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Abstract

Photoinduced electron transfer (ET) dynamics from the excited state of a ruthenium complex [E&i(lbpy)= 2,2-bipyridine)] to a series
of intercalators in DNA, 9-substituted-10-methylacridinium ions (AgiR=H, CH:Ph, Pf and Ph), 3-substituted-1-methylquinolinium ions
(RQuH, R=H, Me, CN and Br) and 4- and 5-methylphenanthridinium ions (4- and 5-Mé&Pheere examined from the emission decay
profiles of Ru(bpy)?* in the absence and presence of DNA in an aqueous solution. Intercalation of A&ciBNA is found to result in
inhibition of hydride transfer from an NADH model compound, 1-benzyl-1,4-dihydronicotinamide, to*Atmtdontrast, the rate constants
of photoinduced ET of intercalated molecules to DNA become much larger than those of free intercalators in solution due to the positive shift
in the one-electron reduction potentials by the intercalation into DNA. ikttemolecular pathway of photoinduced ET from Ru(bg$)
bound electrostatically to DNA to intercalators bound to the same DNA molecule has been distinguished fraewibéecular pathway of
photoinduced ET of intercalators bound to a different DNA molecule. The occurrence of photoinduced ET is examined by laser flash photolysis
experiments which show the transient absorption spectra of the one-electron reduced intercalator when the ET is exergonic. The resulting data
were analyzed in light of the Marcus theory of ET to determine reorganization energies of ET in DNA as well as in an aqueous solution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction which provides an ideal medium of efficient electron transfer
mediated by ar-stack[1-12]. Most studies have so far fo-
Extensive studies have been devoted to elucidate the rolecused on distance dependence of electron coupling within the
of DNA double helix in mediating electron transfer between DNA duplex, since DNA may serve a hovel medium to facili-
electron donors and acceptors bound to DNA by intercalation tate nonadiabatic long-range electron transfer, which leads to
[1-12]. The question of how electrons travel through DNA the oxidative damage of DNfL-13]. However, the driving
is of fundamental importance in relation with development force of electron transfer of intercalators may also be changed
of DNA-inspired electronically active materials with self- by the presence of DNA, since the redox potential of an inter-
organization propertigd 3—15] The DNA double helix con-  calated molecule may be altered by intercalation due to the
sists of a linear array af-stacked, aromatic heterocyclic nu- change in the environment from an aqueous phase to a space
cleobases within a polyanionic sugar-phosphates backbonepetweenr-stacked nucleobase pairs. Only small changes in
the redox potentials of intercalators in the presence of DNA
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range of redox potentials have precluded the detailed investi-reaction of the corresponding phenanthridines, obtained
gation of the effects of DNA on the driving force dependence commercially, with methyl iodide in acetone and purified
of photoinduced electron transfer of intercalated molecules. by recrystallization from EtOH. 1-Methylquinolinium
We report herein the systematic study on the effects of perchlorate (QUHCIO4™), 3-bromoquinolinium perchlo-
DNA medium on the driving force dependence of photoin- rate (BrQuHCIO4~), 3-cyanoquinolinium perchlorate
duced electron transfer of a series of intercalators which have(CNQuUH'CIO,~) 1,3-dimethyl quinolinium perchlorate
awide redox potential rang&7]. The systemwe have chosen (MeQuH"CIO4™), were prepared by the reaction of the
is the combination of Ru(bpy3* (bpy = 2,2-bipyridine) with corresponding quinoline derivatives with methyl iodide
cationic w-molecules such as acridinium and quinolinium in acetone, followed by the metathesis with magnesium
ions, which can intercalate into DNIA7]. Since Ru(bpyy** perchlorate[27]. Purification of water (18.3 %2 cm) was
binds only electrostatically with DNfL8-21] the changein  performed with a Milli-Q system (Millipore; Milli-RO 5
the redox potentials of intercalators by the binding to DNA plus and -Q plus). Acetonitrile was purified and dried by the
may be directly reflected to the change in the photoinduced standard procedui8].
electron transfer. The detailed analysis of emission decay
dynamics of Ru(bpyf* with the intercalators in the pres-  2.2. Electrochemical measurements
ence of DNA enables us to determine the photoinduced elec-
tron transfer rate constants (first-order) of groove binding  Cyclic voltammetry measurements were performed at
ruthenium complexes with the nearest intercalated molecules298 K on a BAS 100 W electrochemical analyzer in deaer-
and also the photoinduced electron transfer rate constantsated Tris—HCI buffer containing 5 mM N&O, as support-
(second-order) of groove binding ruthenium complexes with ing electrolyte. A conventional three-electrode cell was used
free molecules in an aqueous solution separately. The driv-with a gold working electrode (surface area of 0.3fand
ing force of both types of electron transfer have been deter- a platinum wire as the counter electrode. The gold working
mined by the electrochemical measurements of groove bind-electrode (BAS) was routinely cleaned by soaking it in con-
ing ruthenium complexes, intercalated molecules in DNA, centrated nitric acid, followed by repeating rinsing with water
and intercalators in an aqueous solution. The resulting dataand acetone, drying at 353 K prior to use in order to avoid pos-
were evaluated in light of the Marcus theory of electron trans- sible fouling of the electrode surface. The reference electrode
fer [22—24]to determine the reorganization energies of both was an Ag/0.01 M AgCI. The cyclic voltammograms were
types of electron transfer. measured with various sweep rates in a deaerated solvent con-
taining NaSO4 (5 mM) at 298 K. The second harmonic ac
voltammetry (SHACV)[29] measurements were performed

