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A series of acridinium, quinolinium, and phenanthridinium ions (9-substituted-10-methylacridinium (AcrR+,
R ) H, Pri, and CH2Ph), 3-substituted-1-methylquinolinium (RQuH+, R ) CN and Br), and 5-methylphenan-
thridinium (5-MePhen+) perchlorate salts) are shown to be intercalated into the DNA double helix from calf
thymus. The one-electron reduction potentials (E0

red) of these intercalators have been determined in the absence
and presence of DNA by both cyclic voltammetry and second harmonic ac voltammetry. TheE0

red values of
intercalators are shifted in a positive direction by intercalation into the DNA double helix. The one-electron
oxidation potential (E0

ox) of ethidium bromide, which is known to be intercalated into DNA, is also shifted
in a positive direction by the intercalation. The wide range ofE0

red values of intercalators thus determined in
the presence of DNA allows us to examine the exact driving force dependence of the rates of photoinduced
electron transfer from the singlet excited state of ethidium bromide to the intercalators in DNA for the first
time. The resulting data were evaluated in light of the Marcus theory of electron transfer to determine the
reorganization energy and the electron coupling matrix element in DNA.

Introduction

Photoinduced electron transfer (PET) in DNA has been a topic
of significant interest in recent years because of a crucial role
in photochemical reactions leading to the oxidative damage of
DNA.1-10 Synthetic fluorescent dyes such as ethidium bromide
readily intercalate into the DNA double helix, and they are
widely used as a tool to study PET dynamics in DNA.9-13

Extensive studies have been focused on the distance dependence
of PET dynamics in DNA.1,3-8,14,15 The driving force depen-
dence of PET in DNA has also merited special attention in light
of the Marcus theory of electron transfer.3,16The redox potential
of an intercalated molecule is expected to be altered by
intercalation because the environment is changed from an
aqueous phase to a space betweenπ-stacked nucleobase pairs.
However, only small changes in the redox potentials of
intercalators in the presence of DNA have so far been reported
in the pulse radiolysis studies.17 There has been no systematic
electrochemical study on the change in the redox potentials of
intercalators associated with the intercalation into DNA. In
addition, the lack of appropriate intercalators having a wide
range of redox potentials has precluded a detailed investigation
of the driving force dependence of PET of intercalated molecules
in DNA.

We report herein the driving force dependence of the PET
dynamics of 9-substituted-10-methylacridinium ion (AcrR+, R
) H, Pri, and CH2Ph), 3-substituted-1-methyl-quinolinium ion
(RQuH+, R ) CN and Br), and 5-methylphenanthridinium ion

(5-MePhen+) perchlorate salts, which can readily intercalate
into the DNA double helix from calf thymus. Such a series of
intercalators enable us to cover a wide range of the driving
force of PET from the singlet excited state of ethidium bromide
in DNA. The driving force of PET in DNA, being different
from that in an aqueous solution, has been determined experi-
mentally for the first time from the redox potentials of
intercalators, which are indeed altered significantly by intercala-
tion into DNA.

Experimental Section

Materials. Ethidium bromide (Eth+Br-) and calf thymus
deoxyribonucleic acid sodium salt (DNA) were purchased from
Sigma Chemical Co. A stock solution of DNA (18 mg in 25
mL of solvent) was prepared by dissolution overnight in 5 mM
Tris-HCl buffer (pH 7.0) containing 5 mM sodium sulfate
(Na2SO4). Tris(hydroxymethyl)aminomethane was purchased
from Nacalai Tesque, Japan.p-Benzoquinone, methyl-p-ben-
zoquinone, hydrochloric acid, and sodium sulfate (99.9%) were
purchased from Wako Pure Chemical Ind. Ltd., Japan. Chloro-
p-benzoquinone was purchased from Aldrich. 10-Methylacri-
dinium iodide was prepared by the reaction of acridine with
methyl iodide in acetone, converted to the perchlorate salt
(AcrH+ClO4

