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The photophysical properties of a series of ruthenium trisbipyridine complexes covalently linked to aromatic
chromophores of the type [Ru(bpy)2(4-methyl-4′-(2-arylethyl)-2,2′-bipyridine)]2+(ClO4)2, where aryl )
2-naphthyl ([Ru]-naphthalene), 1-pyrenyl ([Ru]-pyrene), and 9-anthryl ([Ru]-anthracene) have been investigated
at room temperature and at 77 K. The photophysical properties of these bichromophores are determined by
intramolecular energy-transfer processes that are governed by the relative positions of the various singlet and
triplet energy levels. As a result, fluorescence from each of the pendant aromatic chromophores is completely
quenched following their photoexcitation. For [Ru]-naphthalene the initial excitation energy is localized on
the [Ru]-centered3MLCT state, whereas for [Ru]-anthracene the energy is localized on the anthracene triplet
state. Since the [Ru]-centered3MLCT state and the lowest energy pyrene triplet state are isoenergetic, an
equilibrium is established resulting in a long-lived room-temperature3MLCT emission from [Ru]-pyrene (τ
) 5.23µs). At 77 K dual emission is observed from this bichromophore comprising pyrene phosphorescence
and3MLCT emission, the relative proportions of which vary with time after the laser pulse.

1. Introduction

The Ru(bpy)32+ chromophore and its analogues are finding
increasing use as components in multichromophore systems.1

The generality and versatility of these chromophores have been
highlighted by their use as (i) photosensitizers,2 (ii) energy
donors, relays, and acceptors,3 and (iii) electron donors, relays,
and acceptors4 in many supramolecular systems. For such
supramolecular systems to become truly useful supramolecular
devices, it is necessary to both understand and control the flow
of energy from the initially excited chromophore to the site
where the energy is ultimately localized.
Inasmuch as structural versatility is the key to these systems,

we have been particularly interested in controlling the excited-
state properties of Ru(bpy)3

2+ using pendant aromatic chro-
mophores tethered by a short flexible link to one or more of
the bipyridine ligands.5 In earlier work we described the room-
temperature singlet and triplet energy-transfer processes involved
in a series of bichromophores comprising [Ru] linked to
naphthalene, pyrene, and anthracene groups, where [Ru] is Ru-
(bpy)2(4-methyl-4′-(2-ethyl)-2,2′-bipyridine). In the present
work we extend our earlier studies to include a full description
of the excited-state properties of these bichromophores at room
temperature and at 77 K. Also, in the case of [Ru]-anthracene,
which is photosensitive, the photodegradation products have
been identified.

2. Experimental Section

The photophysics and photochemistry of the ligands and their
precursors are interesting in their own right, and their synthesis
and spectroscopy will be described elsewhere. The ligand
precursors were prepared according to Scheme 1, and their purity
was confirmed by melting point,1H and 13C NMR, and
microanalysis. The complexes were synthesized according to
previous methods.6

Absorption spectra were measured using a Cary-5E spectro-
photometer, and the steady-state emission and excitation spectra

were measured using a Perkin-Elmer MPF-44 fluorimeter. In
the emission and transient absorption experiments a variety of
excitation sources was used in order to selectively excite specific
chromophores in the complexes. Excitation sources included
a Molectron nitrogen laser (337 nm), a Lambda-Physik LPX-
100 excimer laser (248 and 351 nm), and an excimer-pumped
Molectron DL-II dye laser using coumarin 460 dye (460 nm).
Transient absorption spectra were obtained using a PARC OMA
III detection system. The pump beam was focused to a line in
a 1 cm sample cell using a cylindrical lens. The collimated
output of a 150 W Xe lamp was used to probe the excited
sample, and the transmitted light was delivered to the OMA
via a fiber optic bundle. A beamsplitter in front of the fiber
optic bundle redirected some of the analyzing light to a Bausch
and Lomb monochromator/photomultiplier detection system for
kinetic analysis of the transient absorption signals. The signals
were detected with an EMI 9658b photomultiplier and digitized
using a Tektronix 460a digital oscilloscope.