2. Experimental section on a BAS 100B electrochemical analyzer in deaerated 5 mM
Tris—HCI buffer (pH 7.0) containing 5 mM N&O, as a sup-
2.1. Materials porting electrolyte at 298 K to determine the one-electron ox-

idation and reduction potentials. The gold working electrode

Calf-thymus deoxyribonucleic acid, sodium salt (BAS)was polished with BAS polishing alumina suspension
(DNA) and tris(2,2-bipyridine)ruthenium dichloride  and rinsed with acetone before use. The counter electrode
([Ru(bpyXx]Cl,) were purchased from Sigma Chem. Co., was a platinum wire (BAS). The values (versus Ag/AgCl)
USA. Stock solution of DNA (18 mg in 25mL sol.) were are converted to those versus SCE by adding 0.(BDY.
prepared by dissolution overnight in 5mM Tris—HCI
buffer (pH 7.0) containing 5 mM sodium sulfate (P&0y). 2.3. Spectroscopic measurements
Tris(hydroxy-methyl)aminomethane was purchased from
Nacalai Tesque, Japan. Hydrochloric acid and sodium All change in the UV—vis spectra of several substrates
sulfate (99.9%) were purchased from Wako Pure Chemical were monitored by using a Hewlett Packard 8453 diode-
Ind. Ltd., Japan. 10-Methylacridinium iodide was prepared array spectrophotometer. The interaction between interca-
by the reaction of acridine with methyl iodide in acetone, lators and DNA were examined from the change in the
and it was converted to the perchlorate salt (Au@HO4™) UV-vis spectra of intercalators in the presence of various
by addition of Mg(CIQ), to the iodide salt, and purified  concentrations of DNA (0-1.% 10-2 M). Concentration of
by recrystallization from methandR5,26] 9-Substituted DNA per nucleotide phosphate were determined by absorp-
10-methylacridinium perchlorates (AcfRIO;~: R=P¥, tion spectroscopy using a molar extinction coefficient of
CHoPh and Ph) were prepared by the reaction of 10- 6600 M~1cm~1 at 260 nm{31].
methylacridone in dichloromethane with the corresponding  Time-resolved fluorescence spectra were measured by
Grignard reagents (RMgX), then addition of sodium a Photon Technology International GL-3300 with a Pho-
hydroxide for the hydrolysis and perchloric acid for the neu- ton Technology International GL-302, nitrogen laser/pumped
tralization, and purified by recrystallization from ethanol-di dye laser system, equipped with a four channel digi-
ethyl ether[27]. 4-Methyl- and 5-methylphenanthridinium tal delay/pulse generator (Stanford Research System Inc.
iodides (4- and 5-MePhéir) were prepared by the DG535)andamotordriver (Photon Technology International
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MD-5020). Excitation wavelength was 480nm using
coumarin 480 (Exciton Co., USA) as a laser dye.