-) by the addition of Mg(ClO4)2 to the iodide salt,
and purified by recrystallization from methanol.18,19 9-Substi-
tuted 10-methylacridinium perchlorates (AcrR+ClO4

-: R ) Pri

and CH2Ph) were prepared by the reaction of 10-methylacridone
in dichloromethane with the corresponding Grignard reagents
(RMgBr), followed by the addition of sodium hydroxide for
the hydrolysis and perchloric acid for the neutralization, and
were purified by recrystallization from ethanol-diethyl ether.20
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1-Methylquinolinium perchlorate (QuH+ClO4
-), 3-bromo-1-

methylquinolinium perchlorate (BrQuH+ClO4
-), 3-cyano-1-

methylquinolinium perchlorate (CNQuH+ClO4
-), and 5-meth-

ylphenanthridinium perchlorate (5-MePhen+ClO4
-) were

prepared by the reaction of the corresponding quinoline deriva-
tives with methyl iodide in acetone, followed by metathesis with
Mg(ClO4)2.20 The purity of synthesized intercalators was
checked by elemental analysis and1H NMR (300 MHz).
AcrPri+ClO4

-: 1H NMR (CD3CN): δ 1.82 (d, 6HJ ) 7.8 Hz),
4.72(s, 3H) 4.79 (m, 1H,J ) 7.8 Hz), 7.94 (t, 2H,J ) 7.8 Hz),
8.34 (t, 2H,J ) 7.8 Hz), 8.53 (d, 2H,J ) 7.8 Hz), 8.92 (d, 2H,
J ) 7.8 Hz). Anal. Calcd for C17H18NO4Cl: C, 60.81; H, 5.40;
N, 4.17. Found: C, 61.32; H, 5.39; N, 4.17. AcrCH2Ph+ClO4

-:
1H NMR (CD3CN): δ 4.79 (s, 3H), 5.35 (s, 2H), 7.5-8.9 (m,

13H). Anal. Calcd for C21H18NO4Cl: C,65.71; H, 4.73; N, 3.65.
Found: C, 65.29; H, 4.66; N, 3.67. BrQuH+ClO4

-: 1H NMR
(CD3CN): δ 4.56 (s, 3H), 8.07 (t, 2H,J ) 8.3 Hz), 8.2-8.4
(m, 4H). Anal. Calcd for C10H9NO4BrCl‚H2O: C, 35.27; H,
3.26; N, 4.11. Found: C, 34.97; H, 2.77; N, 4.05. CNQuH+-
ClO4

-: 1H NMR (CD3CN): δ 4.61 (s, 3H), 8.12-8.24 (m, 1H),
8.4-8.5 (m, 3H), 9.46 (s, 1H), 9.52 (s, 1H). Anal. Calcd for
C11H9N2O4Cl: C, 49.18; H, 3.38; N, 10.43. Found: C, 49.01;
H, 3.30; N, 10.58. 5-MePhen+ClO4

-: 1H NMR (CD3CN): δ
4.63 (s, 3H), 8.0-8.6 (m, 6H), 8.8-9.2 (m, 2H), 9.77 (s, 2H).
Anal. Calcd for C14H12NO4Cl: C, 57.25; H, 4.12; N, 4.77.
Found: C, 57.15; H, 4.06; N, 4.72. Water was purified
(18.3 MΩ cm) with a Milli-Q system (Millipore;
Milli-Q Jr.). Acetonitrile was purified and dried by the standard
procedure.21

Electrochemical Measurements.Cyclic voltammetry (CV)
and second-harmonic ac voltammetry (SHACV)22 measurements
were performed at 298 K on a BAS 100W or BAS 100B
electrochemical analyzer in deaerated Tris-HCl buffer containing
5 mM Na2SO4 as the supporting 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 polished with
BAS polishing alumina suspension and rinsed with acetone
before use. The reference electrode was Ag/0.01 M AgCl. The
values (vs Ag/AgCl) are converted to those versus SCE by
adding 0.04 V.23

