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The absorption spectra and luminescence properties (both in fluid solution at room temperature and in rigid
matrix at 77 K) of four polypyridine ligands substituted with pyrenyl and anthryl chromophores have been
investigated, together with the same properties of 15 Ru(II) and Os(II) complexes prepared using the same
ligands. Absorption spectroscopy revealed that the various chromophores contribute to the overall absorption
spectra of the mixed-chromophore species in a roughly additive way. The photophysical investigations allowed
us to obtain information on several aspects. For example, in the mixed pyrene-anthracene bipyridine-based
systems, efficient singlet-singlet pyrene-to-anthracene energy transfer takes place, whereas the same process
involving the triplet states is apparently not efficient, unless a metal-to-ligand charge-transfer (MLCT) excited-
state mediates the process. The luminescence properties of the Ru(II) complexes are dominated by3MLCT
levels at room temperature (with a few exceptions, that is, the anthracene-containing species) and by pyrene-
and/or anthracene-based triplet states at 77 K. However, at room-temperature, equilibration between3MLCT
and pyrene triplets levels is established, and as a consequence, the luminescence lifetimes of the complexes
are significantly prolonged (up to 18µs for the species containing six pyrenyl chromophores). This excited-
state lifetime prolongation is linearly related to the number of pyrenyl chromophores and is independent of
connectivity. The photophysical properties of the Os(II) complexes are dominated by3MLCT levels both at
room temperature and at 77 K. However, the anthryl chromophores clearly influence the excited-state lifetime
of these complexes at room temperature. Indeed, although the anthracene-based triplet states lie at higher
energy than the3MLCT levels, an excited-state equilibration process is also established, as clearly demonstrated
by transient absorption spectroscopy, and the luminescence lifetime is (slightly) extended.

Introduction

Ruthenium(II) and osmium(II) polypyridine complexes are
playing leading roles in the development of supramolecular
(multicomponent) artificial systems for photochemical conver-
sion of solar energy and elaboration of information at the
molecular level.1 In all of the studied systems based on these
species, Ru(II) and Os(II) complexes act as the photoactive
subunits, because they are capable of collecting visible light
and driving photoinduced electron- and/or energy-transfer
processes, which form the basis of the properties of the
functional supramolecular arrays. A fundamental requisite that
makes Ru(II) and Os(II) polypyridine complexes quite useful
for many potential applications is their relatively long-lived
lowest-lying excited state, formally a triplet metal-to-ligand
charge-transfer (3MLCT) state, which is the level involved in
the photoinduced processes. Obviously, the longer-lived the
excited state is, the larger the possibility that it is involved in
efficient photoinduced processes. This is not only related to
bimolecular processes but even to intercomponent acts in
photoactive supramolecular arrays.

On the basis of the above cited arguments, it is easy to
understand the reason much effort has been recently devoted
to the design and synthesis of Ru(II) complexes featuring
excited-state lifetimes substantially longer than that of the
prototype, [Ru(bpy)3]2+ (bpy ) 2,2′-bipyridine). Probably, the
most successful approach has been to couple the Ru(II)
chromophore with pyrenyl subunits. A seminal work by Ford
and Rodgers in the early 1990s2 indeed demonstrated that an
interplay between the metal-based3MLCT level, and the closely
lying pyrene-based triplet state can give rise to mixed chro-
mophores exhibiting prolonged MLCT luminescence, in a
manner someway similar to delayed luminescence exhibited by
some organic dyes. Following that work, the photophysical
properties of several Ru(II) polypyridine complexes containing
pyrenyl groups have been reported, notably in the past few
years,3-6 and the study has recently also been extended to other
metals.7,8

