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The energy transfer of a charge-transfer triplet excited state (3CT) in [Ru(bpy)3](PF6)2 (bpy) 2,2′-bipyridine)
crystals doped with [Os(bpy)3](PF6)2 was studied by a time-correlated single-photon counting method, where
the excited Ru(II) moiety and the Os(II) moiety act as energy donor (D) and acceptor (A), respectively.3CT
of Ru2+ in the [OsxRu1-x(bpy)3](PF6)2 (x > 0.0099) exhibited multiexponential decay, which is ascribed to
direct energy transfer to Os2+ at various rates depending on theD-A distances. Hopping of3CT to the closest
Ru2+ (Ikeda et al.,J. Phys. Chem. A, 2000) changed theD-A distances and made the decay faster at a later
time. The complex emission decay was analyzed by a Monte Carlo simulation. The rates of energy transfer
to Os2+ at 0.82 and 1.08 nm were determined to be 1.7× 1011 and 7× 109 s-1, respectively. The distance
dependence of the rates of energy transfer through space and its mechanism are discussed.

I. Introduction

Fast detection methods of reaction intermediates, such as
time-resolved absorption spectroscopy and time-correlated
single-photon counting, have provided unimolecular rates of
electron transfer or energy transfer reactions occurring in donor-
acceptor linked compounds. It has been shown for solution
reactions of donor-acceptor metal complexes linked by a
bridging group that the rate of either energy or electron transfer
is strongly dependent on the bridging ligands.1-9 As for
radiationless (back-electron transfer) transition of excited donor-
acceptor complexes in solution, the disappearance of donor-
acceptor interaction and the promoting of the plane-plane
stretching vibration mode are responsible for the fast electron
transfers.10-12

It could be of crucial importance to investigate the relation
between the rate of bimolecular reaction and the degree of
intermolecular electronic coupling in crystals that are doped with
acceptor or are composed of a donor and an acceptor. Both the
distance and the orientation between a donor and an acceptor
could be related to rates of intermolecular reactions. However,
few studies on intermolecular reactions in crystalline solid have
been done because (1) reactions between molecules in close
proximity are too fast to be detected, (2) time-resolved absorp-
tion spectroscopy has been rarely applied to solid-state reactions
because of thermal decomposition of the sample following the
photoexcitation,13 and (3) the rate of photoinduced intermo-
lecular reaction could not be extracted by analysis of multiex-
ponential decays of emission for crystalline solids.13

Spectroscopic studies of the charge-transfer triplet excited
state (3CT) of [Ru(bpy)3]2+ in the crystalline state have been
performed at very low temperature to identify the lowest excited
state and to elucidate the emission mechanism from the excited
state.14-17 There are some arguments whether the3CT state of

Ru(II) as a luminophore in the concentrated or neat crystal is
localized or its excitation energy can migrate.18-20 More
recently, it has been demonstrated that the3CT of [Ru(bpy)3]-
(PF6)2 migrates to undergo an energy transfer reaction to an
acceptor and annihilation reaction with another3CT, and the
rate constants of excitation hopping to the metal ion sites of
crystal are dependent on the site-site distances of crystal.13

Here, an energy transfer process in the [Ru(bpy)3](PF6)2

crystal doped with [Os(bpy)3](PF6)2 (Os2+) of various mole
fractions has been studied. The multiexponential decay of
emission ascribable to the various rates of energy transfer to
Os2+ sites at different distances has been accurately measured
by a cavity-dumped Ti3+:sapphire laser and time-correlated
single-photon counting technique. The rates of energy transfers
to Os2+ at the various distances were determined by a Monte
Carlo (MC) simulation for the multiexponential decay of
emission.

II. Experimental Section

A. Materials. The compounds, [M(bpy)3](PF6)2 (M ) Ru,
Os) were prepared by metathesis from [Ru(bpy)3]Cl2‚6H2O21

and [Os(bpy)3]I 2‚3H2O22 salts that were synthesized according
to literature methods and then recrystallized from acetonitrile-
ethanol solution. The crystals of [Ru(bpy)3](PF6)2 doped with
[Os(bpy)3](PF6)2 were prepared from acetonitrile-ethanol solu-
tion after mixing the solution of each component in the
stoichiometric molar ratio. The doping concentration of the
highly doped crystal was determined by measuring the absorp-
tion spectra of the solution in which the doped crystal was
redissolved. Because the crystal structure of [Os(bpy)3](PF6)2

as a guest molecule is isomorphous with that of [Ru(bpy)3](PF6)2

as a host crystal and those cell parameters are almost the
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same,23,24 it is assumed that doping and mixing between these
two compounds to form crystals is homogeneous.