For nanosecond laser flash photolysis experiments, deaer-
ated 5 mM Tris—HCI buffer solutions (pH 7.0) of 4-MePHen
containing Ru(bpy?* in the presence and absence DNA
were excited by a Panther OPO pumped by Nd:YAG laser
(Continuum, SLII-10, 4-6 ns fwhm) at=450 nm with the
power of 5mJ 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)

E°.qvs SCE/V
&
n
T

as a detector. The transient spectra were recorded using fresh 03

solutions in each laser excitation. All experiments were per- ‘ ‘ ‘

formed at 298 K. 0 10 20 30 40
(a) [DNA bases] / [AcrH*]

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)
[(Ru(bpy)?*"; * denotes the excited state] to intercalators,
the one-electron redox potentials of Ru(kgy)and inter-
calators in the absence and presence of DNA were deter-
mined respectively. Intercalators employed in this study are
shown inFig. 1 The one-electron oxidation potentiafgx)
of Ru(bpyy?* at grou_nd ;tate in dgaerated 5mM Tris—HCI Og 10 20 20 20
buffer aqueous solution is determined aos 1.18V versus SCE (b) (DNA bases] / [AciH"]
by the cyclic voltammetry (CV) and thEg, value remains
the same in the presence of DNA (&30 °M). The one- Fig. 2. (a) Plot of the one-electron reduction potentiaf,() of AcrH*
electron oxidation potential of Ru(bpy)’" at excited state  (5.0x 10-5M) vs. concentration of DNA in a 5 mM Tris—HCI buffer aque-
(Egi) was determined fronng and visible absorption and  ous solution (pH 7.0), determined by SHACV. (b) Plot of the ratio of inter-
fluorescence spectra (vide infra). In contrast, the one-electroncaiated AcrH (5.0 10-° M) vs. concentration of DNA in 5 mM Tris—HCI
reduction potential of Acri determined by the second har- buffer (pH 7.0).
monic ac voltammetry (SHACV) measurements (see Sec-
tion 2) is shifted to a positive direction in the presence of exhibiting a reversible wave at0.56 V (versus SCEJ17].
DNA as compared with the value in its absence. The po- Virtually the same results were obtained by the SHACV mea-
tential shift value increases with increasing concentration of surements. Similarly positive potential shifts are observed
DNA to reach a constant value (+0.19 V) where the ratio of for other acridinium, quinolinium and phenathridinium ions
concentrations of DNA to AcrHis larger than 20 as shown as listed inTable 1 Such potential shifts in the presence of
in Fig. 2a. In the case of AcrPr, areversible CV wave is ob-  DNA may be attributed to the intercalation of these cationic
served for the one-electron redox couple of A&rRAcrPr- species into DNA. Since only single reversible wave is ob-
at-0.70V (versus SCE) in deaerated 5 mM Tris—HCI buffer served irrespective of DNA concentration, the intercalated
agueous solution and this is also shifted to a positive direction, cation molecules in DNA are in equilibrium with free cation
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Fig. 1. Structures of intercalators in this study.
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FeRoR RN molecules outside DNA at the time scale of CV and SHACV
SABSSS measurements._ _ o -
ORI Ao o 0 o 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 5mM
Tris—HCI buffer as compared to that in the absence of DNA.
DT O DM oo N From the absorbance change of Aériith DNA concentra-
5338383833888 tion is obtained the ratio of the intercalated AcriMolecules
| by using Eq(1)
[DNA-AcrH*]  Ag—A 1)
2 BLBHBLB D [AcrH*]o Ao — Aco
— L I B B I |
& SHSS% where [DNA-AcrH] and [AcrH"]o are the concentrations of
Mo oo GOS0 the intercalated AcrHand the initial concentration of AcrH
andAg, A, andA, are the initial absorbance in the absence of
DNA and that ata given concentration of DNA and at the large
concentration of DNAwhen all AcrHmolecules intercalated
RIVIIZIS3Y into DNA, respectively. The [DNA-AcrH|/[AcrH*]o value
ceeeceeeeey increases with increasing concentrations of DNA to reach
unity where the ratio of concentrations of DNA to Acrlis
larger than 20 as shown irig. 2b. This value agrees with
that observed for the potential shift in the presence of DNA
> ol oNoNoNoRo) . . . .
- ISASAV SRS (Fig. 2a). Such agreement confirms that the potential shift
N SANI NSO results from the intercalation of Acftto DNA.
No oo OO O O . .
Intercalation of AcrH to DNA results in inhibition of hy-
dride transfer from an NADH model compound, 1-benzyl-
1,4-dihydronicotinamide (BNAH), since BNAH in an aque-
_ ous solution cannot interact with intercalated Atréinbed-
BIANIS85383| ¢ ded between base pairs in DNA (vide infra). Although hy-
[eNeoNeolNeNeolNolNolNolNolNo] = . .. .
Por 5 dride transfer from BNAH to Acrf occurs efficiently in
s deaerated 5mM Tris—HCI buffer (pH 7.0) at 298K to yield
.E 1-benzylnicotinamidinium ion (BNA) and 10-methyl-9,10-
LLBBBBBBLE ; dihydroa_lcri_d_ine (Ac_rl-j) [25,32] the hydride transfer is re-
XX X XX xxxxx| 3 tarded significantly in the presence of DNA. Rates of hydride
Cpdmucaoma| © transfer were determined from the decrease in absorbance at
=3 358 nm due to AcrH. The second-order plots for the rates of
~ 5 hydride transfer from BNAH to equivalent amount of A¢rH
\:é o in the absence and presence of various concentrations of
G 3 DNA gave straight linesKig. 3). From the slopes of linear
2I2NS5Y¥I8Q|I 8 + i i
§S5533838333|z2 plots of 1/([AcrH"] — [AcrH*]s) versus time are obtained
L1 HES the second-order rate constaritg, of the hydride transfer
= © . . . . .
E 5 reaction. Thégpsvalue decreases with anincrease in the ratio
E’ g of [DNA bases}/[AcrH*]o. Such a retarding effect of DNA
RN I b 32 on the hydride transfer reaction indicates that the reactivity
9939599921 |EER of AcrH* toward BNAH is diminished when AcrHis inter-
28332233883 calated to DNA. If one assumes that hydride transfer from
999999997152 BNAH occurs only to unbound AcrHin solution as shown
§ g 2 in Scheme lkqps can be expressed as a function of [DNA]
gs§ by Eq.(2),
5 5% . |£3% 0
T < c | o
fr «SToa. S(9¢0% kobs
E S kobs = 2
T85596225Q|85¢ obS = 1 ¥ K[DNA] @
<<I<<0dwBIOZ |83
0 T = . .
ss o wherek?, .is the rate constant in the absence of DNA &nhd
SER is the binding constant of AcrHwith DNA. From Eq.(2)
HNeswo~®og|T e is derived the ratio of the intercalated Acriholecules as
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Fig. 3. Decay rate profiles of hydride transfer from BNAH (3.20~° M) to
AcrH* (3.2 x 10-° M) in the absence and presence of various concentrations
of DNA in 5mM Tris—HCI buffer (pH 7.0) at 298 K; [DNA]=(a) O, (b)
1.4x107%, (c) 2.8x 1074, (d) 4.7x 1074, (e) 7.1x 1074, () 9.4x 10°*

