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Abstract: Donor/acceptor (D/A) interactions are studied in a series of doubly modified 19-mer DNA duplexes.
An ethynyl-linked RuII donor nucleoside is maintained at the 5′ terminus of each duplex, while an ethynyl-
linked OsII nucleoside, placed on the complementary strands, is systematically moved toward the other
terminus in three base pair increments. The steady-state RuII-based luminescence quenching decreases
from 90% at the shortest separation of 16 Å (3 base pairs) to ∼11% at the largest separation of 61 Å (18
base pairs). Time-resolved experiments show a similar trend for the RuII excited-state lifetime, and the
decrease in the averaged excited-state lifetime for each duplex is linearly correlated with the fraction
quenched obtained by steady-state measurements. Analysis according to the Förster dipole-dipole energy
transfer mechanism shows a reasonable agreement. Deviation from idealized behavior is primarily attributed
to uncertainty in the orientation factor, κ2. Analyzing D/A interactions in an analogous series of doubly
modified oligonucleotides, where the ethynyl-linked RuII center is replaced with a saturated two-carbon
linked complex, yields an excellent correlation with the Förster mechanism. As this simple change partially
relaxes the rigid geometry of the donor chromophore, these results suggest that the deviation from idealized
Förster behavior observed for the duplexes containing the rigidly held RuII center originates, at least partially,
from ambiguities in the orientation factor. Surprisingly, analyzing both quenching data sets according to
the Dexter mechanism also shows an excellent correlation. Although this can be interpreted as strong
evidence for a Dexter triplet energy transfer mechanism, it does not imply that this electron exchange
mechanism is operative in these D/A duplexes. Rather, it suggests that systems that transfer energy via
the Förster mechanism can under certain circumstances exhibit Dexter-like “behavior”, thus illustrating the
danger of imposing a single physical model to describe D/A interactions in such complex systems. While
we conclude that the Förster dipole-dipole energy transfer mechanism is the dominant pathway for D/A
interactions in these modified oligonucleotides, a minor contribution from the Dexter electron exchange
mechanism at short distances is likely. This complex behavior distinguishes DNA-bridged RuII/OsII dyads
from their corresponding low molecular-weight and covalently attached counterparts.

Introduction

The DNA double helix has been shown to be an intriguing
medium for exploring charge transfer phenomena.1 The intrica-
cies of these processes have widely been probed using photo-
active and redox-active transition metal coordination com-
pounds.2 Much less attention has been given, however, to energy
transfer processes in similarly metal-modified DNA oligonucle-
otides. The relatively complex excited-state manifold of poly-
pyridine RuII and OsII compounds can be engaged in multiple
relaxation mechanisms, including dipole-dipole (Förster) and
electron exchange (Dexter) energy transfer processes (Figure
1).3,4 In simple heteronuclear RuII-OsII dyads, the mode of the

donor/acceptor interaction has been demonstrated to be depend-
ent on the ligand bridging the two metal centers.5 Saturated
bridging ligands do not provide effective orbital overlap between
donor and acceptor chromophores. Consequently, energy transfer
between the photoexcited donor and the ground-state acceptor
proceeds primarily by a through-space dipole-dipole interac-
tion.6 On the other hand, conjugated bridging ligands that
provide substantial electronic interaction between the donor and
the acceptor can facilitate rapid energy transfer via a through-

* Address correspondence to this author. E-mail: ytor@ucsd.edu.
(1) For overview articles, see: Netzel, T. L.J. Chem. Educ.1997, 74, 646-

651. Diederichsen, U.Angew. Chem., Int. Ed. Engl.1997, 36, 2317-2319.
Holmlin, R. E.; Dandliker, P. J.; Barton, J. K.Angew. Chem., Int. Ed. Engl.
1997, 36, 2714-1730. Netzel, T. L.J. Biol. Inorg. Chem.1998, 3, 210-
214. Priyadarshy, S.; Risser, S. M.; Beratan, D. N.J. Biol. Inorg. Chem.
1998, 3, 196-200. Erkkila, K. E.; Odom, D. T.; Barton, J. K.Chem. ReV.
1999, 99, 2777-2795. Grinstaff, M. W.Angew. Chem., Int. Ed.1999, 38,
3629-3635. Schuster, G. B.Acc. Chem. Res.2000, 33, 253-260. Núñez,
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bond Dexter exchange mechanism.7,8 How would DNA mediate
donor/acceptor interactions in related duplex-bridged RuII-OsII

dyads?
Barton has previously investigated DNA-mediated triplet

energy transfer using end-intercalating dimethyl-dppz RuII and
OsII metal complexes.9 A shallow distance dependency was
observed over a relatively narrow donor/acceptor (D/A) separa-
tion of 31-44 Å. The sensitivity of the observed luminescence
quenching to the stacking of the metal complexes and to duplex
integrity led the authors to conclude that triplet energy transfer
is effectively mediated by the DNA base stack. Since triplet
energy transfer can be viewed as a charge transfer process,
where concerted hole and electron transfer processes take place
(Figure 1),10,11 these results have been interpreted using the
Dexter exchange mechanism. This mechanism, however, re-
quires orbital overlap and operates at relatively short distances.12

The significant quenching observed at distances above 30 Å
may require reinterpretation.

We have previously developed an effective method for the
site-specific incorporation of polypyridine RuII and OsII com-
plexes into DNA oligonucleotides using solid-phase phosphor-
amidite chemistry.13,14 In our novel nucleosides, a [(bpy)2M-
(3-ethynyl-1,10-phenanthroline)]2+ complex is covalently at-
tached to the 5-position of 2′-deoxyuridine and projected into

the DNA major groove (Figure 2). The rigid ethynyl linker that
connects the polypyridine moiety to the heterocyclic base
ensures that the metal complexes do not back-intercalate into
the duplex, and an unambiguous positioning of the donor and
the acceptor.15 In this contribution, DNA-bridged RuII-OsII

dyads, where the donor/acceptor separation is systematically
varied from three to eighteen base pairs, are investigated. To
minimize perturbations, a single DNA sequence is utilized and
only the internal positioning of the acceptor is varied. A series
of six doubly modified duplexes that contain the RuII donor1a
and OsII acceptor1b is investigated and compared to an
analogous series, where the donor nucleoside1a is replaced with
2 (Figure 2). Steady-state and time-resolved experiments reveal
a complex distance dependent behavior. The participation of
both the Fo¨rster and Dexter mechanisms in the transmission of
excited-state energy across the DNA bridge is analyzed.

