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We report the first experimental evidence of long-range nonradiative singlet-singlet resonance energy transfer
from excited coumarin 460 molecules to [Ru(bpy)3]2+ acceptors (bpy is 2,2′-bipyridine). The molecules were
randomly dispersed in fluid solutions of both high (glycerol) and low (CH3CN) viscosity at room temperature.
The frequency-domain donor (coumarin 460) fluorescence decays were satisfactorily analyzed in terms of
Förster theory incorporating a term for translational diffusion. Two different [Ru(bpy)3]2+ (quencher)
concentrations in each solvent were used, and the coumarin 460 emission was measured and analyzed both
independently and globally. In glycerol, diffusion does not play a significant role in the energy transfer process,
whereas in CH3CN, diffusion is able to enhance the energy transfer reaction. In both solvents, mutual diffusion
coefficients were determined from the experimental data andø2

R error surfaces were constructed to judge
their statistical uncertainty. The results demonstrate that metal-to-ligand charge transfer compounds can serve
as intermolecular energy transfer acceptors in schemes utilizing long-range Fo¨rster-type processes.

Introduction

Förster-type singlet-singlet energy transfer processes govern
the efficient capture and funneling of photonic energy in the
primary steps of natural photosynthesis.1,2 Such resonance
energy transfer (RET) processes are modulated by several
factors, including donor-acceptor orientation, distance, and
spectral overlap.1-6 These properties have been exploited in the
design of numerous light-harvesting molecules and artificial
photosynthetic assemblies.7-15 There are also several examples
where RET has been used as a molecular ruler in various
biological systems.6,16,17

In previous studies, our group18 and others19-21 have shown
that intramolecular singlet energy transfer from organic chro-
mophores to metal-to-ligand charge transfer (MLCT) com-
pounds22 occurs both rapidly and efficiently. In each supramo-
lecular array, characteristic long-lived MLCT emission is
sensitized through the excitation of the pendant organic pig-
ments. Since the chromophores are in relatively close contact
in such arrangements, singlet energy transfer may occur by two
mechanisms: the dipole-dipole Förster mechanism2-6 or the
electron exchange Dexter mechanism.23 The two processes are
typically distinguished by evaluating the energy transfer rate
as a function of donor-acceptor separation distance, inevitably
requiring copious amounts of synthesis. To date, the supramo-
lecular MLCT-based systems described above have not estab-
lished the operational singlet energy transfer mechanism. The
current work seeks to verify the existence of the Fo¨rster
mechanism using [Ru(bpy)3]2+ (bpy is 2,2′-bipyridine), the
benchmark MLCT chromophore, as energy acceptors. In previ-
ous related work, Demas and co-workers investigated the
opposite reaction: intermolecular singlet energy transfer from
the MLCT excited states of [Ru(bpy)3]2+ to a variety of laser

dyes.24 This classic study strongly supported the spin-orbit
model proposed by Crosby et al. for the charge transfer states
of platinum metal compounds.25

In an effort to probe the mechanism of singlet energy transfer
from organic pigments to Ru(II) MLCT complexes, we turned
to intermolecular systems. This is a logical choice, as there exists
both a theoretical foundation and analytical expressions for
intermolecular RET processes.26-31 Three-dimensional solutions
of randomly distributed donors and acceptors can be studied
under conditions where the donor and acceptor are separated
by large distances (on average), and the quenched donor
fluorescence or the sensitized acceptor emission can be quan-
titatively analyzed. In the present study we use coumarin 460
(C-460) as an energy transfer donor for [Ru(bpy)3]2+. Förster-

type energy transfer is likely to occur in this system due to the
large spectral overlap between the C-460 emission spectrum
and the [Ru(bpy)3]2+ absorption spectrum. The energy transfer
is conveniently monitored by the lifetime quenching of the
C-460 emission and is found to be consistent with a long-range
Förster mechanism.
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Experimental Section

General Comments.Glycerol, [Ru(bpy)3]Cl2, and spectro-
scopic grade CH3CN were obtained from Aldrich and used as
received. [Ru(bpy)3](PF6)2 was available from previous studies.18

7-Diethylamino-4-methylcoumarin (Coumarin 460, C-460) was
purchased from Exciton and used as received. All other reagents
and materials from commercial sources were used as received.