B. Apparatus and Measurements.Absorption spectra were
recorded on Shimadzu MPS-2000 or UV2500PC spectropho-
tometers. Emission spectra of the crystals were measured with
a grating polychromator (Jasco CT250) with a silicon diode
array (Hamamatsu S3901-512Q). The 488 nm line of an Ar
laser was used for the excitation. Crystal samples were normally
contained in 2-mm diameter quartz cells under atmospheric
conditions. For measuring the emission spectra of a single crystal
at room temperature, only the front surface of the crystal, which
was placed on a fine glass tip with an angle of 45° against the
excitation light, was excited with an objective lens (×10), and
the emission from the same surface of the crystal was detected.
The detector sensitivity was corrected with a Bromine lamp
(Ushio JPD 100V500WCS). For measuring the emission decays
under weak excitation power13 with high time resolution, the
following time-correlated single-photon counting system with
a cavity-dumped Ti3+:sapphire laser was used.

C. Cavity-Dumped Ti3+:Sapphire Laser.A Kerr lens mode-
locked Ti3+:sapphire laser with a cavity dumper was home-
built according to literatures methods.25-27 The laser was
pumped with all lines (6 W) from an argon ion laser (Coherent
Innova 306). The Ti3+:sapphire laser (4φ × 20 mm rod; SF10
prism spacing, 35 cm) routinely produces pulses of 80-100 fs
duration with 76 MHz.25,26 The addition of the cavity dumper,
which consists of a fused-silica Bragg Cell (Harris H101) and
a radio frequency wave driver (CAMAC CD5000) with booster
amplifier (CAMAC PB1800), allows deflection of the intracavity
energy out of the oscillator, yielding 10-20 nJ/pulse at 800
nm with variable repetition rates (1.9 MHz-9.5 kHz).27 For
the usual measurements, the repetition rate was set at 200 kHz
with 40-50% dumping efficiency. The laser output pulse (800
nm) was frequency doubled to 400 nm by a BBO crystal (Type
I, 7 mm thick).

D. Time-Correlated Single-Photon Counting System.The
fundamental and second harmonics of the laser were separated
by a beam splitter. The fundamental was monitored with a high-
speed photodiode (PD, Hamamatsu C4258) for starting pulse,
and the 400-nm light was used for the sample excitation. The
emission from samples was detected with a monochromator
(Jobin Yvon HR10) with a microchannel plate photomultiplier
(MCP-PM, Hamamatsu R3809U-51X) that is cooled. Signals
from the PD (start pulse) and the MCP-PM (stop pulse) were
amplified with preamplifiers (EG&G Ortec VT120B and 9306,
respectively) and then discriminated with ps-timing discrimina-
tors (EG&G Ortec 9307). Those output pulses were fed into a
time-to-amplitude converter (TAC, EG&G Ortec 567). The
output of the TAC was directed to a high-rate multichannel
buffer (EG&G Ortec spectrum master 921) and then transferred
to a computer for data storage, display, and analysis. The full
width at half-maximum (fwhm) of instrumental response
function (IRF) in our system is typically 40 ps. The IRF varies
sometimes in the experiments, and it was always characterized
prior to each experiment. The emission decay were convoluted
with the IRF.

