

F
v ble
1

ng two DNA molecules as compared with those involv
ne DNA molecule (Table 1). In contrast, theket values o

ntermolecular photoinduced ET from Ru(bpy)3
2+* bound

o DNA electrostatically to intercalators bound to a dif
nt DNA molecule (type III inScheme 2) are significantly

arger than those of type II inScheme 2. This is ascribed t
he larger driving force of photoinduced ET of intercala
olecules into DNA due to the positive shift of theE0

red val-
es by intercalation. For example, the free energy ch
f ET from Ru(bpy)32+* to 4-MePhen+ in the presence o
NA becomes negative (�G

◦
et = −0.09 eV) in contrast with

he case in the absence of DNA (�G
◦
et = +0.04 eV). In ac

ordance with such a critical change of the�G
◦
et value,

o transient absorption spectrum due to 4-MePhen• was
bserved in the laser flash photolysis experiments o
-MePhen+-Ru(bpy)32+ system in the absence of DNA
hown in Fig. 10 (open circles), whereas the addition
NA to the 4-MePhen+-Ru(bpy)32+ system has made it po
ible to observe a broad transient absorption band ar
ig. 11. Marcus plots of logket vs.−�G
◦
et for intermolecular ET and logket

s.−�G
◦
ET for intramolecular ET. Numbers refer to intercalators in Ta

. (I)–(III) denote three types of ET inScheme 2.
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The driving force dependence of rate constants ofin-
tramolecular photoinduced ET (kET) (type I in Scheme 2)
in Fig. 11(open triangles) can be analyzed using the Marcus
equation of non-adiabaticintramolecular ET (Eq.(7)),

kET =
(

4π3

h2λkBT

)1/2

V 2 exp

[
(�G

◦
ET + λ)

2

4λkBT

]
(7)

whereλ is reorganization energy of photoinduced ET,V the
coupling matrix element andh the Planck constant[23]. The
reasonable fit of the data for the data to a single Marcus curve
affords the values ofλ = 0.50 eV andV = 2.0 cm−1 (open tri-
angles inFig. 11). In this case, thekET value of AcrH+ which
has the larger driving force than theλ value is smaller than
the values with the smaller driving forces. This indicates
that theintramolecular photoinduced ET of AcrH+, which
is intercalated into DNA, is in the Marcus inverted region.
When the driving force is smaller than 0.2 eV, the rates of
intramolecular photoinduced ET (type I inScheme 2) be-
come much smaller than those ofintermolecular photoin-
duced ET (type II and type III inScheme 2). In such a case, the
emission of Ru(bpy)32+* exhibits single-exponential decay
(e.g.,Fig. 8a).

The smallλ value (0.50 eV) forintramolecular photoin-
duced ET (type I inScheme 2) as compared with theλ value
(
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(b) M.E. Núnez, D.B. Hall, J.K. Barton, Chem. Biol. 6 (1999) 85.

[5] (a) F.D. Lewis, T. Wu, Y. Zhang, R.L. Letsinger, S.R. Greenfiled,
M.R. Wasielewski, Science 277 (1997) 673;
(b) F.D. Lewis, R.L. Letsinger, M.R. Wasielewski, Acc. Chem. Res.
34 (2001) 159;
(c) F.D. Lewis, X. Liu, J. Liu, S.E. Miller, R.T. Hayes, M.R.
Wasielewski, Nature 406 (2000) 51.

[6] F.D. Lewis, V. Balzani (Eds.), Electron Transfer in Chemistry, 3,
Wiley–VCH, Weinheim, 2001, pp. 105–175.

[7] (a) B. Giese, Acc. Chem. Res. 33 (2000) 631;
(b) B. Giese, Annu. Rev. Biochem. 71 (2002) 51;
(c) B. Giese, J. Amaudrut, A.K. Kohler, M. Spormann, S. Wessley,
Nature 412 (2001) 318;

6

rro,

97)

[ 1286;
997)

ster,

[
[ 56;

[ 03)

[
[

[ 999)

aday

[ ry

[ urro,

107

[
[ the

major

oc.
0.60 eV) for both type II and IIIintermolecular photoin-
uced ET indicates that electron transfer in DNA requ
nly small reorganization energy.

. Conclusions

The effects of DNA on the driving force dependence
hotoinduced ET from Ru(bpy)3

2+* bound electrostatical
o DNA to intercalators have been clarified. Theintramolec-
lar pathway of photoinduced ET from Ru(bpy)3

2+* bound
lectrostatically to DNA to intercalators bound to the sa
NA molecule has been distinguished from theintermolecu-

ar pathway of photoinduced ET of intercalators boun
different DNA molecule. Theket values of intercalate
olecules become much larger than those of free int

ators in solution due to the positive shift in theE0
red values

y the intercalation into DNA. Such acceleration effect
NA on the photoinduced electron-transfer reactions sh
harp contrast with the case of hydride transfer from BN
o AcrH+ in which the intercalation of AcrH+ into DNA pro-
ibits the reaction due to the steric hindrance of the base

oward BNAH (Scheme 1).

cknowledgements

This work was partially supported by Grants-in-Aid
cientific Research (No. 13440216) from the Ministry of
cation, Culture, Sports, Science and Technology, Japa
(d) E. Meggers, A. Dussy, T. Schäfer, B. Giese, Chem. Eur. J.
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