Physical Measurements.Absorption spectra were measured
with a Hewlett-Packard 8453 diode array spectrophotometer,
accurate to(2 nm. The instrument used to measure static
luminescence spectra was described previously.18bLuminescence
excitation and emission spectra were measured in 1 mm path
length quartz optical cells. Preliminary fluorescence lifetime
measurements used a commercially available time-correlated
single-photon-counting apparatus (Edinburgh Instruments)
equipped with a H2 nanosecond flashlamp excitation source.18b

The quantum yields of C-460 in glycerol and CH3CN were
obtained from the literature and are 0.58 and 1.0, respectively.32

The refractive indexes of glycerol and CH3CN used in the
calculation of Fo¨rster distances are 1.475 and 1.34, respectively.
The concentration of C-460 (donor) was maintained at 10-4 M
in all experiments unless otherwise stated. At this concentration,
the fluorescence intensity decays are single exponential in
glycerol and CH3CN, in quantitative agreement with literature
values.32 In all cases, the absorption spectra of C-460/[Ru-
(bpy)3]2+ mixtures were the sum of that found for the two
individual chromophores, suggesting that there is no ground-
state association under our experimental conditions.

Fluorescence intensity decay measurements were performed
using front-face geometry with samples maintained at 20( 1
°C. Frequency-domain fluorescence lifetime measurements were
performed using an instrument described previously.33 Briefly,
the modulated excitation was provided by the harmonic content
of a 3.76 MHz train of 5 ps pulses from a cavity-dumped
Pyridine-2 dye laser synchronously pumped by a mode-locked
argon ion laser (Coherent). The dye laser output was frequency
doubled to 370 nm using a Spectra Physics Model 390 doubler
and used to excite the samples. The emission detector was a
microchannel plate photomultiplier (MCP-PMT, Hamamatsu
R1564U). Prior to the MCP-PMT, the C-460 emission was
passed through a 470( 20 nm interference filter, using magic
angle polarizer conditions. For all analyses the uncertainties in
the phase (δφ) and modulation (δm) measurements were 0.3 and
0.007, respectively. In all frequency-domain measurements the
optical densities of the reference and sample were matched to
equalize the optical path lengths. Data analysis was ac-
complished with nonlinear least-squares software that was
developed in the Center for Fluorescence Spectroscopy, using
the models described below.31,34,35In some cases, multiple decay
curves were globally analyzed.

Theory

There are several theories that describe fluorescence intensity
decays in the presence of resonance energy transfer.26-29 Here
we consider the case for donors and acceptors randomly
distributed in homogeneous solution in three dimensions. Under
our experimental conditions, the intensity decay of the donor,
ID(t), is single exponential in the absence of acceptor,

whereτD
0 is the decay time of the donor andt is time. In cases

where resonance energy transfer occurs to randomly distributed

acceptors, the donor fluorescence decays nonexponentially
according to the Fo¨rster relation2

where γ ) CA/CA
0, CA is the molar concentration of the

acceptor, andCA
0 is the molar critical concentration.

Here N is Avogadros number andR0 is the critical transfer
distance given by Fo¨rster, eq 4.2

κ2 is the orientation factor,φD
0 is the fluorescence quantum

yield of the donor in the absence of acceptor,η is the refractive
index of the solvent,FD(λ) is the emission spectrum of the donor
with the area normalized to unity,εA(λ) is the absorption
spectrum of the acceptor in units of M-1 cm-1, and λ is the
wavelength in nanometers. In the present workκ2 is equated to
2/3, assuming random donor-acceptor orientations during the
energy transfer event. As can be inferred, the Fo¨rster distance,
R0, is readily calculated from the spectral properties of the donor
and acceptor. Using C-460 as a donor and [Ru(bpy)3]2+ as an
acceptor,R0 values calculated from eq 4 are 37.7 and 44 Å in
glycerol and CH3CN, respectively.

Förster theory works well for donors and acceptors dissolved
in solvents of high viscosity, where little or no diffusion is
permissible. However, in solvents of low viscosity at room
temperature, resonance energy transfer is enhanced by diffusion.
Yokota and Tanimoto used an approximation method to evaluate
an exact expression for Fo¨rster transfer in a fluid medium with
significant diffusion, eq 5.28

Gösele and co-workers later proposed an improved formula-
tion29-31 that properly accounts for the energy transfer rate in
the longer time regime using a differentB parameter, eq 6,

which is related to the diffusional and energy transfer processes
by

whereD is the diffusion coefficient. When diffusion does not
influence the energy transfer rate,B ) 1, and eq 5 reduces to
the Förster relationship, eq 2. In the energy transfer data analysis,
D and/or R0 will be floating parameters, while the other
parameters remain fixed.