Spectroscopic Measurements.Changes in the UV-vis
spectra of several substrates were monitored by using a
Hewlett-Packard 8452A diode array spectrophotometer. The
interaction between intercalators and DNA was examined
from the change in the UV-vis spectra of intercalators in the
presence of various concentrations of DNA (0-2.0× 10-3 M).
Concentration of DNA per nucleobase was estimated usingε

) 6600 M-1 cm-1 at 260 nm.24

Quenching experiments of the fluorescence of Eth+ were
carried out on Shimadzu RF-5000 and RF-5300PC spectrof-
luorophotometers. The excitation energy of1Eth+* in DNA is
determined from the absorption and fluorescence maxima to
be 2.24 eV, which is lower than that in H2O (2.33 eV). The
excitation wavelengths of Eth+ in the presence of DNA (1.4×
10-3 M) and in the absence of DNA in 5 mM Tris-HCl buffer
were 520 and 480 nm, respectively. The monitoring wavelengths
were those corresponding to the maxima of the emission band
of 591 and 598 nm, at which there is no absorption because of
a quencher and thus no inner filter effects on the fluorescence
quenching are observed. The buffer solutions were deaerated
by argon purging for 10 min prior to the measurements. Relative
fluorescence intensities were measured for buffer solutions

containing Eth+ (5.0 × 10-5 M) with a quencher at various
concentrations (0-3.0× 10-3 M) in the presence of DNA (1.5
× 10-3 M). There was no change in the shape, but there was a
change in the intensity of the fluorescence spectrum by the
addition of a quencher.

Time-resolved fluorescence spectra were measured by a
Photon Technology International GL-3300 with a Photon
Technology International GL-302 and a nitrogen laser/pumped
dye laser system equipped with a four-channel digital delay/
pulse generator (Stanford Research System Inc. DG535) and a
motor driver (Photon Technology International MD-5020). The
excitation wavelength was 520 nm using coumarin 540A
(Exciton Co.) as a dye. Fluorescence lifetimes were determined
by a two-exponential curve fit using a microcomputer. Nano-
second transient absorption measurements were carried out using
a Nd:YAG laser (Solar, TII) at 532 nm with a power of 60 mJ
as an excitation source. The transient spectra were recorded
using fresh solutions in each laser excitation. All experiments
were performed at 298 K.

Results and Discussion

Change in One-Electron Redox Potentials of Intercalators
in DNA. The intercalators employed in this study are shown in
Chart 1. The changes in the one-electron reduction potentials
of intercalators were examined by the cyclic voltammetry (CV)
and second-harmonic ac voltammetry (SHACV) measure-
ments.22,25 A typical example is shown in Figure 1. A quasi-
reversible CV wave is observed for the one-electron redox
couple of AcrPri+/AcrPri• in deaerated 5 mM Tris-HCl buffer
aqueous solution at a sweep rate of 0.01 V s-1 (Figure 1a). The
half-wave potential is determined to be-0.70 V (vs SCE),
which remains the same at different sweep rates. The CV half-
wave potential (Figure 1a) agrees with the SHACV intersection
potential (Figure 1b), and this value is taken as the one-electron
reduction potential (E0

red) of AcrPri+. TheE0
red value of AcrPri+

in an aqueous solution is more negative as compared to the
value (-0.63 V) in acetonitrile (MeCN)20 because of the
stronger solvation of AcrPri+ in water than in MeCN. In the
presence of DNA (2.0× 10-3 M), the one-electron reduction
potential of AcrPri+ is shifted in a positive direction, exhibiting
a quasi-reversible wave at-0.56 V (vs SCE) as shown in Figure
1c. Figure 1d shows the corresponding SHACV in which the
E0

red value is determined from the intersection potential of two
curves of opposite phases as-0.56 V, which agrees with the
value from the CV (Figure 1c). The change in theE0

red value
as a function of the ratio of the DNA concentration to the initial
concentration of AcrPri+, [DNA bases]/[AcrPri+]0, is shown in
Figure 2a, where the data from CV and SHACV agree with
each other. TheE0

red value increases with increasing DNA
concentration to approach a constant value in the region of
[DNA bases]/[AcrPri+]0 > 30, although the higher DNA
concentration (>2.0 × 10-3 M) is limited by the solubility