and (g) 1.4x 103 M.

shown in Eq(3).

[DNA-AcrH*] k3o — kops 3)
[AcrtH1lo &8
Plot of (k3 — kobs)/ kS versus [DNAp/[AcrH* o is shown

in Fig. 4, which agrees with the plot iRig. 2 Such an agree-
ment strongly indicates that AciHs intercalated to DNA
and that BNAH cannot access to the intercalated Aazhh-
bedded between the nucleic acid base.

The driving force of the photoinduced electron transfer
(—AGqy) was determined by E¢4),

~AGgy = e(EQy— EX) (4)
0

where E, is the one-electron reduction potential of inter-
calators, thet%: is the one-electron oxidation potential of
Ru(bpy}?*” ande is elementary charge. Thed: in deaer-
ated 5 mM Tris—HCI buffer is determined a®.89 V (versus
SCE) from theEgX value in the ground state (1.18V versus

83

0.5

(Kobs® = kobs) / kops®

od ! 1 L !
0 10 20 30 40

[DNA bases] / [AcrH*]

Fig. 4. Plotof (2, — kobs)/k2,cvs. [DNA bases)/[AcrH] for hydride trans-
fer from BNAH to AcrH* in the presence of various concentrations of DNA
in 5mM Tris—HCI 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 listedTable 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 AcrGPH" (0.03 eV). This indi-
cates the steric effect of the substituent plays an important
role in thew—r 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(bpyx?*” 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(bp?) to a series of interca-
lators inTable 1were determined by the emission lifetime
measurements of the excited states of Ru(gysed as an