Results and Discussion

Duplex Design and Synthesis.To systematically study the
interaction between a RuII donor nucleoside1a and an OsII-
containing acceptor nucleoside1b over a DNA bridge, a series
of six doubly modified 19-mer DNA duplexes has been
designed. A single RuII nucleoside is maintained at the 5′
terminus of each duplex, while the OsII nucleoside, placed on
the complementary strands, is systematically moved toward the
other terminus in three base pair increments (Figure 3). The
donor/acceptor separation spanned in this series is from 16 to
above 60 Å. Figure 3 lists “duplex codes” which describe the
modified duplexes in a concise manner, indicating the position-
ing of the acceptor with respect to the donor. For example,
URu(19)‚UOs(4) refers to duplex5‚6, where the donor strand is
modified at the 19th (terminal) position from the 3′-end with
the RuII-modified deoxyuridine1a, while the complementary
strand is modified at the 4th position with the OsII nucleoside
1b.

All metal-containing oligonucleotides were synthesized with
the epimeric (Λ/∆) metal-containingD-ribose phosphoramidites,
utilizing standard solid-phase DNA synthesis.16 As previously
reported, the coupling efficiency of the metal-containing phos-
phoramidites during DNA synthesis can be greater than 90%
when high reagent purity is maintained.14 The 5′-DMT protected
oligonucleotides were treated with ammonia and purified by
reverse-phase HPLC. After deprotection using 80% acetic acid,
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(6) Vögtle, F.; Frank, M.; Nieger, M.; Belser, P.; von Zelewsky, A.; Balzani,
V.; Barigelletti, F.; De Cola, L.; Flamigni, L.Angew. Chem., Int. Ed. Engl.
1993, 32, 1643-1646. See also: Belser, P.; Dux, R.; Baak, M.; De Cola,
L.; Balzani, V.Angew. Chem., Int. Ed. Engl.1995, 34, 595-598.

(7) Representative examples: Groshenny, V.; Harriman, A.; Ziessel, R.Angew.
Chem., Int. Ed. Engl.1995, 34, 1100-1102. Barigelletti, F.; Flamigni, L.;
Guardigli, M.; Juris, A.; Beley, M.; Chodorowski-Kimmes, S.; Collin, J.
P.; Sauvage, J. P.Inorg. Chem.1996, 35, 136-142. Harriman, A.; Zies-
sel, R. Chem. Commun.1996, 1707-1716. Ziessel, R.; Hissler, M.;
El-ghayoury, A.; Harriman, A.Coord. Chem. ReV. 1998, 178-180, 1251-
1298. Harriman, A.; Romero, F. M.; Ziessel, R. Benniston, A. C.J. Phys.
Chem. A1999, 103, 5399-5408. El-ghayoury, A.; Harriman, A.; Khatyr,
A.; Ziessel, R.Angew. Chem., Int. Ed.2000, 39, 185-189.

(8) Mixed behavior, where both mechanisms are operative, has also been
observed. See ref 5 and for example: Groshenny, V.; Harriman, A.; Hissler,
M.; Ziessel, R.J. Chem. Soc., Faraday Trans.1996, 92, 2223-2238.

(9) Holmlin, R. E.; Tong, R. T.; Barton, J. K.J. Am. Chem. Soc.1998, 120,
9724-9725.

(10) Closs, G. L.; Miller, J. R.Science1988, 240, 440-447. Closs, G. L.;
Johnson, M. D.; Miller, J. R.; Piotrowiak, P.J. Am. Chem. Soc.1989, 111,
3751-3753.

(11) Essentially an electron transfer phenomenon, the energy transfer rate is
expected to decrease exponentially with increasing D/A separation (R).
Thus, the following relationship should hold:k ) A exp[-âR].

(12) Turro, N. J. Modern Molecular Photochemistry; University Science
Books: Sausalito, CA, 1991.

(13) Hurley, D. J.; Tor, Y.J. Am. Chem. Soc.1998, 120, 2194-2195.
(14) Hurley, D. J.; Tor, Y.J. Am. Chem. Soc.2002, 124, 3749-3762.
(15) The ethynyl linkage also leads to “localization” of the emissive RuII excited

state on the heterocycle-extended nucleoside (see ref 14).
(16) We have previously demonstrated that quenching by the racemic OsII

nucleoside1b is weakly dependent on the absolute configuration at the
RuII donor metal center (see ref 14).

Figure 1. Schematic representation of two possible energy transfer
mechanisms between RuII and OsII metal complexes. The Dexter mechanism
involves an electron exchange process, while the Fo¨rster mechanism involves
a nonradiative and indirect Coulombic dipole-dipole interaction.

Figure 2. Structures of the ethynyl-linked RuII- and OsII-containing
nucleosides1aand1b, respectively, and the “saturated” dimethylene-linked
RuII nucleoside2.
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HPLC purification was repeated. All oligonucleotides used for
the study discussed below were>98% pure by analytical
HPLC.17

Stability of Doubly Modified Duplexes. Thermal denatur-
ation experiments have been used to determine the stability of
the modified DNA duplexes. Complementary combinations of
metal-modified oligonucleotides were hybridized in 10 mM
phosphate buffer at pH 7.0 containing 100 mM NaCl by slow
cooling from 90°C to either room temperature or 4°C. The
dissociation of each duplex was monitored at 260 nm as a
function of temperature. TheTm values of the control and the
modified duplexes are summarized in Table 1. The presence of
a metal-containing nucleotide, at a terminal or internal position,
has a minimal effect on duplex stability. The impact of the

modification is dependent on the location of the metal-containing
nucleotide within the sequence. Modification at the end of the
duplex, as seen in the 19-mer duplexes URu(19)‚Comp5‚4 and
URu(19)‚UOs(19) 5‚11, results in a slight increase in duplex
stability (∆Tm ) +0.7 and+0.2 °C, respectively) relative to
that of the unmodified control 19-mer duplex3‚4 (Tm ) 62.0
°C). The incorporation of an OsII nucleoside to the comple-
mentary strand at an internal position results in a minimal
decrease in duplex stability (∆Tm = -1 °C), except in duplex
URu(19)‚UOs(10) 5‚8, where a small increase inTm is observed
relative to the control duplex.