The frequency response of the emission, characterized by the
frequency (ω)-dependent values of the phase shift (φω) and
extent of demodulation (mω), is related directly to any emission
decay law.6,31,34,35The parameters describing the decay law are
compared with the calculated values of phase and modulation.
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The goodness-of-fit is characterized byø2
R and by visual

inspection of the phase and modulation residuals.

Results and Discussion

The emission spectrum of C-460 and the absorption and
emission spectra of [Ru(bpy)3]2+ in CH3CN at room temperature
are displayed in Figure 1. Superimposed on this plot is a
representation of the substantial spectral overlap (J ) 4.06×
10-14 M-1 cm3 (CH3CN), J ) 4.04× 10-14 M-1 cm3 (glycerol))
of the two chromophores. Importantly, the emission spectra of
the two compounds are well separated, allowing selective
monitoring of the C-460 fluorescence. Concentrations of [Ru-
(bpy)3]2+ from 2.5 to 10 mM quench the C-460 fluorescence
in both glycerol and CH3CN. It should be noted that the average
center-to-center distance (rav, in Å) between the donor and
acceptor can be estimated with eq 8:36

where [A] is the molar concentration of the acceptor (C-460).
At 2.5 mM, the average separation distance is 54 Å, and at 10
mM, this separation shortens to 34 Å. In conjunction with a
short-lifetime fluorophore, long-range interactions are largely
favored over short-range collisional processes under these
experimental conditions. In the pure solvents without acceptor,
C-460 displays single-exponential fluorescence decays with
lifetimes of 3.69 and 3.31 ns in glycerol and CH3CN, respec-
tively.

In an effort to demonstrate that C-460 sensitizes the charge-
transfer-based emission in [Ru(bpy)3]2+, we measured corrected
excitation spectra of equimolar mixtures of the two species in
CH3CN. Figure 2 represents a typical set of data where the
emission of [Ru(bpy)3]2+ is monitored at 650( 1 nm in
mixtures of the two chromophores. Samples containing only
[Ru(bpy)3]2+ and C-460 were measured under identical condi-
tions for comparison. The corrected excitation spectra are
normalized to unity at the peak of the MLCT transition in the
visible, where only [Ru(bpy)3]2+ appreciably absorbs. In the
absence of energy transfer from C-460 to [Ru(bpy)3]2+, the
excitation spectrum would match that of [Ru(bpy)3]2+ alone
(Figure 2, dotted line). Clearly, the excitation spectrum of the
mixture in Figure 2 (solid line) includes contributions additional
to that resulting from direct excitation of [Ru(bpy)3]2+ at short
wavelengths, suggesting that C-460 sensitizes the MLCT

emission. Under these particular experimental conditions, some
residual C-460 fluorescence contributes minimally to the total
intensity at 650 nm (Figure 2, dashed line). However, this minor
component does not account for the majority of the sensitized
emission detected. Additional evidence of the sensitization is
derived from the observation of increasing energy transfer
efficiency with increasing [Ru(bpy)3]2+ concentration (data not
shown). In these studies, excitation spectra of equimolar
mixtures of [Ru(bpy)3]2+ and C-460 in CH3CN were analyzed
as described by Demas and co-workers.24c Although the steady-
state data illustrates the sensitization process, detailed analysis
requires substantial manipulation to correct for inner-filter effects
at the high concentrations of acceptor necessary. Therefore, time-
resolved measurements were performed, allowing direct mea-
surement of the C-460 intensity decays in the presence and
absence of singlet energy transfer to [Ru(bpy)3]2+.

Frequency-domain data for the intensity decay of C-460
emission in the absence and in the presence of 5 and 10 mM
[Ru(bpy)3]2+ in glycerol are presented in Figure 3. In the
presence of randomly distributed acceptors the decay becomes

Figure 1. Absorption and emission spectrum of [Ru(bpy)3]2+ (solid
lines) and emission spectrum of C-460 (dashed line) in CH3CN. The
shaded area represents the spectral overlap of the two chromophores.

rav ) (3 × 1027

4π[A] N)1/3

(8)

Figure 2. Corrected photoluminescence excitation spectra of [Ru-
(bpy)3]2+ (dotted line), C-460 (dashed line), and an equimolar mixture
of C-460 and [Ru(bpy)3]2+ (solid line) in CH3CN at 20°C. Samples
(0.5 mM) were contained in a 1 mmpath length quartz optical cell,
and emission was monitored at 650( 1 nm.