3. Results

The room-temperature absorption spectra of the bichro-
mophores in methanol are shown in Figure 1. Also shown in
Figure 1a,b are the emission and corrected excitation spectra
for [Ru]-naphthalene and [Ru]-pyrene; no emission was ob-X Abstract published inAdVance ACS Abstracts,June 15, 1997.
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served from the [Ru]-anthracene complex. Nor was there
evidence of locally excited fluorescence from any of the pendant
aromatic chromophores following direct excitation into their
absorption bands. Typical transient absorption spectra of the
bichromophores measured in degassed methanol at room
temperature are shown in Figure 2. The spectra were recorded
at different delays after the laser pulse and in each case the
intensity-normalized early- and late-gated spectra were indis-
tinguishable from each other. Identical spectra were also
obtained when the excitation wavelength was varied (e.g.,λexc
) 248, 337, 350, and 460 nm). The time-resolved emission
spectra of [Ru]-pyrene at room temperature and 77 K are shown
in Figure 3. Also included as inserts in Figure 3 are the semilog
plots of the emission intensity versus time. The excitation
wavelength in each case was 337 nm. [Ru]-naphthalene and
[Ru]-pyrene were found to be photostable under the experi-
mental conditions used here, and there was no measurable
change to the excitation spectrum even after prolonged exposure
to actinic light. In contrast, [Ru]-anthracene was found to be
extremely photosensitive. The time-resolved emission spectra
for [Ru]-anthracene at 77 K are shown in Figure 4a-c. They
were recorded from a sample that had been exposed to actinic

light at room temperature prior to freezing to 77 K. The spectra
were recorded at various delays after the 337 nm laser pulse,
respectively, and show the emission arising from the photo-
degradation products. Figure 4d shows the low-temperature
emission spectrum of a freshly prepared solution of [Ru]-
anthracene that had previously been maintained in the dark. The
increase in the [Ru]-anthracene photodegradation product and
the concomitant decrease in the anthracene phosphorescence
as a function of irradiation time are shown in Figure 5. In these
experiments the emission spectra at 77 K (λexc) 337 nm) were
measured following successive irradiations at room temperature
using an excimer laser (λexc ) 351 nm). The various spectro-
scopic properties of the complexes and their component
chromophores are collected in Table 1.

4. Discussion

In most cases the absorption spectra of the pendant aromatic
groups are well separated from those of the [Ru] chromophore
and as a result the assignments of the transitions in the [Ru]-
aryl complexes are relatively straightforward. Compared to their
parent compounds (Table 1) there are some slight shifts and

Figure 1. Absorption (s), emission (- - -) and corrected excitation
(‚ ‚ ‚) spectra of (a) [Ru]-naphthalene, (b) [Ru]-pyrene, and (c) [Ru]-
anthracene in degassed methanol at room temperature. For the [Ru]-
naphthalene emission spectrum (λexc ) 460 nm), whereas for [Ru]-
pyrene (λexc ) 337 nm). Excitation and observation wavelengths are
indicated by arrows.

Figure 2. Time-resolved transient absorption spectra measured in
methanol at room temperature. Arrows indicate increasing time delay
after laser pulse. (a) [Ru]-naphthalene; gate width 100 ns; delay 50 ns,
500 ns, and 2.5µs. (b) [Ru]-pyrene; gate width 200 ns; delay 50 ns,
1.2 µs, and 3.2µs. (c) [Ru]-anthracene; gate width 200 ns; delay 50
ns, 7.25µs, and 500µs.
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broadening of the vibronic bands of the pendant aromatic
groups; however, despite the proximity of the participating
chromophores and the flexibility of the intervening link, we
conclude from the absorption spectra that there is little if any
ground-state interaction between the tethered chromophores.
4.1. [Ru]-naphthalene. For [Ru]-naphthalene (Figure 1a)

the absorption spectrum in the region 240-500 nm is dominated
by transitions that are due to the [Ru] chromophore. In this
region photoselection of either the1La or 1Lb bands of the
pendant naphthalene chromophore is difficult due to the
overlapping contributions of the MLCT state at 250 nm and
the intense ligand-centeredπ-π* states of bipyridine at 287
nm. In contrast, between 200 and 240 nm the absorption
spectrum is dominated by the intense naphthalene1Bb transition
(λ ) 225 nm,ε ) 106 000 M-1 cm-1) which is slightly red-
shifted with respect to the 2-methylnaphthalene chromophore.
The emission spectra of [Ru]-naphthalene and Ru(bpy)3