III. Results and Discussion

A. Multiexponential Decay of Emission.The emission of
the single crystal of [OsxRu1-x(bpy)3](PF6)2 (x ) 0.0099-0.231)
consists of two peaks at 17 500 and 14 500 cm-1 that are
assigned to the phosphorescence17 from the3CT(Ru) and3CT-
(Os) states, respectively. The occurrence of energy transfer from

a 3CT(Ru) to an Os(II) in the doped crystal was detected by
observing the enhancement of the Os(II) emission along with a
decrease of the Ru(II) emission when the doping concentration
of Os(II) was increased. A rise of the Os(II) emission ac-
companied by decay of the Ru(II) emission within 5× 10-9 s
after the laser excitation confirmed the energy transfer, as is
shown in Figure 1. The presence of Os2+ in the crystal of
[OsxRu1-x(bpy)3](PF6)2 shortened the duration of emission at
600 nm as the doping concentration increased. The emission
decay curves of [Ru(bpy)3](PF6)2 are multiexponential in a wide
range of the doping concentration of Os2+.

whereAn and kn stand for the initial amplitude and the rate
constant of thenth decay component, respectively.

As far as the slowest decay component is concerned, the
decay rates were dependent on the doping concentration of Os2+.
A good linearity of the rate constant of the slowest decay
component to the concentration of Os2+ suggests that3CT
undergoes hopping sequentially to the closest metal ion sites
of crystal to eventually encounter an Os2+ in a process analogous
to free diffusion in a solution of an excited-state donor.13 The
rate constant of the hopping in the crystal of [Ru(bpy)3](PF6)2

was estimated to be 3.6× 108 s-1 from the rate constants of
the second-order reactions, energy transfer to Os2+, and an-
nihilation of 3CT(Ru) in [Ru(bpy)3](PF6)2.13 However, the total
decay curves of Ru(II) emission were never described in
biexponential function, and the decay rates in an early time
region (<1 ns) could not be determined for the crystal of
[OsxRu1-x(bpy)3](PF6)2 (x > 0.0099). Only the times for the
emission intensity of the fast decay component (I (0)) to decrease
to I(0)/e were evaluated, yielding 44, 5.1, 0.73, and 0.29 ns for
the crystals containing the mole fractions of Os2+ of 0.0099,
0.048, 0.115, and 0.231, respectively.

B. Monte Carlo Simulation of Emission Decay.All the 3-
CT(Ru) undergo intrinsic decay, energy transfer to an Os2+ in
the metal ion sites at various distances (r ), and hopping to Ru2+

in the nearest metal ion sites. The number of metal ion sites at
a distance (z) is given from the crystallographic data of [Ru-
(bpy)3](PF6)2,23 as shown in Table 1. The emission decay
resulting from the first two processes (I(t)) is statistically written

Figure 1. Decay of the emission of [Ru(bpy)3]2+ at 600 nm for the
single crystal of [Os0.048Ru0.952(bpy)](PF6) is shown in the dotted line.
The emission rises of [Os(bpy)3]2+ for the single crystals of [Os0.048-
Ru0.952(bpy)3](PF6)2 and [Os0.0099Ru0.99(bpy)3](PF6)2 are shown in the
solid line and in the broken line, respectively. The temperature was
298 K.

I(t) ) ∑
n)1

An exp(-knt) (1)
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in terms of occupation probability (x) of Os(II) in the metal ion
sites of [OsxRu1-x(bpy)3](PF6)2

whereken(r ) are the rate constants of energy transfer depending
on the distance (r) between3CT(Ru) and an Os(II). The first
exponential term of the right-hand side represents the intrinsic
decay in neat crystal. The first and the second square brackets
of the right-hand side represent the reaction of energy transfer
to Os2+ at the nearest metal ion sites and the second nearest
metal ion sites, respectively. Consequently, the decay of
emission is multiexponential, and the rate of the emission decay
decreases with time. In a early stage of time,3CT surrounded
by Os2+ at short distances undergoes energy transfer to decay.
3CT surrounded by Os2+ at long distances are left to decay
slowly in a later stage of time. If3CT surrounded by Os2+ at
long distances migrates by a hopping to encounter an Os2+, the
rate of energy transfer in a later stage of time is enhanced. This
enhancement is the case, because the rate of the hopping to the
nearest Ru2+ was estimated to be much larger (3.6× 108 s-1)
than the intrinsic decay rate. The simple statistical equation (eq
2) is not valid any more.