Figure 3. Frequency-domain C-460 intensity decays in the absence
(filled circles) and in the presence of 5 mM (filled squares) and 10
mM (filled triangles) [Ru(bpy)3]2+ in glycerol at 20°C. The samples
were excited with pulsed excitation at 370 nm (5 ps fwhm, 3.76 MHz),
and emission was detected through a 470( 20 nm interference filter.
In the absence of quencher, the solid lines are the best fit to the single-
exponential model (eq 1). In the presence of quencher (5 and 10 mM),
the solid lines are the best fits to the Go¨sele model (eqs 5 and 6).
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heterogeneous compared to that in the absence of acceptors.
The origin of the heterogeneity is derived from a distribution
of donor-acceptor distances, leading to a range of transfer rates.
The data with 5 and 10 mM [Ru(bpy)3]2+ could not be
adequately modeled with a single-exponential fit (Table 1), nor
could it be modeled with a sum of two exponentials (data not
shown). Each set of quenching data could be modeled using
the Gösele model, eqs 5 and 6. As can be inferred from the
analysis (Table 1), the Fo¨rster equation (eq 2) also provides an
adequate representation of the data given the extremely small
value of the recovered diffusion coefficients (10-7-10-8 cm2

s-1). These results suggest that the donor-acceptor distribution
in the highly viscous solvent glycerol (1412 cP)37 is quite
stationary during the energy transfer event.

Figure 4 displays the frequency-domain fluorescence decays
of C-460 in the absence and presence of 2.5 and 5.0 mM [Ru-
(bpy)3]2+ in CH3CN. In these cases, the samples containing
quencher display heterogeneous kinetics that could not be
adequately modeled with a single-exponential fit (Table 1) or

the Förster model without diffusion (data not shown). Both sets
of data, however, could be adequately represented with the
Gösele model (Table 1) that accounts for diffusional enhance-
ment of Förster-type energy transfer in fluidic nonrigid solvents.
The diffusion coefficients in CH3CN recovered from least-
squares analysis using the Go¨sele model (Table 1) are consistent
with the low viscosity of this solvent (0.35 cP).

The uncertainties in the diffusion coefficients can be judged
through examination of theø2

R surfaces, Figure 5.6,31 These
surfaces were calculated by holding the diffusion coefficient
(D) fixed at the values indicated on thex-axis and allowingR0

to vary so as to minimizeø2
R. This clearly provides the worst

case scenario for analysis becauseR0 is known from the spectral
data of the two chromophores. In fact ifR0 is maintained fixed
during the analysis using that calculated from the spectral data,
the values ofD become known with greater certainty (data not
shown). In the case of glycerol, values ofD less than 4× 10-7

cm2 s-1 fit the data with equal statistical certainty. This result
suggests that translational diffusion does not affect the energy
transfer reaction in glycerol. Clearly theø2

R surface is much
steeper in CH3CN, indicating the influence of diffusion on the
energy transfer process. Here, the global minimum was deter-
mined to be 2.95× 10-5cm2 s-1, which is reasonable in light
of the low viscosity of CH3CN and the molecular dimensions
of the chromophores.38

TABLE 1: Recovered C-460 Decay Parameters and Donor-to-Acceptor Diffusion Coefficients at 20°Ca

solvent [Ru(bpy)3]2+ (mM) decay modelb τD (ns) R0 (Å)c D (cm2 s-1) ø2
R

glycerol 0 1 exp 3.69 1.05
5 1 exp 1.81 109.19
10 1 exp 0.964 261.74
5 Gösele 〈3.69〉 〈37.7〉 4.05× 10-7 1.03
5 Gösele 〈3.69〉 38 7.41× 10-8 0.97
10 Gösele 〈3.69〉 〈37.7〉 6.08× 10-7 0.94
10 Gösele 〈3.69〉 38 1.1× 10-7 0.74
5 and 10 Go¨sele (global)d 〈3.69〉 〈37.7〉 5.3× 10-7 0.99
5 and 10 Go¨sele (global)d 〈3.69〉 38 7.45× 10-8 0.82