CHART 1
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problem. This indicates that the change inE0
red is attributed to

the intercalation of AcrPri+ into DNA.
A bathchromic shift and the hypochromicity of its visible

absorption band is observed in the electronic absorption
spectrum of AcrPri+ in the presence of DNA in deaerated 5
mM Tris-HCl buffer as compared to that in the absence of DNA.
The ratio of the intercalated AcrPri+ molecules is obtained from
the absorbance change of AcrPri+ with DNA concentration by
using eq 1, where [DNA bases-AcrPri+] and [AcrPri+]0 are
the concentrations of the intercalated AcrPri+ and the initial
concentration of AcrPri+ and A0, A, and A∞ are the initial
absorbances in the absence of DNA, at a given concentration
of DNA, and at a large concentration of DNA when all AcrPri+

molecules are intercalated into DNA, respectively. The binding

constant (K) of AcrPri+ with DNA is given by eq 2.

The plot of [DNA bases-AcrPri+]/[AcrPri+]0 versus [DNA
bases]/[AcrPri+]0 determined from the absorbance change (eq
1) is shown in Figure 2b. The [DNA bases-AcrPri+]/[AcrPri+]0

value increases with an increase in the [DNA bases]/[AcrPri+]0

value to reach a constant value in the region of [DNA bases]/
[AcrPri+]0 > 30, where all AcrPri+ molecules are intercalated
into DNA. The binding constantK is determined to be 2.0×
103 M-1 from the data in Figure 2b using eq 2. The binding
constant is readily estimated as [DNA bases]-1, which gives
the ratio of [DNA bases-AcrPri+]/[AcrPri+]0 ) 0.5. The change
in the E0

red value with [DNA bases]/[AcrPri+]0 in Figure 2a is
in parallel agreement with that in [DNA basesAcrPri+]/[Acr-
Pri+]0 in Figure 2b. Such a parallel relationship clearly indicates
that the potential shift ofE0

red of AcrPri+ is caused by the
intercalation of AcrPri+ into DNA. Because theE0

red value is
shifted in a positive direction, the AcrPri• radical produced by
the one-electron reduction of AcrPri+ may be more stabilized
by theπ-π interaction with base pairs of DNA as compared
to that in an aqueous buffer solution. The solvation of water to
AcrPri+ also plays an important role in determining theE0

red

value because theE0
red value is known to be shifted in a positive

Figure 1. (a) Cyclic voltammogram (sweep rate of 10 mV s-1) and
(b) second-harmonic ac voltammogram (sweep rate of 4 mV s-1) of
AcrPri+ (5.0× 10-4 M) in 5 mM Tris-HCl buffer (pH 7.0). (c) Cyclic
voltammogram (sweep rate of 10 mV s-1) and (d) second-harmonic ac
voltammogram (sweep rate of 4 mV s-1) of AcrPri+ (5.0× 10-5 M) in
the presence of DNA (2.0× 10-3 M) in 5 mM Tris-HCl buffer (pH
7.0).

Figure 2. (a) Plot of the one-electron reduction potential of AcrPri+

(5.0× 10-5 M) vs the ratio of the concentration of DNA bases (0-2.0
× 10-3 M) to AcrPri+ in 5 mM Tris-HCl buffer (pH 7.0), determined
by CV (O) and SHACV (b). (b) Plot of the ratio of intercalated AcrPri+

(5.0 × 10-5 M) vs the concentration of DNA (0-2.0 × 10-3 M) to
AcrPri+.