Steady-State Luminescence Quenching Experiments.The
steady-state transfer efficiency at each of the six donor/acceptor
separations was determined by comparing the integrated emis-
sion between 525 and 850 nm of each duplex with that of the
URu(19)‚Comp control duplex5‚4 (Figure 4).18,19 The results
are presented in Table 1 as the fraction quenched at each
distance.20 The level of RuII-based luminescence quenching

(17) Enzymatic digestion using a cocktail of nuclease P1, alkaline phosphatase,
and snake venom phosphodiesterase was used to confirm both the integrity
of the incorporated metal-containing nucleoside and the composition of
the modified oligonucleotide strands. See Supporting Information for
experimental details and data. The metal-modified oligonucleotides were
also characterized by MALDI mass spectrometry. For example, the MS
data for the RuII-modified oligonucleotide5: calcd 6429.5 Da, found 6423
( 6 Da . The MS data of the OsII-modified oligonucleotides6-11: calcd
6509.6 Da, found 6510( 6 Da.

(18) Excitation of the Ru-only control and bis(heterometalated) duplexes was
performed at 467 nm, an isosbestic point in the absorption spectrum of the
RuII and OsII nucleosides.

Figure 3. Six doubly metal-modified DNA 19-mer duplexes (5‚6-5‚11) contain a single donor RuII nucleoside1a at the 5′-end (red) and an acceptor OsII

nucleoside1b (green) on the complementary strand. The D/A separation is systematically varied in three base pair increments. Also shown are control
oligonucleotides3‚4 and5‚4 and “duplex codes” which describe the duplexes in a concise manner. Models of the doubly modified DNA duplexes are shown
on the right. The top view of each duplex emphasizes the angular change between the donor and the acceptor as a function of distance.
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decreases from 90% at the shortest separation of 16 Å (3 base
pairs) to ∼11% at the largest separation of 61 Å (18 base
pairs).21

Control Experiments: Intraduplex Nature of D/A Inter-
actions. To confirm the intraduplex nature of the observed
luminescence quenching, three distinct control experiments have
been conducted. The interaction of a RuII-modified duplex
URu(19)‚Comp5‚4 with a soluble, noncovalently attached and
non-intercalating [Os(bpy)2phen]2+ was first examined. Figure
5A shows the fraction of RuII emission quenched as a function
of increasing concentrations of OsII. The addition of 1 equiv.
of an OsII complex resulted in only 4% intermolecular quench-
ing. It is apparent that the amount of intermolecular quenching

is substantially smaller than that observed in the bis(hetero-
metalated) DNA duplexes.22

Additional support was obtained by titrating the complemen-
tary 19-mer strand UOs(10) 8 into a solution of URu(19) 19-mer
5. The RuII-based luminescence was monitored at each incre-
ment.23 Importantly, the sample was heated to 90°C between
additions of the complementary oligonucleotide to facilitate
duplex rehybridization. Figure 5B plots the fraction of quenched
emission as a function of acceptor oligonucleotide concentration.
The fraction quenched grows with increasing UOs(10) comple-
ment concentration and levels off at 0.59 after the addition of
precisely 1 equiv. of the quencher oligonucleotide. A similar
57% luminescence quenching was observed from the direct
formation of the same duplex with a 1:1 mixture of URu(19)
and UOs(10) 19-mer complement (Table 1). It is informative to
note that the addition of another full equivalent of UOs(10)
oligonucleotide results in only a 4% increase in quenching. This
correlates well with the intermolecular quenching for a “soluble”
OsII complex discussed above (Figure 5A).

In the last control experiment, the luminescence spectra of
the Ru/Os duplex URu(19)‚UOs(10) 5‚8 and the control duplex
URu(19)‚Comp5‚4 were monitored as a function of temperature,
starting at 25°C and ending at 75°C, well above the melting
point of either duplex (Tm ) 62.7°C). Thermal denaturation of
the duplex should effectively disrupt any intraduplex D/A
interaction. The luminescence of duplex URu(19)‚Comp 5‚4
shows a steady decrease in luminescence intensity with increas-
ing temperature, dropping to 27% of its initial intensity (Figure
6A). This behavior is anticipated, as the emissive properties of
polypyridyl RuII complexes are known to be temperature
dependent.24 The emission profile of the bis(metalated) duplex
URu(19)‚UOs(10)5‚8 shows a similar steady loss in luminescence
intensity with increased temperature up to approximately 55°C
(Figure 6B). At this temperature, however, the duplex begins

(19) The luminescence emission resulting from the direct excitation of the
acceptor was monitored with the corresponding OsII-only duplex and
subtracted from the emission of the donor but was found to be negligible
due to the extremely low emission of the OsII nucleoside (see also ref 14).

(20) Distances were calculated using a helical model of the DNA duplex. See
Supporting Information for details.

(21) It is important to emphasize that the quenching observed is highly
reproducible over several sample preparations and multiple measurements,
suggesting minimal photodeterioration of the samples.

(22) Note that a small and constant contribution to quenching (∼5%) in the
doubly modified duplexes5‚6-5‚11 may result from intermolecular
interactions, as illustrated for [Os(bpy)2phen]2+ in Figure 5A.

(23) Each measurement was corrected with respect to a control sample to which
an equivalent amount of the nonmetalated complement had been added to
correct for quenching that resulted simply from duplex formation (see also
ref 14).

(24) The emissive3MLCT state of the metal complex is in thermal equilibrium
with an3MC (metal-centered) level at a slightly higher energy from which
the excited state can undergo fast, radiationless decay. Thus, thermally
activated crossing into this3MC level results in reduced RuII luminescence
at higher temperatures. See ref 3a.