Here, we report a systematic investigation on the absorption
spectra and photophysical properties (both at room temperature
in fluid acetonitrile solution and at 77 K in rigid matrix) of a
large series of Ru(II) and Os(II) complexes containing new
polypyridine ligands with appended pyrenyl and/or anthryl
chromophores. The number of added organic chromophores per
metal complex ranges from 0 to 6, and even mixed pyrenyl/
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anthryl-substituted polypyridine ligands are present. To the best
of our knowledge, this is also the first case that two different
types of chromophores are grafted onto a bipyridine ligand. The
absorption and photophysical properties of all of the new free
ligands are also reported, along with the synthetic procedures
for ligands and complexes. The species studied are the four
ligands pyr-bpy (P), pyr-bpy-pyr (PP), an-bpy-an (AA ),
and an-bpy-pyr (AP), whose structural formulas are shown
in Figure 1, and the 15 metal complexes [Ru(dmb)3]2+ (Ru-0,
dmb ) 4,4′-dimethyl-2,2′-bipyridine), [Ru(dmb)2(P)]2+ (Ru-
1P), [Ru(dmb)2(PP)]2+ (Ru-2Pa), [Ru(dmb)(P)2]2+ (Ru-2P),
[Ru(P)3]2+ (Ru-3P), [Ru(dmb)(PP)2]2+ (Ru-4Pa), [Ru(P)2-
(PP)]2+ (Ru-4P), [Ru(P)(PP)2]2+ (Ru-5P), [Ru(PP)3]2+ (Ru-
6P), [Ru(AA)3]2+ (Ru-6A), [Ru(AP)3]2+ (Ru-3A3P), [Os-
(dmb)3]2+ (Os-0), [Os(PP)3]2+ (Os-6P), [Os(AA)3]2+ (Os-6A),
and [Os(AP)3]2+ (Os-3A3P). All of the metal complexes have
been prepared as hexafluorophosphate salts. A schematic
representation of the complexes is shown in Figure 2. Prelimi-
nary results on some of the Ru(II) complexes has been recently
communicated.6

Results

The free ligands exhibit intense and structured absorption
bands in the UV region (ε in the 104-106 M-1 cm-1 range),
whereas all of the metal complexes exhibit intense structured
absorption in the UV region and moderately intense and broad
absorption bands in the visible (ε in the 104-105 M-1 cm-1

range). All of the ligands exhibit a short-lived structured

luminescence (lifetime in the nanosecond time scale) both in
fluid solution at room temperature and in rigid matrix at 77 K.
The speciesP andPP also exhibit a long-lived luminescence
(millisecond time scale) at 77 K, in the presence of ethyl iodide.

All of the complexes exhibit a single emission, which was
fitted by a monoexponential decay, under all of the experimental
conditions, except the Ru(II) complexes bearing anthryl sub-
stituents, which are luminescent only at 77 K. Among these
latter species,Ru-3A3P exhibits a double emission at 77 K.
The low-temperature emissions are much longer-lived than the
corresponding room-temperature emissions. In all cases, the
emission spectra are independent of excitation wavelength.

The absorption and photophysical data of the free ligands
are collected in Table 1. The absorption spectra and lumines-
cence properties ofAA , PP, andAP are shown in Figure 3.
The absorption and photophysical properties of all the metal
complexes are gathered in Table 2. Figure 4 shows the
absorption and luminescence spectra of some representative
ruthenium complexes, and Figure 5 shows the absorption and
luminescence spectra of the osmium complexes.

The room-temperature transient absorption spectrum mea-
sured forOs-6A in CH3CN solution following excitation at 355
nm is shown in Figure 6. The same spectral changes were
observed using 532 nm laser excitation. The spectrum is
characterized by an absorption maximizing at 425 nm and a
bleaching atλ > 450 nm. In the whole spectral region, the decay
of the transient spectral changes follow a good first-order
kinetics with a lifetime coincident with that obtained from
luminescence experiments (Table 2). The transient spectra of
Os-0 and of the free ligandAA are also reported in Figure 6
for comparison. The results of flash photolysis of the complex
Os-3A3P are qualitatively similar to those obtained forOs-
6A, with the absorption at 425 nm much weaker.