2+ are
similar. They feature a broad, structureless emission with an
intensity maximum at 610 nm and an emission lifetime of 810
ns. The emission quantum yield for [Ru]-Naphthalene is slightly
higher than that for Ru(bpy)32+, and for both complexes the
emission spectrum is independent of the excitation wavelength.
No evidence was found for any naphthalene fluorescence
following its direct excitation at 225 nm. The time-resolved
emission spectra of [Ru]-naphthalene and Ru(bpy)3

2+ in a
methanol:ethanol glass at 77 K are also very similar. They show
a slight blue-shift of the emission maximum and an increase in
the resolution in the vibronic structure compared to the room-

temperature spectra. Again, neither fluorescence nor phospho-
rescence was observed from the naphthalene chromophore
following laser excitation (248 nm) at 77 K. The lack of
naphthalene fluorescence both at room temperature and 77 K
indicates efficient quenching of the naphthalene singlet state.
Since the fluorescence lifetime for 2-methylnaphthalene in 95%
ethanol is 47 ns,7 the intramolecular quenching of the naphtha-
lene fluorescence in [Ru]-naphthalene must be substantially
faster (kq g 1010 s-1). There are two possible quenching
mechanisms. The first involves singlet-singlet energy transfer
from naphthalene to [Ru] followed by intersystem crossing
within the [Ru] manifold to give the3MLCT state (pathwayR,
Scheme 2); the second mechanism involves intersystem crossing
within the naphthalene manifold to produce the naphthalene
triplet state which is then followed by triplet-triplet energy
transfer to the3MLCT state (pathway 1-R, Scheme 2).
Identification of the actual mechanism is difficult; however,

the former is more likely for the following reasons. There is
no evidence of any naphthalene phosphorescence from the time-
resolved emission data. Furthermore, examination of Figure
2a reveals that the transient absorption spectra of [Ru]-
naphthalene are composed of transitions that can be assigned
to the [Ru] chromophore alone, namely: (i) a strong absorption
at 370 nm due to3[Ru], (ii) bleaching of the ground state of
[Ru] at 450 nm, and (iii) emission from the [Ru] chromophore
at 630 nm. At no time after the laser pulse (λexc ) 248 nm) is
there any evidence for the naphthalene triplet state. In contrast,

Figure 3. Time-resolved emission spectra (λexc ) 337 nm) for [Ru]-
pyrene in (a) methanol at room temperature measured with the following
delay/gate width settings: (i) 1.6µs/100 ns; (ii) 11µs/1 µs; and (iii)
25 µs/1 µs; (b) a methanol:ethanol glass at 77 K measured with the
following delay/gate width settings: (i) 1.6µs/100 ns; (ii) 100µs/10
µs; (iii) 10 ms/1 ms; (iv) 500 ms/10 ms. The insets show a plot of the
ln(intensity) of the emission at 620 nm versus time.

Figure 4. Emission spectra (λexc ) 337 nm) in a methanol:ethanol
glass at 77 K of a [Ru]-anthracene solution that had previously been
exposed to actinic light at room temperature measured using the
following delay/gate width settings: (a) 1µs/1µs; (b) 40µs/10µs; (c)
100 µs/10 ms. (d) Emission spectrum (λexc ) 460 nm) of a freshly
prepared solution of [Ru]-anthracene in a methanol:ethanol glass at 77
K measured 100µs after the laser pulse and using a gate width of 10
ms.

Figure 5. Emission spectra of [Ru]-anthracene at 77 K (λexc ) 337
nm) as a function of exposure to actinic light at room temperature.