Table 1. Thermal Denaturation, Steady-State Luminescence Quenching, and Excited-State Lifetimes of DNA Duplexes Containing an
Ethynyl-Linked RuII Donor 1a and an Ethynyl-linked OsII Acceptor 1ba

duplex duplex code Tm
b (°C) ∆Tm

c (°C)

D/A
distanced

(Å)
fraction

quenchede τ1 µsf (%) τ2 µsf (%) 〈τ〉 µsg

decrease in
〈τ〉 (%)

3‚4 control‚Comp 62.0
5‚4 URu(19)‚Comp 62.7 +0.7 1.74(44) 1.03(56) 1.31( 0.01
5‚6 URu(19)‚UOs(4) 61.0 -1.0 16 0.89( 0.01 1.075(16) 0.037(84) 0.20( 0.06 85
5‚7 URu(19)‚UOs(7) 59.9 -1.1 21 0.80( 0.01 0.960(18) 0.120(82) 0.27( 0.01 79
5‚8 URu(19)‚UOs(10) 62.7 +0.7 31 0.57( 0.01 0.895(63) 0.345(37) 0.63( 0.01 52
5‚9 URu(19)‚UOs(13) 61.0 -1.0 43 0.29( 0.03 1.535(39) 0.745(61) 1.02( 0.12 22
5‚10 URu(19)‚UOs(16) 62.0 0.0 52 0.14( 0.03 1.820(28) 1.05(72) 1.24( 0.02 5
5‚11 URu(19)‚UOs(19) 62.2 +0.2 61 0.11( 0.03 3.815(5) 1.19(95) 1.27( 0.01 3

a All measurements were performed with 2µM duplex solutions in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0. Steady-state and time-resolved
luminescence experiments were done with deoxygenated solutions.18,19 b Absorbance-derivedTm values were calculated from the derivative of each thermal
denaturation curve. Standard deviations are( 0.5 °C. c ∆Tm ) Tm(metal-modified duplex)- Tm(control unmodified duplex).d Donor/acceptor separations
were calculated using a helical DNA model.26 e Fraction quenched: Fq) 1 - IRu+Os/IRu. The data are the average of three separate determinations. Transfer
efficiency was determined by comparing the integrated emission between 525 and 850 nm of each duplex with that of the URu(19)‚Comp control duplex5‚4.
f Samples were excited at 467 nm, and emission decays were monitored at 630 nm. Decays were analyzed according to the biexponential function:Iem(t)
) A1exp(-t/τ1) + A2exp(-t/τ2). g Weighted average lifetimes〈τ〉 were calculated by the equation〈τ〉 ) A1τ1 + A2τ2.

Figure 4. Steady-state emission spectra of the control oligo5‚4 (a) and
the D/A oligonucleotides5‚6-5‚11 (g-b, respectively). See Experimental
Section for conditions.
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to thermally denature and the donor/acceptor distance increases.
This leads to emission enhancement that peaks at around 65
°C. A further increase in temperature results in decreased
emission, resulting from thermal deactivation of the RuII excited
state. It is worth noting that the “melting temperature” obtained
from the temperature-dependent luminescence (∼60 °C) agrees
well with theTm obtained by monitoring the absorption of the
duplex at 260 nm as a function of temperature (62.7°C). When
taken together, we conclude that the RuII emission quenching
observed in duplexes5‚6-5‚11 represents an intraduplex
event.25

Time-Resolved Luminescence Experiments.The donor
excited-state lifetimes in the metal-modified duplexes were
measured by monitoring the decay of the RuII-based emission
at 630 nm (Figure 7 and Table 1). While the decay of the free
RuII nucleoside1a is monoexponential with an excited-state
lifetime of 1.13µs in aqueous solutions, incorporation of the
nucleoside into DNA (single or double stranded) results in a
biexponential decay.14 The decays are characterized by a longer-
lived component (τ1), accompanied by a shorter lived decay
(τ2). The weighted average lifetime〈τ〉 of the URu(19)‚Comp
duplex is 1.31µs, slightly longer than the monoexponential 1.13
µs lifetime of the free nucleoside (Table 1). The increased

lifetime is likely a result of partial protection of the RuII complex
from the aqueous environment and is characterized by nearly
equal distribution between a longer-lived excited state (1.74µs)
and a slightly shorter-lived excited state (1.03µs).14 In the
heterometalated duplexes, the closer the OsII quencher is to the
RuII complex, the shorter the averaged RuII excited-state lifetime
〈τ〉 (Table 1).26 Very importantly, the decrease in the averaged
excited-state lifetime for each duplex is linearly correlated with

(25) Detecting the sensitization of OsII emission would have provided an
additional support for an energy transfer process (vs, for example, a
reductive quenching). This has been found to be technically challenging
because of the low emission quantum yield of the OsII nucleoside1b (Φ
< 0.0001).14 Following a procedure analogous to that used by Clegg (Clegg,
R. M.; Murchie, A. I.; Zechel, A.; Lilley, D. M.Proc. Natl. Acad. Sci.
U.S.A.1993, 90, 2994-2998), one can subtract a normalized donor signal
from the donor/acceptor luminescence (RuII and OsII) at all wavelengths
to leave only the sensitized acceptor emission signal. The large difference
between the quantum yields of the RuII and OsII nucleosides precluded the
study of 1:1 donor/acceptor duplexes. We instead monitored the steady-
state emission of the OsII acceptor strand in the presence of low
concentrations of the complementary RuII donor strand (typically 1:10 vs
acceptor strand). Even under such conditions and with D/A pairs at short
distances (where energy transfer is effective), the emission spectrum is
dominated by the RuII emission. Subtraction of the normalized donor signal
from this spectrum gives a corrected emission spectrum identical to that
of the control OsII acceptor strand, indicating that under these conditions
the potential sensitized emission is likely to be within the experimental
error.

(26) See Supporting Information for additional data.

Figure 5. (A) Fraction quenched of the photoexcited duplex URu(19)‚Comp5‚4 in the presence of increasing concentrations of [Os(bpy)2phen]2+ in degassed
100 mM NaCl, 10 mM phosphate buffer at pH 7.0. (B) Fraction quenched of the photoexcited single strand URu(19)5 in the presence of increasing concentrations
of complementary strand UOs(10) 8 (2 µM in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0). Dashed line represents the 0.57 threshold.

Figure 6. Emission of the control URu(19)‚Comp5‚4 duplex (A) and URu(19)‚UOs(10) duplex5‚8 (B) as a function of temperature (2µM air equilibrated
samples in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0).
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the fraction quenched obtained in the steady-state experiments
(Figure 8A).