[DNA bases-AcrPri+]

[AcrPri+]0

)
(A0 - A)

(A0 - A∞)
(1)

K )

[DNA bases-AcrPri+]

([AcrPri+]0 - [DNA bases-AcrPri+])([DNA] 0 - [DNA bases-AcrPri+])

(2)
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direction as the solvent polarity decreases:-0.70 V (H2O),
-0.63 V (MeCN),-0.54 V (CH2Cl2), -0.52 V (CHCl3), and
-0.42 V (benzene).20

In the case of other acridinium, quinolinium, and phenath-
ridinium ions, theE0

red values were determined as the SHACV
intersection potentials (Supporting Information, S2).26 TheE0

red

values are shifted in a positive direction with increasing DNA
concentration in parallel with the absorbance change of inter-
calators due to intercalation into DNA. The changes in theE0

red

values by interaction into DNA are summarized in Table 1. The
largest positive potential shift is obtained for AcrH+ (0.19 V)
and CNQuH+ (0.19 V) whereas the smallest potential shift is
obtained for AcrCH2Ph+ (0.03 V). This indicates the steric effect
of the substituent plays an important role in the stabilization of
the intercalator radical due to theπ-π interaction with base
pairs of DNA and also in solvation with solvent molecules
outside DNA. The binding constantK of AcrPri+ with DNA
(2.0 × 103 M-1) is smaller than theK value of AcrH+ (6.7 ×
103 M-1) determined by the spectral titration because of the
steric effect of the Pri group. In any case, the shift in the one-
electron reduction potentials of intercalators, which varies
depending on the type of intercalators (Table 1), demonstrates
that it is essential to determine theE0

red values of intercalators
in DNA in order to examine the exact driving force dependence
of the photoinduced electron transfer of intercalators.

The one-electron oxidation potential (E0
ox) of Eth+ is also

shifted in a positive direction from 1.37 V in 5 mM Tris-HCl
buffer aqueous solution to 1.46 V by interaction into DNA (1.5
× 10-3 M). The positive shift ofE0

ox of Eth+ in DNA indicates
that Eth•2+ is less solvated and thereby less stabilized in DNA
as compared to that in H2O. The change inE0

ox of Eth+ with
DNA concentration (Figure 3a) is also in parallel with the
number of intercalated Eth+ ions relative to the initial number
of Eth+ ions, which is determined from a bathchromic shift in
the absorption band due to Eth+ by intercalation into DNA
(Figure 3b). In the case of Eth+, the smaller [DNA bases]0/
[Eth+]0 value is required to complete the change inE0

ox and
the absorbance as compared to the case of AcrPri+ in Figure 2.
This indicates that the binding of Eth+ with DNA is stronger
than the binding of AcrPri+.

Fluorescence Quenching by Eth+ via PET in DNA. A
drastic enhancement of Eth+ fluorescence intensity is observed
in the presence of DNA as compared to that in its absence.27 A
pathway for the nonradiative decay of excited ethidium in an
aqueous solution has been proposed in which the ion donates a
proton from one of its amino groups to the solvent.27 When
intercalated into DNA, however, the proton-transfer pathway
is virtually eliminated, leading to a lengthening of the singlet
excited-state lifetime from 1.8 ns in water to 22 ns and an
increase in the fluorescence intensity by about 1 order of
magnitude.28

The fluorescence of Eth+ is quenched efficiently by AcrPri+

in the presence of DNA in 5 mM Tris-HCl buffer (pH 7.0) when
both Eth+ and AcrPri+ are intercalated into DNA. The Stern-
Volmer plot is shown in Figure 4a, where theI0/I value increases
linearly with increasing AcrPri+ concentration to reach a constant
value. Similar results are obtained for AcrCH2Ph+ (Figure 4b).

From the initial slope and fluorescence lifetime of intercalated
Eth+ (22 ns), the quenching rate constant is obtained as 2.3×
1011 M-1 s-1, which exceeds the limit of the diffusion rate
constant significantly. Because the diffusion rate constant of
Eth+ intercalated into DNA is not known, the quenching rate

TABLE 1: One-Electron Reduction Potentials (E0
red) of

Intercalators in the Presence of DNA (2.0× 10-3 M) and in
the Absence of DNA and Driving Force (-∆G0

ET) and Rate
Constants (kET) of Photoinduced Electron Transfer

no intercalator E0
red vs SCE, Va -∆G0

ET, eV kET, s-1

1 AcrH+ -0.11 (-0.30) 0.67 4.3× 108

2 AcrCH2Ph+ -0.45 (-0.48) 0.33 1.3× 109

3 AcrPri+ -0.56 (-0.70) 0.22 4.6× 108

4 CNQuH+ -0.60 (-0.79) 0.18 1.8× 108

5 BrQuH+ -0.76 (-0.82) 0.02 9.6× 107

6 5-MePhen+ -0.78 (-0.87) 0.00 5.0× 107

Eth+ 1.46b (1.37)b

a Values in parentheses were determined in the absence of DNA.
b One-electron oxidation potential.