TABLE 1: Spectroscopic and Photophysical Data of the Ligands in Degassed Acetonitrile Solution Unless Otherwise Stated

luminescence

absorption 298 K 77 K (fluorescence)a 77 K (phosphorescence)b

λabs, nm (ε, mol-1 dm3 cm-1) λem
c nm τem ns φ λem

c nm τem ns λem
c nm τem ms

P 242 (68 650) [1Ba pyr] 375 190 0.16 375 227 598 0.676
276 (51 480) [1Bb pyr]
343 (38 400) [1La pyr]

PP 242 (113 203) [1Ba pyr] 375 210 0.14 375 217 598 0.684
276 (85 901) [1Bb pyr]
343 (64 640) [1La pyr]

AA 255 (114 752) [1Bb anth] 413 12 0.22 413 12 - -
390 (8 262) [1La anth]

AP 276 (43 615) [1Bb pyr] 413 12 0.13 413 13 - -
343 (37 083) [1La pyr]
390 (8 597) [1La anth]

a Fluorescence data measured at 77 K in butyronitrile rigid matrix.b Phosphorescence data measured at 77 K in butyronitrile rigid matrix with
addition of ethyl iodide.c Highest energy feature of the structured emission band.

Figure 1. Structural formulas of the pyrenyl- and anthryl-substituted
polypyridine ligands.

Figure 2. Schematic representation of the metal complexes investi-
gated.
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Discussion

Free Ligands. Absorption Spectra and Room-Temperature
Luminescence.The absorption spectra of the free ligands (Table
1, Figure 3) evidence absorption features typical both of the
bipyridine chromophore and of the pyrene and/or the anthracene
subunits. The saturated hydrocarbon spacer ensures a relatively
high degree of independence of adjacent chromophores. Lit-
erature data readily permit the attribution of the various features
to specific subunits.4b,9,10In particular, the very intense features
at 265 and 276 nm which are present in the pyrene-containing
species can be attributed to the transitions leading to the
population of the1Ba and 1Bb states of the pyrene moieties,
respectively; the structured intense bands with maxima at about
345 nm, still present in the pyrene-containing species, can be
assigned to the transitions leading to the preparation of the1La

states of the pyrene moieties; the absorption at shorter wave-
lengths than 260 nm (not shown in Figure) inAA and AP
receives contributions mainly from1Ba transitions centered on
the anthracene moieties; finally, the structured absorption feature
with maxima around 380 nm, which is present in bothAA and
AP, is easily recognized as being due to the transitions leading
to the preparation of the anthracene-centered1La states. Bpy-
centeredπ-π* absorption bands are expected to appear at about
280 nm, but they are obscured by the more intense anthracene-
and pyrene-based bands occurring in the same region.

The absorption spectra seem to be additive, and no particular
spectral feature which cannot be assigned to some transitions

already occurring in the isolated components is present. This
indicates that the mutual interaction (if any) between the various
subunits (bipyridine, anthracene, pyrene) of the ligands is weak.

The photophysical properties at room temperature of all of
the ligands (Table 1, Figure 3) are dominated by the excited
states of the pyrene or anthracene subunits. In acetonitrile
solution indeed, the typical structured fluorescence of the pyrene
and anthracene chromophores is present. Fluorescence lifetimes
and quantum yields are also similar to those of the free pyrene
and anthracene,10 so showing that negligible perturbation of the
fluorescent levels of the pyrene and anthracene moieties by the
polypyridine fragment takes place. Interestingly, inPP, there
is no trace of excimer emission, which is indeed quite common
in species carrying two pyrene chromophores capable of
adopting close contact conformations.10 Most likely in PP, the
two pyrenes cannot approach each other in a suitable manner.
Moreover, they are probably maintained far from one another

Figure 3. Absorption and (inset) emission spectra ofPP (top), AA
(middle), andAP (bottom) in acetonitrile solution at room temperature
(solid lines) or butyronitrile rigid matrix at 77 K (dotted lines). In the
top inset, also the 77 K emission spectrum ofPP in a butyronitrile/
ethyl iodide 9:1 (v/v) matrix is shown (dashed line).