4862 J. Phys. Chem. A, Vol. 101, No. 27, 1997 Wilson et al.



an intense triplet-triplet absorption (λmax) 415 nm,ε) 25 000
L mol-1 cm-1)8 was observed for 2-methylnaphthalene using
similar excitation conditions. The alternative quenching mech-
anism (1-R) would require a greatly enhanced rate of intersystem
crossing within the naphthalene chromophore. It is unlikely
even with the proximity of the heavy ruthenium atom that the
spin-orbit coupling within the naphthalene chromophore would
be increased sufficiently to quench quantitatively the naphtha-
lene excited singlet state. Furthermore, any naphthalene triplet
states thus formed would then have to undergo fast intramo-
lecular triplet-triplet energy transfer to the [Ru] chromophore.
Quenching mechanismR, therefore, is the more likely due to
the absence of any direct evidence for a naphthalene triplet state
and the unfavorable spin-orbit considerations necessary for
mechanism (1-R).

The photophysical properties of the emitting3MLCT state
of [Ru]-naphthalene and Ru(bpy)3

2+ are similar. Thus, in this
particular bichromophore the pendant arene behaves as an
efficient light harvesting element for the [Ru] center and the
efficiency of energy transfer is close to unity since neither singlet
nor triplet naphthalene states are observed spectroscopically.
4.2. [Ru]-pyrene. Absorption by the pyrene chromophore

in [Ru]-pyrene occurs as three vibronic progressions with origins
at 343 nm (1La), 276 nm (1Bb), and 242 nm (1Ba). There is
very little shift of these transitions relative to 1-methylpyrene
and the highest and lowest energy transitions are well separated
from the [Ru] transitions allowing good photoselection in this
bichromophore. The1Bb transition, on the other hand, is
obscured by the overlapping contributions from the ligand-
centeredπ-π* transitions at 285 nm. The absorption spectrum
of [Ru]-pyrene and the corrected excitation spectrum monitored
at 610 nm are indistinguishable with peaks attributable to the
pyrene chromophore clearly visible in the excitation spectrum
at 342, 277, and 242 nm (Figure 1b).
Photoexcitation of the [Ru] chromophore at 460 nm gives

rise to a broad, structureless emission that is spectrally
indistinguishable from that of the parent Ru(bpy)3

2+ complex.
However, the decay of the emission from [Ru]-pyrene has a
lifetime of 5.23µs compared with a lifetime of 720 ns for Ru-
(bpy)32+. This is the longest excited-state lifetime yet observed
for a ruthenium trisbipyridyl complex.9 Similarly, excitation
of [Ru]-pyrene at 337 nm gives rise to the long-lived3MLCT
emission and there is no evidence of any locally excited pyrene
emission despite the fact that at this wavelength absorption by
the pyrene chromophore accounts for at least 76% of the total
light absorbed by the complex. Clearly, an efficient quenching
mechanism is also deactivating the pyrene singlet state. The
same fluorescence quenching mechanisms identified for [Ru]-
naphthalene are also possible in [Ru]-pyrene. Unfortunately,
attempts to resolve the rise time of the3MLCT emission at 77
K following excitation of the pyrene chromophore at 337 nm
were unsuccessful, and so the rise times must be faster than the
time resolution of the equipment used here (10 ns). Nor could
we observe any rise time for the pyrene triplet-triplet absorption

TABLE 1: Photophysical Data for the Bichromophores and Their Components in Methanol

τem (µs)
λ (nm) ε (M-1 cm-1) state

component
chromophore

φem
293 K 293 K 77 K

T-T absorption
293 K

Ru(bipy)32+ 453 14 600 MLCT 0.045a 0.720 5.19 370 nm 0.72µs
287 84 400 π-π*

2-Me naphthalene 319b b530 1Lb 0.16c c0.047 420 nmc

275 4 800 1La
224 81 000 1Bb

1-Me pyrene 342b b50 000 1La d0.229 415 nmc

274 63 000 1Bb 515 nm
241 100 000 1Ba

9-Me anthracene 386b b9 700 1La 0.29c c0.005 425 nmc

256 20 500 1Bb

[Ru]-naphthalene 460 13 900 MLCT [Ru] 0.052 0.81 5.21 450 nm 0.80µs
287 84 500 π-π* [Ru] 370 nm 0.80µs
225 105 700 1Bb naphthalene

{ 1130 14%
[Ru]-pyrene 460 14 000 MLCT [Ru] 0.044 5.23 7090 22%

70000 64%
343 38 500 1La pyrene 415 nm 5.24µs
287 83 200 π-π* [Ry]
276 77 900 1Bb pyrene
242 80 200 1Ba pyrene