SCE) and the free energy change between the ground anclectron donor in the presence of intercalators in deaerated

excited statesAG* =2.07 eV)[33-35} Since theES, value

5mM Tris—HCI buffer (pH 7.0) at 298 K. The emission decay

is virtually the same irrespective of the absence or presencef Ru(bpy}“™ in the presence of each intercalator without

of DNA (vide supra), the effects of DNA on the driving force
of electron transfer result from the positive shift of A,

H
[ONA-AcrH] MM conm, L CONH,
(G
K N N
CHsPh(BNAH)  CH.Ph (BNA')
H H H
N N
CHj (AcrH") CHa (AcrHz)
Scheme 1.

DNA in Table 1obeys first-order kinetic86]. A typical ex-
ample is shown iffrig. 5for the photoinduced electron trans-
fer (ET) from Ru(bpy}?*" to AcrH*. The decay rate con-
stant &q) increases linearly with increasing concentration of
AcrH™*. The rate constant @ftermolecular photoinduced ET
(ket) is determined from the slope of the linear plotkgfver-
sus concentration of AcrH Similarly theket values ofinter-
molecular photoinduced ET from Ru(bpy3*™ to a series of
intercalators were determined as listed@ble 1 The occur-
rence of photoinduced electron transfer from Ru(gp)to
intercalators was confirmed by the transient absorption spec-
tra of the electron transfer products (e.g., At 520 nm)
[37] as described in detalil later.
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Fig. 5. Decay profile of emission of Ru(bp§)" in the presence of various
concentrations of Acriin 5mM Tris—HCI buffer (pH 7.0) at 298 K.

The driving force dependence of lbg for photoinduced
ET from Ru(bpy}?*” to a series of intercalators without DNA
is shown irFig. 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 (8.2 10°M~1s-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 aftermolecular electron transfer is
given as:

1 _ 1
ket kit

1
Zexpl-(h/4)(1+ AG/A)/keT]

wherekgis is the diffusion rate constan, is the collision
frequency which is taken asx110'*M~1s-1, i is the reor-
ganization energy of electron transfgg, is the Boltzmann
constant andis the absolute temperatyi2,38] By fitting
the data inFig. 6 with the Marcus equation for bimolecu-
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T
w
i
=
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<
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o
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-0.4 -0.2 4} 0.2 0.4 0.6

—AGDe[/ eV

Fig. 6. Marcus plot of [o@et vs. fAG; in 5mM Tris—HCI buffer (pH 7.0).
Numbers refer to intercalators frable 1
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Fig. 7. (a) Emission decay profiles of Ru(bg¥)" in the presence of AcrH

in deaerated 5 mM Tris—HCl buffer (pH 7.0) containing DNA (k.403 M)

at 298 K observed by excitation at 490 nm. (b) Ratio of fluorescence decay
components of Ru(bpy}*" vs. concentration of AcrH

lar ET reactions Eq(5), an experimental value of 0.60eV
is deduced for the reorganization of photoinduced ET from
Ru(bpyy?*” 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(bpyf*" in the presence of AcrHwithout
DNA, the emission decay of Ru(bp)” with AcrH* in the
presence of DNA (1.4 10-3 M) can be well fitted with two
exponentials as shown kig. 7a[39]. It should be noted that
the emission decay of Ru(bp)™ 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(bpy3?*” is not quenched by DNA. The lifetime of the
faster componentrf) is constant irrespective of concentra-
tion of AcrH*, whereas the slower componen) becomes
faster with increasing concentration of AciHHowever, the
percentage of the faster component increases with increas-
ing concentration of Acrito reach 100%, whereas the slow
componentty) decreases to zerbig. 7b). If groove binding
Ru(bpyk?* were free to migrate along the phosphate back-
bone of DNA to which AcrH is intercalated, the emission
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decay would be single-exponential. Thus, the two-exponen-
tial emission decay irFig. 7 indicates that Ru(bpy§*",
bound electrostatically to DNAL8,19], is quenched by the
nearest-neighbor AcrHmolecule, which is intercalated to
the same DNA molecule as Ru(bg¥). The distance depen-
dence of the rate constantiaframolecular ET (kgT) is given