To reconstitute the decay profile of emission, the time for
deactivation of a3CT was calculated by considering only the
rate constants for intrinsic decay, energy transfer, and hopping,
the latter two of which depend on the distances3CT-Os2+ and
3CT-Ru2+, respectively. Monte Carlo simulation of the emis-
sion decay was performed by assuming the stochastic processes
of intrinsic decay, energy transfer to an Os2+, and excitation
hopping to the closest Ru2+ sites of crystal. The Ru(II) are
randomly excited to3CT(Ru) in a volume of 1.25× 105 lattices
based on the crystallographic data, where a periodic boundary
condition is introduced and the Os2+ are also randomly
distributed in the same volume. The occurrence of deactivation
of every 3CT in a short time interval (δt) was stochastically
determined based on the presumed rate constants of energy
transfer (kn(r)) to Os2+ at distance (r ) and the intrinsic decay
of 3CT as follows. If a random number generated between 0
and 1 is smaller than the probability of deactivation, 1- exp[-
(k0 + ken(r))δt], the excited donor can be regarded as being
deactivated in a time interval ofδt (3 ps). The time interval
was 3 ps in which only 3% of3CT underwent energy transfer
to Os2+ of the largest mole fraction (0.231). The energy transfer
to Os2+ until at the 10th nearest metal ion sites were considered.
Once the excited donor was in a similar way determined to
undergo the excitation hopping to the nearest metal ion sites in
the time interval based on the rate constant ofkhop (3.6 × 108

s-1), the recalculated distances between the3CT(Ru) and Os2+

vary the rates of energy transfer to Os2+ in the succeeding time.
The lifetimes of the excited donors were determined in the
stochastic way. The summing up of the lifetimes over all the
3CT (1.25× 103) gives rise to the decay profile of emission as
shown in Figures 2 and 3.

C. Monte Carlo Simulation of Emission Decay via Fo1rster
Mechanism of Energy Transfer. Distance-dependent rate
constants of energy transfer are calculated based on Fo¨rster
mechanism of donor-acceptor interaction. The rate of resonance
energy transfer,ken(r), from the3CT(Ru) to Os(II) is estimated
by using the following equation28

whereτD, φD, fD(νj), andεA(νj) are the lifetime of donor emission,
the quantum yield of donor emission, the spectral distribution
of the donor emission normalized to unity, and the molar
extinction coefficient for the absorption band of the acceptor at
wavenumber (ν), respectively. The orientation factor (κ2) is 2/3
based on the assumption of random distribution. The refractive
index of the crystal medium (n) is set to 1.5. The overlap integral
between the Ru(II) emission and the Os(II) absorption is
calculated to be 4× 10-14 mol-1cm-6.13 The emission yield of
[Ru(bpy)3](PF6)2 in crystal is assumed to be 0.163 by using the
relation,φD ) τD/τ0, whereτ0 is the natural lifetime (15µs).29,30

By using the optimum values, the optimum rate of energy
transfer at 0.82 and 1.076 nm (ken) are 9.8× 108 and 1.8× 108

s-1, respectively.
The calculated decay profiles of emission in an early stage

deviates from that observed, as shown in Figure 2. The slower
rate constants of energy transfer to Os2+ in close proximity are
responsible for the discrepancy.

D. Monte Carlo Simulation of Emission Decay via Dexter
and Fo1rster Mechanisms of Energy Transfer.An alternate
interaction scheme involved an electron exchange interaction
between reactants at short distances (Dexter mechanism).31 The
rate constant due to this interaction is given as follows

TABLE 1: Ten Kinds of the Smallest Separation Distances (r) and the Number of Metal Ion Sites (z) in the [Ru(bpy)3](PF6)2
Crystal Calculated from the Crystallographic Dataa

parameter value

r, nm 0.820 1.076 1.352 1.640 1.864 1.961 2.036 2.152 2.303 2.460
z 2 6 12 2 6 12 12 6 12 2

a Reference 23.