[Ru]-anthracene 460 14 000 MLCT [Ru] <0.001
390 12 900 1La anthracene 425 nm 350µs
287 78 400 π-π* [Ru]
255 143 600 1Bb anthracene

aReference 15.bReference 13.cReference 7.dReference 14.
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at 410 nm following direct excitation of the [Ru] chromophore
at 460 nm. In contrast, a rise time of 7.2 ns was measured for
the pyrene triplet-triplet absorption spectrum following excita-
tion into the MLCT state of the phenanthroline-substituted
complex.9 In this case an identical, fast component was also
observed in the emission decay at 600 nm. The linking group
in this complex was substantially longer (-CH2-CH2-CH2-
CO-NH-) than the ethane link used in the present work and
it is possible that the greater distance between the donor and
acceptor groups in their system slowed the intramolecular triplet
energy-transfer sufficiently for them to resolve the fast relaxation
from the initial, nonequilibrium state.
Time-resolved emission spectra of [Ru]-pyrene excited at 337

nm are shown in Figure 3a. Also included as an insert is a
semilog plot of the emission intensity versus time. The
intensity-normalized early- and late-gated emission spectra are
exactly superimposable, indicating there is no change in the
emitting species with time. In contrast, the time-resolved
emission spectra for the [Ru]-pyrene complex at 77 K show a
very different type of behavior, Figure 3b. The spectrum
measured at 1µs after the laser pulse is dominated by a [Ru]-
type emission, (λem

max ) 601 nm, fwhm) 38 nm). At longer
times (up to 10 ms after the laser pulse) the spectra undergo a
progressive blue-shift of the emission maximum with a con-
comitant increase in the resolution of the vibronic structure.
Finally, at very long times after the laser pulse (up to 750 ms)
the emission spectrum consists of a combination of two distinct
emitting species. A more intense, highly resolved spectrum
(λem

max ) 597 nm, fwhm) 10 nm, with a shoulder at 612 nm
and a second peak at≈646 nm) superimposed on a less intense,
broad spectrum. The former is due to phosphorescence from
the pyrene chromophore, while the latter spectrum is identical
in shape to the early-gated spectrum, i.e., emission from the
[Ru]-centered3MLCT state. Therefore, even at delay times of
up to 1 s after the laser pulse there is still evidence of residual
3MLCT emission from [Ru]-pyrene at 77 K. The time evolution
of the spectral changes are reflected in the decay profile
monitored at 590 nm which is shown as an inset in Figure 3b.
The decay is nonexponential and can be adequately fit only by
a sum of three exponentials with lifetimes and relative contribu-
tions of 1.15 ms (15%), 7.10 ms (20%), and 70 ms (65%),
respectively. The emission decays measured at the peak of the
pyrene phosphorescence (597 nm) and at the blue edge of the
3MLCT emission (580 nm) are identical, and so the pyrene
triplet state can be thought of as providing a long-lived
“reservoir” supplying energy to the emitting3MLCT state of
the [Ru]-pyrene bichromophore.
The transient absorption spectrum of [Ru]-pyrene at room

temperature is characterized by a strong absorption at 410 nm
and a weaker one at 515 nm that can be assigned to the triplet-
triplet absorption of 1-methylpyrene (Figure 2b). As in the case
of [Ru]-naphthalene, emission from [Ru]-pyrene is observed as
a negative-going signal at 620 nm. However, in contrast to
[Ru]-naphthalene there is no significant bleaching of the
transient absorption spectrum in the region 400-500 nm,
indicating most of the excitation energy is localized on the
pyrene chromophore. Finally, the intensity-normalized early-
and late-gated transient absorption spectra are identical with each
other over the entire wavelength range, a further indication of
the rapid equilibrium between the excited-state species.
The lowest energy triplet states for 1-methylpyrene and Ru-