Figure 3. (a) Plot of the one-electron oxidation potential of Eth+ (5.0
× 10-5 M) vs the ratio of the concentration of DNA (0-1.5 × 10-3

M) to Eth+ in 5 mM Tris-HCl buffer (pH 7.0), determined by SHACV.
(b) Plot of the ratio of intercalated Eth+ (5.0 × 10-5 M) vs the
concentration of DNA (0-1.5 × 10-3 M) to AcrPri+.

Figure 4. Stern-Volmer plots of the quenching of1Eth+* (5.0× 10-5

M) by (a) AcrPri+ (0-5.5 × 10-3 M) and (b) AcrCH2Ph (0-5.5 ×
10-3 M) in the presence of DNA (1.5× 10-3 M) in 5 mM Tris-HCl
buffer (pH 7.0).
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constants of Eth+ intercalated into DNA were determined by
using strong oxidants such asp-benzoquinone (Q) and its
derivatives (X-Q; X ) Me and Cl), which cannot be inter-
calated into DNA. The quenching rate constants (kq) were
determined from the slopes of Stern-Volmer plots for the
fluorescence quenching of Eth+ by p-benzoquinones in the
presence of DNA (Supporting Information S1). Thekq values
are listed in Table 2 together with theE0

red values of p-
benzoquinones, which were also determined by the SHACV
method (S2). Thekq values are virtually the same, irrespective
of the large difference in theE0

red values. In each case, the free-
energy change of electron transfer from Eth+* to p-benzoquino-
nes is largely negative, and thereby thekq values may correspond
to the diffusion rate constant of Eth+ intercalated into DNA.

Thekq value obtained in the fluorescence quenching of Eth+

by AcrPri+ in the presence of DNA is much larger than the
diffusion-limited value, which indicates that fluorescence quench-

ing results from static quenching rather than dynamic quenching.
In such a case, the constantI0/I value in Figure 4 may correspond
to the fluorescence quenching of Eth+ by the nearest-neighbor
AcrR+ intercalated into DNA. This is confirmed by the fluor-
escence lifetime measurements (vide infra).

The fluorescence decay dynamics of Eth+ in the presence of
DNA (1.5 × 10-3 M) and AcrPri+ (3.3 × 10-4 - 5.4 × 10-3

M) is shown in Figure 5a. Each decay curve can be well fit
with two exponentials. The lifetime of each component (τ1 and
τ2) is constant irrespective of AcrPri+ concentration as shown
in Figure 5b, where the lifetime of the slower component (τ2 )
22 ns) agrees with the lifetime intercalated into DNA in the
absence of AcrPri+ (22 ns). The percentage of the faster
component (τ1) increases with increasing AcrPri+ concentration
to reach 100%, whereas the slow component (τ2) decreases to
zero (Figure 5c). The faster component is not ascribed to the
replacement of intercalated Eth+ by AcrPri+ because the
absorption band due to intercalated Eth+ is not affected by the
presence of a large excess of AcrPri+ (Supporting Information
S3).29 These results indicate that the singlet excited state
(1Eth+*) is quenched by nearest-neighbor AcrPri+ intercalated
into DNA. The energy transfer from1Eth+* to AcrPri+ is
unlikely to occur because the singlet excited state of AcrPri+

in DNA (2.89 eV)30 is significantly higher in energy than that
of Eth+ in DNA (2.24 eV). The ET rate from1Eth+* to AcrPri+

separated by an additional base pair may be negligible because
the ET rate in DNA is known to be sensitive to the donor-
acceptor distance.16bAlthough a decay curve analysis using three
exponentials is possible, two exponentials are enough to analyze
all of the data for different AcrPri+ concentrations.31 Thus, the
rate constant of PET (kET) from 1Eth+* to AcrPri+ in DNA is
determined from the shorter lifetime of1Eth+* in DNA in the
presence of AcrPri+ (kET ) τ1