CH3CN 0 1 exp 3.31 0.9
2.5 1 exp 1.37 42.9
5 1 exp 0.744 113.56
2.5 Gösele 〈3.31〉 〈44〉 3.1× 10-5 0.87
2.5 Gösele 〈3.31〉 43.8 3.2× 10-5 0.89
5 Gösele 〈3.31〉 〈44〉 3.17× 10-5 1.53
5 Gösele 〈3.31〉 44.4 2.9× 10-5 1.45
2.5 and 5 Go¨sele (global)d 〈3.31〉 〈44〉 3.1× 10-5 1.25
2.5 and 5 Go¨sele (global)d 〈3.31〉 44.3 2.95× 10-5 1.21

a 〈 〉 indicates that the parameter was held fixed during the data analysis.b 1 exp represents a single-exponential fit, eq 1; Go¨sele represents the
Förster model with diffusion, eq 5.c The fixed Förster distances were calculated from the spectral properties of C-460 and [Ru(bpy)3]2+. d Global
represents the best fit from simultaneous analysis of both sets of quenching decay curves.

Figure 4. Frequency-domain C-460 intensity decays in the absence
(filled circles) and in the presence of 2.5 mM (filled squares) and 5
mM (filled triangles) [Ru(bpy)3]2+ in CH3CN at 20°C. The samples
were excited with pulsed excitation at 370 nm (5 ps fwhm, 3.76 MHz),
and emission was detected through a 470( 20 nm interference filter.
In the absence of quencher, the solid lines are the best fit to the single-
exponential model (eq 1). In the presence of quencher (2.5 and 5 mM),
the solid lines are the best fits to the Go¨sele model (eqs 5 and 6).

Figure 5. Dependence ofø2
R on the diffusion coefficients recovered

from the Gösele model in glycerol and CH3CN.
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The highly efficient quenching of the C-460 emission by [Ru-
(bpy)3]2+ is consistent with a long-range Fo¨rster RET mecha-
nism. The rate of intermolecular energy transfer in the Dexter
mechanism is proportional to the orbital overlap, attenuating
exponentially with distance. Such a short-range mechanism
would quench all excited molecules within a few angstroms
and have no quenching effect on the remaining excited volume.
In all cases the lifetime quenching data using multiexponential
models failed to recover any lifetimes near or equal toτ0,
indicative of a predominant long-range mechanism. Although
electron exchange energy transfer cannot be completely ruled
out as a competing mechanism, we believe its effects are largely
minimized under the experimental conditions used in the time-
resolved measurements. The heterogeneity of the C-460 intensity
decays in the presence of [Ru(bpy)3]2+ is consistent with Fo¨rster-
type transfer. The Fo¨rster kinetic models also represent the data
with good statistical certainty. In the worst cases, the analysis
required only two variable parameters, even when two sets of
quenching data were globally analyzed. Under circumstances
whereR0 is floated in the data analysis, the recovered values
are in surprisingly good agreement with that calculated from
the spectral properties of the two chromophores, Table 1. Further
evidence of Fo¨rster-type transfer comes from the recovered
diffusion coefficients. In glycerol, diffusion has little or no effect
on the transfer and the data can be modeled using eq 2 with
one variable parameter (R0). In CH3CN, diffusion enhances the
energy transfer consistent with the Go¨sele model (Fo¨rster with
translational diffusion). Analysis of the CH3CN data recovered
the same mutual diffusion coefficient, whose value is repre-
sentative of that expected for a low-viscosity solvent.

Conclusions

In the present work, Ru(II) MLCT excited states are sensitized
by excitation of C-460 molecules through intermolecular
singlet-singlet energy transfer processes. The data provide good
evidence that Fo¨rster-type transfer dominates C-460 quenching
by [Ru(bpy)3]2+. Since C-460 has substantial absorption near
the onset of the visible (350-400 nm), it acts as an intermo-
lecular light-harvesting antenna for the redox-active [Ru-
(bpy)3]2+, which possesses small absorption cross sections over
this wavelength range. In addition, the short-lived C-460 is
converted into a long-lived MLCT excited state capable of
further intermolecular energy or electron transfer chemistry. The
ability to access MLCT excited states with long-range inter-
molecular RET has potential applications in light-conversion
molecular devices.13,14 Demanding synthetic procedures are
minimized if intermolecular processes are substituted for
covalently linked intramolecular assemblies. Recently, inter-
molecular light-harvesting arrays have been applied in the design
of an artificial inorganic “leaf” using a polyelectrolyte self-
assembly approach.15 This arrangement utilized Pd(II) porphyrin
redox “trap” molecules as the final energy transfer acceptors.
The present work demonstrates that MLCT compounds are also
viable chromophores for incorporation into related artificial
photosynthetic assemblies.
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