Figure 4. Absorption and (inset) emission spectra of (from the top to
the bottom)Ru-0, Ru-6P, Ru-6A, andRu-3A3P in acetonitrile solution
at room temperature (solid lines) or butyronitrile rigid matrix at 77 K
(dotted lines).
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by steric constrains which force the pyridine rings of bpy in a
“transoid” conformation, as common for noncoordinated poly-
pyridine fragments.11 The AP free ligand exhibits only the
anthracene fluorescence feature regardless of the excitation
wavelength used (Figure 3, Table 1): this indicates that efficient
singlet-singlet energy transfer from the pyrene subunit to the
anthracene one takes place. Definitive support to the energy
transfer comes from the excitation spectrum ofAP (not shown),
taken at 450 nm emission wavelength, which displays absorption
signatures of both pyrene and anthracene chromophores.
Because of the good spectral overlap between pyrene emission
and anthracene absorption spectra (Figure 3), the Coulombic
mechanism is most likely the mechanism for the energy transfer
process.

It should be noted that it has been been reported that in
pyrene- and anthracene-substituted polypyridine ligands, CT

excited states (pyrene- or anthracene-to-polypyridine) can have
a role in determining the photophysical properties of the ligands,
and also influence the metal complexes luminescence.7,8,12,13

However, in all of those cases, the aryl substituents were directly
connected to the polypyridine framework. In the systems studied
here, the absence of such excited states is attributed to the
presence of the alkyl spacers which reduce the CT interaction
and are also expected to destabilize the CT excited states.

Luminescence at 77 K.All of the ligands exhibit a single
fluorescence emission (Table 1, Figure 3). In all cases, the
emission features can be attributed to the fused organic
chromophores, almost unperturbed by the polypyridine frame-
work. Even under these conditions,AP only shows a single
(anthracene-based) fluorescence feature, indicating the occur-
rence of fast and efficient pyrene-to-anthracene energy transfer
also at 77 K. The usual pyrene-based phosphorescence is shown

TABLE 2: Spectroscopic and Photophysical Data of the Complexes in Degassed Acetonitrile Solution Unless Otherwise Stated

luminescence

absorption 298K 77Ka

λabs, nm (ε, mol-1 dm3 cm-1) λem max, nm τem φ λem max, nm τem

Ru-0 286 (86 910) [π-π*] 616 0.87µs 0.070 595b 5 µs
457 (15 690) [MLCT Ru]

Ru-1P 343 (43 840) [1La pyr] 614 2.5µs 0.065 596b 0.733 ms
461 (15 730) [MLCT Ru]

Ru-2P 343 (82 250) [1La pyr] 614 6.6µs 0.060 597b 0.692 ms
459 (14 820) [MLCT Ru]

Ru-2Pa 343 (85 230) [1La pyr] 614 6.9µs 0.062 597b 0.681 ms
463 (15 560) [MLCT Ru]

Ru-3P 343 (114 900) [1La pyr] 614 7.9µs 0.066 597b 0.800 ms
460 (15 130) [MLCT Ru]

Ru-4P 343 (133 700) [1La pyr] 612 11.0µs 0.053 597b 0.774 ms
463 (15 690) [MLCT Ru]

Ru-4Pa 343 (133 770) [1La pyr] 610 11.3µs 0.054 597b 0.650 ms
464 (15 690) [MLCT Ru]

Ru-5P 343 (156 080) [1La pyr] 610 15.0µs 0.060 598b 0.761 ms
464 (15 820) [MLCT Ru]

Ru-6P 265 (141 380) [1Ba pyr] 608 18.1µs 0.060 599b 0.705 ms
276 (214 650) [1Bb pyr]
289 (90 030) [π-π*]
343 (182 280) [1La pyr]
462 (16 770) [MLCT Ru]

Ru-6A 291 (65 060) [π-π*] 691b 1.114 ms
390 (50 050) [1La anth]
466 (16 020) [MLCT Ru]

Ru-3A3P 276 (139 200) [1Bb pyr] 600,b 0.658 ms
290 (88 510) [π-π*] 688b 1.396 ms
344 (108 410) [1La pyr]
390 (32 750) [1La anth]
462 (16 430) [MLCT Ru]