-1). Similarly, thekET values of
a series of 10-methylacridinium and 1-methylquinolinium ion
derivatives were determined as listed in Table 1.32

Transient Absorption Spectra in PET in DNA. The
fluorescence quenching in Figure 4 occurs via PET from1Eth+*

to AcrPri+ in DNA because Eth•2+ is observed in transient
absorption spectra obtained by laser flash photolysis of 5 mM
Tris-HCl buffer aqueous solution containing Eth+, AcrPri+, and
DNA with the excitation laser light (λ ) 532 nm), which excites
only Eth+ as shown in Figure 6. The transient absorption band
observed at 420 nm is assigned to Eth•2+ produced in PET from
1Eth+* to AcrPri+ by comparison with the reported absorption
band due to Eth•2+.11,13 The rise of the transient absorption of

Figure 5. (a) Fluorescence decay curves of Eth+ (5.0 × 10-5 M) in
DNA (1.5 × 10-3 M) in the presence of various concentrations of
AcrPri+; [AcrPri+] ) 3.3 × 10-4, 8.9 × 10-4, 3.1 × 10-3, and 5.4×
10-3 M. (b) Plot of two fluorescence lifetimes vs the concentration of
AcrPri+. (c) Plot of the component ratio of two fluorescence lifetimes
vs the concentration of AcrPri+.

TABLE 2: Quenching Constants (Kq) and Quenching Rate
Constants (kq) of Eth+* by p-Benzoquinone Derivatives in the
Presence of DNA and the One-Electron Reduction Potentials
(E0

red) of Quinone Derivatives

quinone Kq, M-1 kq, M-1 s-1 E0
red vs SCE, V

Q 55 2.5× 109 0.15
Me-Q 50 2.3× 109 0.14
Cl-Q 66 3.0× 109 0.15

Figure 6. Decay time profiles of absorbance at 420 nm observed by
photoexcitation of a 5 mM Tris-HCl buffer (pH 7.0) of Eth+(2.0 ×
10-4 M) with AcrPri+ (2.0 × 10-4 M) in the presence of DNA(3.0×
10-3 M) obtained after laser excitation at 12 ns and 1.4µs.
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Eth•2+ occurs within the instrumental response (10 ns), being
consistent with the rate constant (3.9× 108 s-1) that corresponds
to the lifetime (τ1 ) 2.3 ns) in Figure 4a. The absorbance decays
rapidly, obeying first-order kinetics to leave residual absorbance
(Figure 7a), which decays much more slowly at prolonged
reaction time (Figure 7b). Similar results were obtained for other
acridinium and quinolinium ion derivatives (Supporting Infor-
mation S4). The rate constants (kd) of the initial fast decay are
listed in Table 3. The initial fast decay may be attributed to the
facile electron transfer from a nucleobase, which interacts with
Eth•2+, to Eth•2+ because thekd values are rather constant
irrespective of electron acceptors (Table 3). Only the most

oxidizable nucleobase, that is, guanine,33,34may be oxidized by
Eth•2+. This may be the reason that only a part of the absorbance
due to Eth2•+ decays rapidly.