Analysis: Fo1rster Mechanism. The efficiency of a nonra-
diative Förster energy transfer decreases with increasing donor/
acceptor distance (R), according to 1/[1+ (R/Ro)6]. Ro is the
critical Förster radius, the distance at which 50% of the donor’s
excited-state energy is transferred to the acceptor. The magnitude
of Ro depends on the spectral characteristics of the donor and
acceptor complexes, as well as their relative orientation.Ro can
be calculated from eq 1, whereη is the refractive index of the
medium separating the donor and the acceptor,κ2 is a geometric
factor associated with the relative orientation of the donor/
acceptor transition dipoles,Φd is the quantum yield of the donor
molecule in the absence of the acceptor, andJ is the spectral
overlap integral between donor emission and acceptor absor-
bance (see Figure 9).27

Using the photophysical characteristics of our RuII/OsII system
and an initial orientational parameterκ2 ) 2/3, we estimateRo

to be 26 Å. A calculated Fo¨rster curve is then plotted next to
the experimentally determined quenching data (Figure 10A).
A significant deviation is observed. On the basis of the
experimental data, an apparentRo value of 32.5 Å is obtained.
Similarly, a theoretical Fo¨rster plot of ln(1/E - 1) versus lnR,
where the expected slope is 6.0, shows significant difference
(Figure 10B). A least-squares analysis of the experimental data
gives a slope and exponential term of 3.5, indicating a shallower
distance dependence than that theoretically predicted by the
Förster theory.

As Ro is largely determined by the invariable photophysical
characteristics of the donor and acceptor molecules, the dis-
crepancy between the calculated value (26 Å) and the experi-

mentally determined one (32.5 Å) is likely to result from an
uncertainty in the orientation factorκ2. κ2 can range between 0
and 4 but typically is assigned a value of2/3 when the
orientations of the transition dipole moments of both the donor
and acceptor molecules are randomized.28 Since the metal
complexes are linked to the DNA duplex through a rigid ethynyl
linker, this assumption is not valid.29 As illustrated in Figure
10, considerably better correlations are obtained when the
predicted Fo¨rster behavior is recalculated using the experimen-
tally determinedRo value.

The deviation of certain data points from the Fo¨rster curve
recalculated forRo ) 32.5 Å is not surprising. Since the rigidly
linked OsII complexes precess about the helix with increasing
separation from the RuII nucleotide,a different κ2 Value is
expected for each donor/acceptor pair(see Figure 3). Nonethe-
less, in view of the orientational approximations involved and
on the basis of the reasonable agreement between the experi-
mental steady-state quenching results and the corrected theoreti-
cal Förster curve (particularly for duplexes5‚7-5‚10, where
20 < D/A < 50 Å), it appears that the Fo¨rster mechanism can
account for a significant component of the observed energy
transfer. To further examine this possibility, an additional set
of D/A duplexes was prepared, where the ethynyl moiety linking
the RuII complex to the heterocycle has been replaced by a
flexible two-carbon chain. This modification was expected to
partially relax the rigid geometry of the donor chromophore,
thus, bringing the orientation factorκ2 closer to a2/3 value.30

Duplexes Containing a Saturated RuII -U Linker. Figure
11 shows a series of modified DNA duplexes that contain
nucleoside2, where the RuII donor is linked to the heterocycle
via a saturated two-carbon linker (see Figure 2).31 This is the
only structural difference that distinguishes duplexes5‚6-5‚
11 from the series12‚6-12‚11. The oligonucleotides’ sequence
is unchanged, and the complementary strands all contain the
same OsII complex that is linked via the unsaturated ethynyl
linkage. The six bis(heterometalated) DNA duplexes are char-
acterized by similar donor/acceptor separations of 21, 24, 34,
46, 54, and 64 Å calculated using the helical model of DNA.32

All form stable duplexes withTm values above 60°C in a 10
mM phosphate buffer at pH 7.0 containing 100 mM NaCl (Table
2).

Energy transfer between the DNA bound RuII donor and OsII

acceptor in12‚6-12‚11 was monitored using both steady-state
and time-resolved techniques. The steady-state transfer ef-
ficiency at each of the six donor/acceptor separations was
determined by comparing the integrated emission area over
500-825 nm with that of the U∼Ru(19)‚Comp control duplex

(27) To calculateRo for the RuII and OsII D/A pair 1a/1b, we used the following
parameters:η ) 1.33 (index refraction of water),J ) 3.9 × 10-14 nm6

mol-1 (see Figure 9), andΦd ) 0.045. See text for discussion related to
the value ofκ2.

(28) This is a valid assumption when fluorophores are covalently linked to the
DNA via long and flexible linkers.

(29) Anisotropy data are unlikely to provide useful information regarding the
orientational restriction of the metal complexes attached to the DNA. The
experimentally measured anisotropy values for our RuII-containing duplexes
are extremely low (∼0.006 for both the end- and internally modified
duplexes), most likely because of the long lifetime of the RuII chromophore
relative to the tumbling rate of the oligonucleotides.

(30) Note that saturating the linker also electronically “disconnects” the metal
center and the nucleobase.

(31) See Supporting Information for the synthesis of the “saturated” RuII-
containing nucleoside2 and its phosphoramidite.

(32) The helical model of DNA for oligos containing2 was slightly altered
from that used for the1a/1b system, in that RuII/OsII distance was calculated
from the RuII metal center in the metalated nucleoside rather than from the
carbon analogous to the thymidine 5-methyl group because of the nearly
symmetrical distribution of the excited over the diimine ligands (helical
parametersa ) 6, d ) 11,L ) 2 Å). See Supporting Information for details.

Figure 7. Time-resolved luminescence decay of the URu(19)‚Comp control
duplex5‚4 (a) and the D/A oligonucleotides5‚6-5‚11 (g-b, respectively).
The luminescence decay exhibits a decrease in intensity and lifetime as a
function of decreasing RuII/OsII nucleotide separation (2µM duplex
concentration in degassed 100 mM NaCl, 10 mM phosphate buffer at pH
7.0).