by Eq.(6),

ket = ket €xp(—BR) (6)
wherekgy is the rate constant of adiabatietramolecular
ET, R is the donor-acceptor center-to-center distance and
B is dependent on the nature of the environment which af-
fects the electronic coupling between the donor and acceptor
molecule§40-43] In DNA, the g value has been determined
as 0.7A1 [42], when an increase iR by the DNA -
stacking distance (3,&) results in a significant decrease in
the ket value (1/14). The largeg value would lead to the
larger decrease in thig=t value. In such a case, Thus, the
rate constant afitrramolecular photoinduced ETkgT) from
Ru(bpys?** to AcrH* in DNA is determined from the shorter
lifetime (ket= rl_l). Similarly the ket values of a series of
10-methylacridinium ion derivatives (AcrGIRH", AcrPr*,
AcrPh"), 1-methylguinolinium ion derivatives (CNQutnd
BrQuH"), phenthridinium ion derivatives (4-MePHeand 5-
MePheri) were determined as listed Fable 1 wherekgr
andkgt denotes the rate constantsi@framolecular ET and
intermolecular ET, respectively.

When intercalators which have lowefl,, value than
BrQuH" are employed, the emission of Ru(bg¥/)" exhibits

Fluorescence Intensity

1000

2.0}

W.SL'—J

(b)

100 |
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oM
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1 1 1 1

0
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Fig. 8. (a) Emission decay profile of Ru(bp¥}" in the presence of 4-

single-exponential decay even in the presence of DNA as MePheri in deaerated 5mM Tris—HCI buffer (pH 7.0) containing DNA

shown inFig. 8a for the emission quenching by 4-MePhen

in the presence of DNA (1.4 10~3 M). In this case, the first-
order decay rate constarmt]) increases significantly with in-
creasing concentration of 4-MePHeio reach a nearly con-
stant value which increases with a smaller slope with a further
increase in 4-MePhénconcentration as shown fFig. 8o,
where the magnitude of the initial increase in #yevalue
increases with increasing DNA concentration. Such an ac-
celerating effect of DNA may be ascribeditgermolecular
photoinduced ET from Ru(bpy3** bound to DNA electro-
statically to 4-MePhehintercalated into a different DNA
molecule from that bound to Ru(bpy). The concentra-
tion of 4-MePhefi intercalated into DNA [DNA bases-4-
MePheri] is determined from the absorption change by in-
tercalation. A plot okq versus [DNA bases—4-MePhdraf-
fords a linear correlation as shownfig. 9.

From the slope is determined thg; value of inter-
molecular photoinduced ET from Ru(bpy}*" bound to
DNA electrostatically to 4-MePhérintercalated into a dif-
ferent DNA molecule from that bound to Ru(bgy) as
1.6x 10° M~1s1, This value is 28 times larger than the
value ofintermolecular photoinduced ET from Ru(bpy}*”
bound to DNA electrostatically to free 4-MePHeim solu-
tion (5.7x 10’ M~1s~1), determined from the smaller slope
of the plot of kg versus [4-MePhef] (Fig. 8b). The ket

1076 ky /s~

2.4

1.4

0

0.5 1.0 1.5 2.0 25
104[DNA-4-MePhen*] / M

(1.3x 1073 M) at 298 K observed by excitation at 490 nm. (b) Plotscgf
vs. [4-MePheth] in the presence of DNA (1.8 103 and 2.0x 10-3 M) in
deaerated 5 mM Tris—HCI buffer (pH 7.0).

Fig. 9. Plot of kg vs. concentration of intercalated 4-MePhefDNA
bases—4-MePhéhfor intermolecular photoinduced ET from Ru(bg$’"
to 4-MePhet in the presence of DNA (1.4 10-3 M) in deaerated 5 mM
Tris—HCI (pH 7.0) at 298 K.