Unfortunately, the transient absorption band due to AcrPri•

(λmax ) 520 nm)20,35 was masked by the excitation light (532
nm). However, the decay of absorbance at 570 nm due to AcrPri•

can be monitored (Figure 7c), and it is much slower than the
decay of the longer-lived Eth•2+ (Figure 7b). This indicates that
the radical ions generated in the primary PET reaction, Eth•2+

and AcrPri•, recombine by different pathways. Eth•2+ accepts
an electron from a nucleobase, which follows by the hole
migration to guanine and is accompanied by deprotonation,36-38

whereas AcrPri• remains unreacted.39

Driving Force Dependence of PET Rates in DNA.The
driving force of PET in DNA (-∆GET

0 ) was determined from
theE0

ox value of1Eth+* in DNA (-0.78 V) and theE0
red values

of intercalators in DNA, and these values are also listed in Table
1. The determination of bothkET and the driving force in DNA
enables us to examine the exact driving force dependence of
kET for PET from1Eth+* to intercalators in DNA. A plot of log
kET versus-∆G0

ET in DNA is shown in Figure 8, where the
log kET value increases when increasing the driving force to
reach a maximum and then decreases at a larger driving force.
Such a driving force dependence of logkET in Figure 8 can be
analyzed using the Marcus equation of nonadiabatic intramo-
lecular electron transfer (eq 3),

whereλ is the reorganization energy of photoinduced electron
transfer,V is the coupling matrix element,kB is the Boltzmann
constant,h is the Planck constant, andT is the absolute
temperature.40

The reasonable fit of the data for all of the intercalators to a
single Marcus curve affords the values ofλ ) 0.43 eV andV
) 2.0 cm-1 (Figure 8).41 This indicates that differences in the
geometry or solvation depending on the investigated intercalators
do not have significant effects on theλ and V values. Theλ
value is similar to the values for PET of the zinc chlorin-C60

dyad (0.48 eV)42 and the zinc porphyrin-C60 dyad (0.66 eV)43

with edge-to-edge distances of 5.89 and 11.9 Å, respectively,
that are significantly smaller than the value of the porphyrin-
quinone dyad (1.12 eV) with a center-to-center distance of 12.2
Å.44 However, theV value (2.0 cm-1) is smaller than the value

Figure 7. Decay profiles of absorbance at 420 nm (a) in the 100-ns
range, (b) in the 100-µs range, and (c) at 570 nm, observed by the
photoexcitation of 5 mM Tris-HCl buffer containing AcrPri+ (2.0 ×
10-4 M), Eth+ (2.0 × 10-4 M), and DNA (6.0× 10-3 M).

TABLE 3: Lifetime of Eth •2+ in DNA Observed in
Photoinduced Electron Transfer from 1Eth+* to Intercalators
in 5 mM Tris-HCl Buffer (pH 7.0)

intercalator τ, ns

AcrH+ 9
Acr(CH2Ph)+ 11
AcrPri+ 16
3-BrQuH+ 13
3-CNQuH+ 11
5-MePhen+ 12

Figure 8. Marcus plot of logkET vs -∆G0
ET. Numbers refer to

intercalators in Table 1.

kET ) ( 4π3

h2λkBT)1/2

V2 exp[-
(∆GET

0 + λ)2

4λkBT ] (3)
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(6.8 cm-1) of the zinc chlorin-C60 dyad with an edge-to-edge
distance (Ree) of 5.89 Å,42 which is much smaller than theV
value (230 cm-1) reported by Lewis et al.16b that is derived from
the driving force dependence of the dynamics of PET in hairpin-
forming bis(oligonucleotide) conjugates in which the acceptor
linker and donor nucleobases are located adjacent to each other.
They reported a smallerV value (17 cm-1) for π-stacked bridge-
mediated PET in which the acceptor linker and donor nucleo-
bases are separated by two base pairs.16bHarriman5 also reported
the V value (4.4 cm-1) for ET between an intercalated donor
and acceptor separated by three intervening base pairs. Thus,
the distance between Eth+ and the nearest-neighbor intercalator
in DNA may be more than twice the average stacking distance
of 3.4 Å. This estimation seems reasonable because the
intercalation of two intercalators into adjacent base pairs is
unlikely to occur because of the steric repulsion. However, the
exact geometry of two intercalated molecules in DNA has yet
to be clarified. In any case, the relatively smallλ value (0.43
eV) indicates that electron transfer in DNA requires only a small
reorganization energy and thus DNA is an ideal environment
for efficient electron transfer.
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