Ro ) (8.79× 10-5 Jκ2η-4Φd)
1/6 Å (1)
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12‚4.33 The results are presented in Table 2 as the fraction
quenched at each distance. As with the “unsaturated” duplex
series (5‚6-5‚11), a decrease in quenching efficiency was
observed with increasing donor/acceptor separation. The transfer
efficiency decreases from a value of 90% at the shortest
separation of 21 Å and levels off to∼6% quenching by 64 Å,
a donor/acceptor separation of 18 base pairs.34

The excited-state lifetimes of the metal-modified duplexes
were measured by monitoring the decay of the RuII-based
emission at 607 nm and are listed in Table 2. While the decay
of the RuII nucleoside2 is monoexponential with an excited-
state lifetime of 0.73µs, the incorporation of the nucleoside
into a DNA single strand12 results in a biexponential decay,

characterized by a longer-lived decay (τ1 ) 1.23 µs) ac-
companied by a shorter-lived decay (τ2 ) 0.57µs).35 The longer
averaged excited-state lifetime, the biexponential decay, and its
distribution are likely to results from random intrastrand stacking
interactions with heterocyclic bases. Further support is obtained
by duplex U∼Ru(19)‚Comp (12‚4), where the excited state is
characterized by a strictly monoexponential decay with a lifetime
of 0.59µs. This suggests that the flexibly tethered RuII complex
only weakly interacts with the DNA duplex, either electronically
or through groove binding. The introduction of an OsII-
nucleoside on the complementary strand results in the modula-
tion of the excited-state lifetime (Table 2). At the farthest RuII/
OsII separation (64 Å), no reduction in the excited-state lifetime
is observed.36 As before, the closer the OsII quencher is to the
RuII complex, the shorter the averaged RuII excited-state lifetime
〈τ〉 (Table 2). Similarly to duplexes5‚6-5‚11, the decrease in
the averaged excited-state lifetime for duplexes12‚6-12‚11 is
linearly correlated with the steady-state quenching results (Figure
8B).

Plotting the steady-state quenching data obtained for12‚6-
12‚11against distance results in a sigmoidal correlation (Figure
12A). In this case, the data points fall closer to a Fo¨rster curve
calculated forκ2 ) 2/3 (Ro ) 24 Å) than for the rigidly held
system discussed above (Figure 10A).37 A corrected curve
recalculated for the experimentally observedRo (31 Å) shows
good correlation for distances between 20 and 55 Å (Figure
12A). Similarly, a theoretical linear Fo¨rster plot of ln(1/E - 1)
versus lnR, where the expected slope is 6.0 (Figure 12B), better
correlates with the data when compared to the unsaturated
system5‚6-5‚11. The observations of the duplexes containing
a “relaxed” RuII donor2 thus strongly suggest that the deviations
from idealized Fo¨rster behavior observed with the duplexes
containing the rigidly held RuII center1a originate, at least
partially, from ambiguities in the orientation factorκ2.

(33) Note that this “deconjugation” changes the photophysical properties of the
RuII complex. Nucleoside2 displays a shorter emission wavelength when
compared to that of1a (607 vs 630 nm, respectively) and a lower quantum
yield than that of1a (Φd ) 0.042 vs 0.045, respectively).

(34) The residual 6% quenching observed for the longest D/A separation can
mainly be attributed to interduplex interactions, as demonstrated above for
the soluble quencher [(bpy)2Os(phen)]2+ (see Figure 5A).

(35) The contribution of each decay is 50%, which is similar to the biexponential
decay distributions observed in the single strands containing the conjugated
nucleoside1a.

(36) This further supports that the 6% quenching observed at the largest D/A
separation is interduplex static quenching (see ref 34 above).

(37) Note that because of the electronic change in the chromophore, the integral
overlap has slightly changed and, as a result, the calculated value ofRo.
The overlap integral we obtain for the2/1b system isJ ) 3.8× 10-14 nm6

mol-1, nearly identical to the value obtained for1a/1b. The lower quantum
yield and the slightly smaller overlap integral lead to a smaller calculated
value ofRo (see also ref 33 above).

Figure 8. Excellent linear correlation is observed between the steady-state emission quenching and the decrease in the average excited-state lifetime in
duplexes5‚6-5‚11 (A) and 12‚6-12‚11 (B). In both cases,r2 g 0.995.

Figure 9. UV-vis absorption spectrum of the OsII nucleoside1b (green)
compared to the emission spectra of the RuII donor nucleotide in duplex
URu(19)‚Comp5‚4 (red). Both are taken in aqueous solution. The region
of donor/acceptor spectral overlap is shaded.
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Is the Dexter Mechanism Involved?The deviation of the
quenching data from the idealized Fo¨rster curves warrants an
evaluation of other quenching mechanisms. This is particularly
imperative, since Barton has exclusively attributed observations
with related RuII/OsII duplexes to a triplet energy transfer
mechanism.9,38 Plotting the natural log of our experimentally
determined steady-state energy transfer efficiency for duplexes
5‚6-5‚11 against distance gives a linear correlation (Figure
13).11,39 Least-squares analysis gives a slope of-0.05 Å-1,
suggesting an extremely shallow distance dependency.40

Intriguingly, an analogous “Dexter” plot for duplexes12‚6-
12‚11 also shows a linear correlation with a slope of-0.07
Å-1 (Figure 13). Although these respectable linear fits can be
interpreted as strong evidence for a Dexter triplet energy transfer
mechanism, they do not imply that this exchange mechanism
is necessarily operative in these D/A duplexes. In particular,
while oligonucleotides5‚6-5‚11 may exhibit some long-range
orbital coupling (because of the conjugation of the RuII center
to the heterocyclic base), this is an unlikely situation for
oligonucleotides12‚6-12‚11, where the RuII center is connected
to the nucleobase via a saturated linker. The linear correlation
with the Dexter model observed for both series, thus, suggests
that systems that transfer energy via the Fo¨rster mechanism can
under certain circumstances exhibit Dexter-like “behavior”.41,42

The satisfactory correlation of the experimental data with both
the Förster and Dexter energy transfer models, particularly for
duplexes12‚6-12‚11, illustrates the danger of imposing a single
physical model to describe D/A interactions in such complex
systems.

Summary

Donor/acceptor interactions have been explored in a series
of oligonucleotides that contains RuII and OsII nucleosides placed
on complementary strands. To minimize perturbations, a single
DNA sequence was utilized and only the internal positioning
of the OsII acceptor was adjusted. The donor/acceptor separation

has been systematically varied in three base pair increments
over a wide distance range (3-18 base pairs). Photoinduced
energy transfer, determined by steady-state and time-resolved
techniques, was analyzed according to the Fo¨rster dipole-dipole
and the Dexter electron exchange mechanisms. Surprisingly,
the two radically distinct mechanisms yield a reasonable
correlation for duplexes containing the rigidly held RuII and
OsII nucleosides (duplexes5‚6-5‚11) as well as for duplexes
that contain a flexibly linked RuII donor (duplexes12‚6-12‚
11). We conclude that the primary mechanism responsible for
mediating energy transfer in these donor/acceptor oligonucle-
otides is the Fo¨rster dipole-dipole interaction.43 The extremely
shallow distance dependency observed with the Dexter model
for a wide distance window (D/A separation of 16 to above 60
Å) is unlikely to have a true physical meaning, as this electron
exchange mechanism operates at short distances. It is difficult,
however, to unequivocally exclude a minor contribution from
the Dexter mechanism at short D/A distances; yet, it remains
difficult to envision a physical model that brings the donor and

(38) See Supporting Information for an analysis of Barton’s system (ref 9)
according to the Fo¨rster energy transfer mechanism.