(bpy)32+ are isoenergetic. Since internal conversion between
the two chromophores in [Ru]-pyrene is fast relative to their
respective deactivation pathways, the kinetic behavior of the
3MLCT emission is strongly influenced by the long-lived pyrene

triplet state. As a result the decay of the3MLCT emission at
610 nm is identical with the decay of the pyrene triplet-triplet
absorption monitored at 410 nm (Table 1). The relevant
photophysical processes for [Ru]-pyrene are summarized in
Scheme 3.
Due to the proximity of the two chromophores and the

energetics of the triplet states, efficient energy redistribution
occurs between the two chromophores of [Ru]-pyrene. The
radiative decay is exclusively via the [Ru] moiety since its
radiative rate of 7.7× 104 s-1 is much greater than the radiative
decay rate from the pyrene triplet state at room temperature,
1.25× 10-2 s-1.10

The partitioning of the excitation energy between3pyrene and
3MLCT can be determined by examining the3MLCT emission
at time zero (I0) following laser excitation at 460 nm of solutions
of [Ru]-pyrene and Ru(bpy)32+ optically matched at the excita-
tion wavelength. In this case, identical populations of3MLCT
excited states are formed immediately following dye-laser
excitation. However, in the case of [Ru]-pyrene the3MLCT
state is quickly depopulated by intramolecular energy transfer
to the nearby pyrene triplet state, thus lowering the emission
intensity. Assuming the radiative and nonradiative rates for the
3MLCT states in both complexes are similar, analysis of such
decay data show that 82% of excited [Ru]-pyrene complexes
have the initial excitation localized on the pyrene chromophore.
The remaining 18% have the excitation energy localized in the
[Ru] 3MLCT state. A similar estimation for the excited-state
partition ratio can be determined from the photophysical data
listed in Table 1. In this caseI0 is calculated from the ratio of
the emission quantum yield and the emission lifetime. This
analysis yields a partition ratio of 85:15 for the excitation
localized on the pyrene and [Ru] chromophores, respectively.
These ratios are confirmed qualitatively by the results of the
transient absorption spectra which show intense absorptions due
to the pyrene triplet state with little bleaching of the [Ru]
3MLCT state at 450 nm. The value for the partition ratio can
be used to calculate the relative rates of triplet energy transfer
between the two chromophores in [Ru]-pyrene using eq 1,9

where kf is the rate of energy transfer from3MLCT to
3pyrene andkr is the reverse process. Taking a mean value of
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15% for [Ru(bpy)3]* equil, then kf ) 5.7 kr. In the related
phenanthroline-pyrene systemkf was found to be 18 times
faster thankr.9

4.3. [Ru]-anthracene. The1La (340-400 nm) and1Bb (254
nm) transitions of the anthracene chromophore are clearly visible
in the absorption spectrum of [Ru]-anthracene (Figure 1c)
allowing good photoselectivity in this bichromophore. In
contrast to the other bichromophores, there is no evidence of
emission from either the3MLCT state following excitation at
460 nm nor of anthracene fluorescence following direct excita-
tion of the anthracene chromophore at 390 nm. Furthermore,
the transient absorption spectra of [Ru]-anthracene (Figure 2c)
show no features that can be assigned to the [Ru] chromophore
even at very early times after the laser pulse. Instead, only an
intense absorption which is due to the anthracene triplet state
is observed at 425 nm. This transient absorption decays
exponentially (τ ) 350µs) in degassed methanol. The efficient
production of the anthracene triplet state combined with its long
lifetime results in very efficient triplet-triplet quenching
(annihilation) even at low concentrations (10-5 M). This
accounts for the erroneous half-life reported earlier for this
complex.5

Despite being nonluminescent, prolonged exposure of [Ru]-
anthracene to light (λexc e 460 nm) results in an emission
developing at 610 nm the intensity of which increases with
irradiation time. This emission is spectrally and kinetically
indistinguishable from that of the parent Ru(bpy)3