I(t) ) I(0)exp(-k0t)[1 - x + x exp(-ken(0.82)t)]2 ×
[1 - x + x exp(-ken(1.076)t)]6 × [1 - x +

x exp(-ken(1.352)t)]12 × [1 - x + x exp(-ken(r)t)]
2... (2)

Figure 2. Emission decay curves of the highly doped [OsxRu1-x(bpy)3]-
(PF6)2 at 298 K. Both the observed decay curves (triangles:x ) 0.048
and circles:x ) 0.0099) and the stochastically simulated curves (dashed
line: x ) 0.048 and solid line:x ) 0.0099) are shown for the
comparison. The magnitudes of energy-transfer to Os2+ at 0.82 and
1.08 nm, evaluated by eq 3, are 9.8× 108 and 1.8 × 108 s-1,
respectively. The rate constants of hopping to Ru2+ at 0.82 and 1.08
nm are 3.6× 108 13 and 1.8× 107 s-1, respectively. The simulated
curves were convoluted by the IRF.

ken(r) )
9000φD ln 10κ2

128π5NτDn4r6 ∫fD(νj)εA(νj)

νj4
dνj (3)

ken(r) ) ken
0 exp[-âen(r - 0.6)] (4)
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whereâen and ken
0 are, respectively, an attenuation factor and

the rate constant of energy transfer to Os2+ at the contact
distance of 0.6 nm. The contact distance for the energy transfer
is set to the van der Waals radius of the complex cation. To
simulate the much faster decay of emission in the early time
region, the rate constants of Dexter-type energy transfer to Os2+

at the short distances of 0.82, 1.08, and 1.35 nm were
considered. The rate constants of energy transfer to Os2+ at
distances>1.35 nm were presumed to be dominated by the
Förster mechanism. The hopping to the second closest site at
1.08 nm is also considered for the simulation because the
hopping to the second closest neighbor sites could not be
considered insignificant for the crystals doped with low fractions
of Os2+ (0.046 and 0.0099). The rate constants for hopping are
given by using a similar attenuation factor to that for energy
transfer to Os2+, as in eq 4

The same parameter set ofken
0 (2.7 × 1012 s-1), âen (12.5

nm-1), andâhop(11.5 nm-1) gives the best fitting for the emission
decays of the crystals doped with Os2+ of different mole
fractions (x ) 0.231, 0.115, 0.048, and 0.0099), as is shown in
Figure 3. Because 88% of3CT(Ru) in the crystal doped with
Os2+ of the largest mole fraction (0.231) is transferred to Os2+

at the closest and the second closest sites,32 the simulation is
dependent on the magnitudes of bothken (0.82) andken(1.08).
Similarly, because 70% and 53% of3CT(Ru) in the crystal

doped with Os2+ of mole fractions, 0.115 and 0.048, respec-
tively, are transferred to Os2+ at the second and the third closest
sites,32 the processes involvingken(1.08), ken (1.35), andkhop

(1.08) were included in the simulations. As is shown in Figure
4, the sensitivity of the calculated curves is very high to the
extents ofâen andâhop (not shown) for the decays in the crystal
doped with Os2+ of mole fractions (0.115 and 0.048), whereas
the dependence of the calculated curve on the extent ofken

0 is
weak even for the decay in the crystal highly doped with Os2+.

E. Distance-Dependent Rates of Energy Transfer to Os2+

and Hopping to Ru2+. By using the parameters obtained in
the stochastic simulation, the distance-dependent energy transfer
rates via the exchange-interaction mechanism31 are estimated
as ken(0.82) ) 1.7 × 1011 s-1, ken(1.08) ) 7 × 109 s-1, and
ken(1.35)) 2.2× 108 s-1, which are much larger than the rates
(1.2× 109, 2.4× 108, and 6.2× 107 s-1, respectively) calculated
assuming dipole-dipole interaction (see Table 2). As for the
hopping to the second closest sites, the rate constant is estimated
to be 1.8× 107 s-1. The exchange-interaction with an acceptor
at distances>1.35 nm is relatively inefficient. Nevertheless,
the energy transfer to an Os2+ at 1.64 and at 1.86 nm via the
Förster mechanism (1.9× 107 and 9.0× 166 s-1, respectively)
does not always take place because the excitation hopping to
the metal sites at the closest distance (3.6× 108 s-1) is much
faster than the energy transfers.