(39) Plotting the same data using the function utilized by Barton (ref 9),
correlating ln(IRu/IRuOs - 1) against distance, gives similar results.

(40) Note that this is similar to the slope Barton obtained in analyzing the data
reported in ref 9.

(41) A close inspection of the time-resolved data depicted in Figure 7 shows
that, at relatively large D/A separations (D/A> 30 Å), a small and constant
reduction in emission intensity is observed relative to the control strand
luminescence. In contrast, at shorter separations (D/A< 30 Å), this static
quenching is distance dependent and much more profound, reaching
approximately 55% of intensity loss at the closest chromophore separation
of 16 Å. At a D/A separation of 32 Å, this intensity loss drops to 6%. A
plot correlating the log of this “static” quenching efficiency versus the short
D/A distances is linear (see Figure S5 in the Supporting Information). The
slope of this correlation provides a measure analogous to the electronic
coupling parameterâ that was marked asγ by Barton (ref 9). This may
suggest some involvement of triplet energy transfer in mediating D/A
interactions, although it remains difficult to propose a physical model that
brings the donor and the acceptor to sufficient proximity, unless partial
fraying of the duplex is invoked. The loss of emission intensity and changes
in the excited-state lifetime at relatively short D/A separations, therefore,
suggest a complex behavior in which duplex dynamics may play an
important role. Note that conformational effects on energy transfer in simple
RuII/OsII dyads have been observed. See: Belser, P.; von Zelewsky, A.;
Frank, M.; Seel, C.; Vo¨gtle, F.; De Cola, L.; Barigelletti, F.; Balzani, V.J.
Am. Chem. Soc.1993, 115, 4076-4086.

(42) It is interesting to add that Fo¨rster, in discussing transfer mechanisms for
electronic excitation (ref 4a), demonstrates that in certain circumstances
the curve for dipole-dipole energy transfer can be approximated by a simple
exponential relationship.

(43) Investigating oligonucleotides that contain a bulged A or an A:C mismatch
between the metal centers in both URu(19)‚UOs(7) 5‚7 and U∼Ru(19)‚UOs(7)
12‚7 shows no significant changes in steady-state luminescence quenching
when compared to the case of the parent doubly modified duplex (see
Supporting Information). These observations further suggest that nonra-
diative dipole-dipole interactions mediate energy transfer in these donor/
acceptor oligonucleotides.

Figure 10. (A) Luminescence quenching observed for the doubly modified duplexes (5‚6-5‚11) plotted as a function of URu/UOs distance (calculated using
the helical model of DNA; error bars represent(1σ).26 The solid lines represent the theoretical Fo¨rster curves forR0 ) 26 Å (red) andR0 ) 32.5 Å (blue).
(B) log-log correlation between energy transfer efficiency and distance. The solid line represents the theoretical Fo¨rster distance dependency (slope) 6.0)
for R0 ) 26 Å (red) andR0 ) 32.5 Å (blue).
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acceptor to a sufficient proximity, unless temporary partial
fraying of the duplex is invoked. Duplex dynamics may,
therefore, play an important role in mediating such interactions
and needs to be further explored. This complex behavior
highlights an important feature that differentiates noncovalently
assembled RuII/OsII dyads from their corresponding low mo-
lecular weight, covalently attached counterparts.

Deviations from the idealized Fo¨rster behavior in duplexes
5‚6-5‚11 are illuminating. A small and constant contribution
to quenching results from intermolecular interactions.44 Notably,
an accurate assessment of the orientation factorκ2 is difficult.
In this unique system, where the donor and the acceptor are
rigidly held in the major groove and the orientation vector
precesses around the double helix, a differentκ2 value is

expected for each D/A pair. This renders the calculation of a
“single” inclusive Förster curve essentially impractical. This
notion has been experimentally supported by an analogous series
of oligonucleotides (duplexes12‚6-12‚11) that contains a
“relaxed” RuII donor. This modification partially “randomizes”
the D/A relative orientation and brings the orientation factorκ2

closer to a2/3 value.

Our studies with DNA-bridged D/A arrays reveal the fol-
lowing: (a) the DNA double helix is an intriguing platform for
the study of charge transfer processes; (b) the double helix serves
as an electronically indifferent scaffold for mediating dipole-
dipole Förster energy transfer (particularly for D/A separation
between 20 and 50 Å); (c) DNA dynamics and end effects may
facilitate closer contacts between the D/A pair, leading to the
possible involvement of electron exchange processes at short
D/A separations; (d) comparison with idealized Fo¨rster behavior
suffers from difficulties in correctly determining the orientation

(44) Note we cannot unequivocally exclude minor contributions from redox-
mediated quenching processes, although unpublished results from our lab
show minimal strand or sequence dependence on D/A interactions in related
oligonucleotides (to be published).

Figure 11. Six doubly metal-modified DNA 19-mer duplexes (12‚6-12‚11) that contain the dimethylene-linked donor RuII nucleoside2 (red) at the 5′-end
and an OsII acceptor nucleoside1b (green) on the complementary strand. Also shown is a control oligonucleotide12‚4 and “duplex codes” which describe
the D/A relationship within the duplexes in a concise manner.
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factor κ2; (e) polypyridine RuII and OsII complexes, known to
have ambiguous and complex excited-state manifolds, can
participate in dipole-dipole mediated resonance energy transfer
process, typically associated with “pure” singlet excited states;
and (f) it is critically important to examine charge transfer
processes over a large distance window to reveal the potential

involvement of multiple mechanisms in mediating donor/
acceptor interactions.