2+ chro-
mophore, and its appearance is accompanied by a decrease in
the intensity of the anthracene1Laabsorption in [Ru]-anthracene.
This suggests that the emission arises from a system in which
the anthracene chromophore has undergone photodegradation
to products that are unable to quench the [Ru]3MLCT state.
Similar results have been reported for a structurally related
complex.11 It is well-known that triplet anthracene readily
undergoes photooxidation across the 9,10 position to form the
endo-peroxide which can rearrange to form the relatively
nonfluorescent anthraquinone chromophore. For [Ru]-an-
thracene oxidative degradation by this pathway could then lead
to the aryl group becoming detached from the [Ru] center. This
degradation pathway for [Ru]-anthracene is confirmed by the
low-temperature emission spectra (Figure 4). The spectra shown
in Figure 4a-c were recorded from a sample of [Ru]-anthracene
that had been exposed to actinic light at room temperature prior
to freezing to 77 K. Figure 4a was recorded 1µs after the 337
nm laser pulse and is characteristic of the Ru(bpy)3

2+ complex
at this temperature. Figures 4b and 4c were recorded 40 and
100µs after the 337 nm laser pulse and show the emergence of
the characteristic anthraquinone phosphorescence at 456, 490,
533, and 581 nm.12 Finally, Figure 4d shows the low-
temperature emission spectrum of a freshly prepared solution
of [Ru]-anthracene that had been previously kept in the dark.
The spectrum was recorded 100µs after the laser pulse (λexc)
460 nm) and is dominated by peaks at 690 and 760 nm and a
shoulder at 709 nm, all of which are characteristic of anthracene
phosphorescence. A weak emission from the Ru(bpy)3

2+ moiety
at 600 nm is probably due to the buildup of a small amount of
Ru(bpy)32+ photolysis products. The increase in the photodeg-
radation product as a function of irradiation time is shown in
Figure 5. In these experiments the emission spectra at 77 K
were measured following successive irradiations at room
temperature (λexc) 351 nm). The anthraquinone triplet is more
energetic than the anthracene triplet, but more importantly it

lies 5200 cm-1 above the [Ru]-centered3MLCT state. Photo-
degradation of the anthracene chromophore, therefore, results
in a system in which the3MLCT state is no longer quenched,
and consequently emission from the3MLCT state returns. The
relevant photophysical processes for [Ru]-anthracene are sum-
marized in Scheme 4.
Photoexcitation of either chromophore of the [Ru]-anthracene

complex results in the formation of3anthracene with unit
quantum yield. In this case the anthracene triplet state acts as
an efficient light-harvesting sink for [Ru]-anthracene, and both
the rate of singlet-singlet energy transfer from excited an-
thracene to the1MLCT state and triplet-triplet energy transfer
from 3MLCT back to the anthracene chromophore are rapid.

5. Conclusions

The photophysics and photochemistry of a series bichro-
mophores of the type [Ru]-aryl have been investigated, and we
have shown that the localization of the initial excitation energy
can be controlled in a systematic manner. For [Ru]-naphthalene
the initial energy is localized on the [Ru]-centered3MLCT state
(E ) 2.12 eV,τ ) 0.81µs). In contrast, for [Ru]-anthracene
the initial energy is localized on the triplet state of the pendant
aromatic chromophore (E ) 1.8 eV,τ ) 350µs). In the case
of [Ru]-pyrene the excitation energy is delocalized over both
chromophores with≈85% localized on the pyrene chromophore
and≈15% on the [Ru]-centered3MLCT state (E ) 2.12 eV,τ
) 5.23µs). Furthermore, the participating triplet states are in
rapid equilibrium even at 77 K. Generally speaking, good
photoselection of the individual chromophores is possible.
Emission and transient absorption experiments show that the
excited singlet states of the pendant aromatic groups are
quantitatively quenched by intramolecular energy transfer to the
[Ru] component. The extent of triplet-triplet energy transfer
between the3MLCT state and the pendant aromatic triplet states
is dependent on the relative triplet energy levels. The lifetimes
of these bichromophores reflect the multiplicity of the lowest
excited states. Thus [Ru]-naphthalene has the shortest excited-
state lifetime (0.810µs) in keeping with its MLCT parentage,
whereas [Ru]-anthracene has the longest (350µs) reflecting its
almost pure triplet character. The lifetime of [Ru]-pyrene is

Keq)
kf
kr

)
[Ru(bpy)3]* 0
[Ru(bpy)3]* equil

- 1 (1)
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intermediate between these due to the excited-state equilibrium
between the two portions of the bichromophore.
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