The value derived for the distance attenuation factor (12.5
nm-1) is somewhat smaller than that (20 nm-1) for energy
transfer in chemically linked donor(Ru2+)-acceptor(Fe2+)
compounds in solution.34 The present authors are investigating

Figure 3. Emission decay curves of the highly doped [OsxRu1-x(bpy)3]-
(PF6)2 at 300 K: (a) the observed ones (circles and triangles) are forx
) 0.0099 andx ) 0.048, respectively, and the Monte Carlo simulated
ones (solid line); (b) the observed one (circles and triangles) are forx
) 0.115 andx ) 0.231, respectively, and the Monte Carlo simulated
ones (solid line). The magnitudes ofken(r) are evaluated with eq 4, for
the pairs of Ru(II)-Os(II) closer than 1.64 nm and by with eq 3 for the
other pairs of Ru(II)-Os(II). The magnitude ofkhop (1.08) are evaluated
with eq 5. The best fitted parameters are as follows:ken

0 ) 2.7× 1012

s-1, âen ) 12.5 nm-1, and âhop ) 11.5 nm-1. The simulated curves
were convoluted by the IRF.

khop(r) ) 3.6× 108 exp[-âhop(r - 0.82)] (5)

TABLE 2: Best Fit Parameters, (ken
0 , âen, and âhop), Used in the Monte Carlo Simulation (left) and the Rate-Constants of

Energy Transfer and Hopping Calculated from the Parameters for the Closest Pairs (right)

parameters rate constants of energy transfer and hopping

ken
0 ,

109 s-1
âen,

nm-1
âhop,
nm-1

ken (0.82),
109 s-1

ken (1.08),
109 s-1

ken (1.35),
109 s-1

khop (0.82),
109 s-1

khop (1.08),
109 s-1

2700 12.5 11.5 170 7.0 0.22 0.36a 0.018

a Reference 13.

Figure 4. Sensitivity of the Monte Carlo simulation of emission decay
to âen andken

0 . (a) The open circles are the observed one for [Os0.115-
Ru0.885(bpy)3](PF6)2 and the lines are calculated withken

0 (2.7 × 1012

s-1), âhop (11.5 nm-1), andâen(10.5 nm-1 for the dotted one, 12.5 nm-1

for the solid one, and 13.0 nm-1 for the dashed one. (b) The triangles
are the observed ones for [Os0.231Ru0.769(bpy)3](PF6)2. The lines are
calculated withâen (12.5 nm-1), âhop (11.5 nm-1), andken

0 (1 × 1012

s-1) for the dotted line, 2.7× 1012 s-1 for the solid line, and 4× 1012

s-1 for the dashed line).
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the rate of similar energy transfer in other crystalline solid to
clarify the distance dependence of the energy transfer rate.

Because the rate of energy transfer can be generally written
as the product of exchange interaction and Franck-Condon
factor between a donor and an acceptor, the large rate of the
energy transfer can be ascribed to a large spectral overlap
integral and/or a large exchange integral. Although the energy
acceptors of the processes for energy transfer and excitation
hopping are different (Os2+ and Ru2+, respectively) , the inner
d-orbitals of the metal ions but the outer p-orbitals of bpy ligands
could interact with those of3CT commonly between the
processes. Therefore, the difference in the extent of exchange
interaction between two pairs, Ru(II)-Os(II) and Ru(II)-Ru-
(II), cannot account for the big difference in the rate between
the energy transfer (1.7× 1011 s-1) and the hopping (3.6×
108 s-1). The larger contributing factor might be a difference
in Franck-Condon factor between the processes, although the
evaluation of Franck-Condon factor for the hopping of3CT-
(Ru) is too small to be evaluated.

IV. Conclusions

Observed multiexponential decays of emission in crystals of
[Ru(bpy)3](PF6)2 doped with Os(II) of various mole fractions
(x ) 0.0099, 0.046, 0.115, and 0.23) were examined by means
of a Monte Carlo simulation. The rates of the fast energy transfer
to Os2+ at 0.82 and at 1.08 nm were determined to be 1.7×
1011 and 7× 109 s-1, respectively, from the distance attenuation
factor and the maximum rate of energy transfer to Os2+ at the
van der Waals distance. A distance attenuation factor (12.5
nm-1) for the electronic exchange interaction in the purely
through-space system is small compared with reference values.
It is shown that the electron-exchange interaction is predominant
for the fast energy transfer of3CT(Ru) to Os2+ and for the
hopping of3CT(Ru) to the closest metal ion sites in the crystal.
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