Experimental Section

Synthesis of Metal-Containing Phosphoramidites and Oligo-
nucleotides. The synthesis of nucleosides1a and 1b and their

Table 2. Thermal Denaturation, Steady-State Luminescence Quenching, and Excited-State Lifetimes of DNA Duplexes Containing a
“Saturated” Dimethylene-linked RuII Donor 2 and an Ethynyl-linked OsII Acceptor 1ba

duplex duplex code Tm
b (°C) ∆Tm

c (°C)

D/A
distanced

(Å)
fraction

quenchede τ1 µsf (%) τ2 µsf (%) 〈τ〉 µsg

decrease in
〈τ〉 (%)

3‚4 control‚Comp 62.5
12‚4 U∼Ru(19)‚Comp 63.1 +0.6 0.59(100) 0.59( 0.01
12‚6 U∼Ru(19)‚UOs(4) 60.4 -2.1 21 0.90( 0.01 0.71(5) 0.03(95) 0.07( 0.01 88
12‚7 U∼Ru(19)‚UOs(7) 61.0 -1.5 24 0.77( 0.01 0.65(12) 0.10(88) 0.18( 0.01 70
12‚8 U∼Ru(19)‚UOs(10) 61.8 -0.7 34 0.38( 0.01 0.37(100) 0.37( 0.01 37
12‚9 U∼Ru(19)‚UOs(13) 63.4 +0.9 46 0.14( 0.04 0.52(100) 0.52( 0.01 12
12‚10 U∼Ru(19)‚UOs(16) 62.8 +0.3 54 0.07( 0.01 0.58(100) 0.58( 0.01 2
12‚11 U∼Ru(19)‚UOs(19) 63.1 +0.6 64 0.06( 0.02 0.59(100) 0.59( 0.01 0

a All measurements were performed with 2µM duplex solutions in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0. Steady-state and time-resolved
luminescence experiments were done with deoxygenated solutions.18,19 b Absorbance-derivedTm values were calculated from the derivative of each thermal
denaturation curve. Standard deviations are( 0.5 °C. c ∆Tm ) Tm(metal-modified duplex)- Tm(control unmodified duplex).d Donor/acceptor separations
were calculated using a helical DNA model.26 e Fraction quenched: Fq) 1 - IRu+Os/IRu. The data are the average of three separate determinations. Transfer
efficiency was determined by comparing the integrated emission between 500 and 825 nm of each duplex with that of the U∼Ru(19)‚Comp control duplex
12‚4. f Samples were excited at 467 nm, and emission decays were monitored at 630 nm. Decays were analyzed according to the biexponential function:
Iem(t) ) A1exp(-t/τ1) + A2exp(-t/τ2). g Weighted average lifetimes〈τ〉 were calculated by the equation〈τ〉 ) A1τ1 + A2τ2.

Figure 12. (A) Luminescence quenching observed for the doubly modified duplexes (12‚6-12‚11) plotted as a function of U∼Ru/UOs distance (calculated
using the helical model of DNA; error bars represent(1σ).26 The solid lines represent the theoretical Fo¨rster curves forR0 ) 24 Å (red) andR0 ) 31 Å
(blue). (B) log-log correlation between energy transfer efficiency and distance. The solid line represents the theoretical Fo¨rster distance dependency (slope
) 6.0) for R0 ) 24 Å (red) andR0 ) 31 Å (blue). Note a better correlation than observed with the ethynyl-linked D/A duplexes shown in Figure 10.

Figure 13. Plot of the distance dependence of energy transfer in duplexes5‚6-5‚11 (A) and12‚6-12‚11 (B) according to the Dexter mechanism. A linear
correlation is obtained when the natural logarithm of the steady-state fraction quenched is plotted against distance. Least-squares analysis gives a slope of
-0.05 and-0.07 Å-1 for parts A and B, respectively.
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corresponding phosphoramidites has previously been reported.13,14The
syntheses of the RuII-containing nucleoside2 and its phosphoramidite
are outlined in the Supporting Information. All oligonucleotides were
prepared on a 0.2-µmol scale on a 500-Å CPG solid support using a
Milligen Cyclone Plus DNA synthesizer as previously reported.13,14

Analytically pure oligonucleotides were obtained using PAGE and RP-
HPLC purification. Enzymatic digestion and MS were utilized to
confirm the oligonucleotide composition.17,26

Thermal Denaturation Studies.All hybridizations and UV melting
experiments were carried out in 100 mM NaCl, 10 mM phosphate buffer
at pH 7.0 containing a 1:1 ratio of complementary oligonucleotides at
2 µM duplex concentration (concentrations were evaluated by measuring
the OD at 260 and 450 nm; see ref 14). After samples were prepared,
they were heated to 90°C for 5 min, cooled to room temperature for
2-3 h, and then cooled to 4°C prior to melting temperature (Tm)
measurement. Thermal denaturation studies were carried out in a Teflon-
stoppered 1.0-cm path length quartz cell on a Varian-Cary 1E
spectrophotometer with a temperature-controlled cell compartment.
Samples were equilibrated at the starting temperature for 20 min.
Heating runs were performed between 50 and 90°C at a scan rate of
0.5 °C min-1 with the optical monitoring at 260 nm. All duplexes
displayed sharp, two-state transition curves from duplex to single-
stranded DNA. Similar results were seen in cooling curves.Tm values
were determined by the computer fit of the melting data, followed by
the calculation of the first derivative of the resulting melting curve.
Uncertainty inTm values is estimated to be(0.5 °C.

Steady-State Luminescence Experiments.Steady-state lumines-
cence experiments were conducted at 20°C with the excitation at 467
nm on a Perkin-Elmer LS 50B luminescence spectrophotometer. Argon-
degassed samples were measured at a duplex concentration of 2µM
in 100 mM NaCl, 10 mM sodium phosphate buffer at pH 7.0.
Quenching efficiencies were determined by integration of the emission
curves obtained from duplicated experiments on two separately prepared
samples.

Time-Resolved Emission Spectroscopy.The excited-state lifetimes
of the emissive complexes were measured at room temperature (22
°C) using the same samples used for the steady-state luminescence
studies. The degassed solutions were excited by a 4-ns pulsed dye-
laser. For duplexes containing both OsII and RuII-modified nucleotides,
the laser was tuned to 467 nm. At this wavelength, the ratio of the
extinction coefficients for the RuII nucleoside1aand the OsII nucleoside
1b is 1.0 (note, however, that excitation at 450 nm yielded identical
results). The emitted light was collected at 90° and focused into a
monochromator. A photomultiplier tube connected to a LeCroy
Digitizing Oscilloscope was used for signal detection. The data from
the scope were transferred to a PC and processed using routine software
of local origin. A sample of [Ru(bpy)3](PF6)2 in acetonitrile was
measured before and after each data acquisition set to ensure the stability
and accuracy of the setup.
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