86 S. Fukuzumi et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 79-88

hv 0.010
Groove i I lar ET
B'mdi!‘lg/ ntermolecular
DNA
e 3 N A 0.008
Ru(bpy)s** Ru(bpy);**
Intramolecular E Intercalator
m . : 0.008
€ e Intercalator 2]
<
Infermolecular ET <
Intercalator (T 0.004 -
Scheme 2. 0.002
value ofintermolecular photoinduced ET from Ru(bpy3*", 000 800 200 800
bound to DNA electrostatically, to free 4-MePHeis vir- Wavelength / nm
tually the same as the value in the absence of DNA
(8.9x 10°mM-1 S_l). Fig. 10. Transient absorption spectra of an aqueous solution of 4-M&Phen

As shown above, there are three types of photoinduced (1-0x 10~*M) and Ru(bpy3" (1.0 10 4 M) in the absence of DNAQ)
ET from Ru(bpy}2™ to intercalators in the presence of ;”S‘;:”eihceitgtriiie;‘tcjégﬁw M) of DNA (@) at 298 K taken at s after
DNA (Scheme 2 (1) intramolecular photoinduced ET from '
Ru(bpyk2*" bound to DNA electrostatically to intercalators 600700 nm due to 4-MePheifclosed circles inFig. 10
intercalated to the same DNA molecule as Ru(bp¥;)(I1) [44].
intermolecular photoinduced ET from ET from Ru(bp?d™ As the case of 4-MePhen, no transient absorption spec-
bound to DNA electrostatically to intercalators bound to a trum due to Qui was observed in the laser flash photolysis
different DNA molecule; (Ill)intermolecular photoinduced ~ €xperiments of the Qu:HRu(bpy);sz system in the absence
ET from Ru(bpy}2** bound to DNA electrostatically to free  0f DNA, when theAGy, value (+0.05eV) is positive (en-
intercalators in solution. These rate constants have been evaldergonic)[17]. However, the addition of DNA to the QuH

uated separately from the decay dynamics of Ru@py)n Ru(bpy)g2+ system results in observation of the transiept ab-
the presence of intercalators and DNA andithealues are  sorption band at 520 nm due to QUE5], when theAG ¢,
summarized iMable 1 value (-0.08 eV) becomes negative (exergonicy].

The ket values ofintermolecular photoinduced ET from The driving force dependence kf; for both type Il and

Ru(bpyk2*” bound to DNA electrostatically to free inter-  type Ill intermolecular photoinduced ET agrees with each
calators in solution (type Ill ifScheme Pare virtually the ~ other as shown ifrig. 11 where the difference in the driv-
same as those in the absence of DNA. Howeverkgheal- ing force between the absence and presence of DNA is taken
ues with a large driving force of ET in the presence of DNA, accounf46]. Fitting the data irfrig. 11with the Marcus equa-
which correspond to the diffusion rate constant, are some-tion (Eq.(5)) for both type Il and lllintermolecular photoin-
what smaller than those in its absence because of the smallefluced ET affords the same reorganization energy (0.60 eV)
diffusion rate constants @fitermolecular reactions involv-  0f photoinduced ET in the absence of DNAHiy. 6.

ing two DNA molecules as compared with those involving
one DNA molecule Table J. In contrast, theg; values of
intermolecular photoinduced ET from Ru(bpy3*" bound

to DNA electrostatically to intercalators bound to a differ-
ent DNA molecule (type Il inScheme Pare significantly
larger than those of type Il iBcheme 2This is ascribed to

the larger driving force of photoinduced ET of intercalated
molecules into DNA due to the positive shift of ti, , val-

ues by intercalation. For example, the free energy change
of ET from Ru(bpy}?*" to 4-MePhefi in the presence of
DNA becomes negative:(G;t = —0.09 eV) in contrast with

the case in the absence of DNA G, = +0.04eV). In ac-
cordance with such a critical change of theG,, value,

no transient absorption spectrum due to 4-MePhems by
observed in the laser flash photolysis experiments of the
4-MePhef-Ru(bpyk?* system in the absence of DNA as

shown inFig. 10 (open circles), whereas the addition of Fig. 11. Marcus plots of loge vs. — A G for intermolecular ET and loke

D_NA to the 4'Mepheh'RU(bPY)32_+ system ha§ made it pos- s —AGg for intramolecular ET. Numbers refer to intercalators in Table
sible to observe a broad transient absorption band aroundi. (I)—(ll) denote three types of ET iicheme 2

10

log (ke M 571 and kgt, s71)

-AG%,; and —AG’:1/ eV
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The driving force dependence of rate constantsnef
tramolecular photoinduced ETAgt) (type | in Scheme P
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