Os-0 290 (113 050) [π-π*] 745 35.5 ns 0.004 728 803 ns
480 (15 360) [MLCT Os] (29.7 ns)d

650 sh (3600) [MLCT Os]c

Os-6P 265 (125 090) [1Ba pyr] 731 51.9 ns 0.005 717 987 ns
276 (195 880) [1Bb pyr] (40.2 ns)d

292 (89 300) [π-π*]
344 (161 440) [1La pyr]
493 (15 320) [MLCT Os]
671 sh (3910) [MLCT Os]c

Os-6A 295 (74 200) [π-π*] 728 65.3 ns 0.006 720 983 ns
390 (57 075) [1La anth] (51.1 ns)d

493 (15 585) [MLCT Os]
671 sh (4630) [MLCT Os]c

Os-3A3P 276 (148 240) [1Bb pyr] 732 61 ns 0.006 720 979 ns
292 (93 620) [π-π*] (46.2 ns)d

344 (115 620) [1La pyr]
390 (40 730) [1La anth]
493 (14 600) [MLCT Os]
671 sh (3640)[MLCT Os]c

a Data measured at 77 K in butyronitrile rigid matrix.b Highest energy feature of the structured emission band.c Spin-forbidden MLCT transition.
d Measured in air-equilibrated acetonitrile solution.
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in butyronitrile/ethyl iodide 9:1 (v/v) matrix byP andPP, but
AA andAP do not exhibit any phosphorescence features even
in this matrix. Because the anthracene triplet is formed with
good yields (as shown by flash photolysis, Figure 6, vide infra),
this is probably due to inefficient radiative deactivation of the
anthracene triplet to the ground state. Most likely, the pyrene
triplet is not populated because of the occurrence of fast singlet-
singlet pyrene-to-anthracene energy transfer (see above).

Metal Complexes. The spectroscopic and photophysical
properties of transition metal complexes are usually discussed
in terms of the localized molecular orbital approximation. Within
such an approximation, the electronic transitions and excited
states can be described as metal centered (MC), ligand centered
(LC), or charge transfer (either metal-to-ligand, MLCT, or
ligand-to-metal, LMCT).9

Absorption Spectra.The UV region of all of the complexes
is very rich, because of the several possible LC transitions;
however, on the basis of the attribution of the various bands
made for the free ligands (see above), specific assignment of
the absorption features to the various subunits of the multicom-
ponent complexes can be made. Such assignments are straight-
forward and are reported in detail in Table 2, so they are not
discussed further here. A relevant finding to be noted is that
the absorption bands are roughly additive (see Table 2). The
relatively intense bands in the visible between 400 and 540 nm
are assigned to spin-allowed MLCT transitions, whereas the
absorption feature at wavelengths longer than 550 nm, exhibited
by the Os(II) complexes, are attributed to spin-forbidden MLCT
transitions, which gain intensity in the osmium complexes
because of enhanced spin-orbit coupling because of the
presence of the heavy metal centers.14 The presence of the
anthryl and pyrenyl substituents apparently shifts the absorption
MLCT bands of the homoleptic complexes to slightly longer
wavelengths (cf.Ru-0 vs Ru-6P, Ru-6A, andRu-3A3P and
Os-0vs Os-6P, Os-6A, andOs-3A3P). This can be attributed
to the replacement of the methyl substituents with the aryl-
substituted ethyl substituents, which are betterσ-electron donor
groups than methyls and therefore destabilize the metal-based
orbitals, making the metal oxidation, and as a consequence the
MLCT transitions, easier.

Photophysical Properties at Room Temperature.On the basis
of the luminescence spectra, lifetimes, and quantum yields and
a comparison with literature data,1,9,15 all of the room-temper-
ature emissions exhibited by the metal complexes reported in
this work can be attributed to3MLCT excited states. However,
a careful examination of their excited-state lifetimes immediately
points out that, in most of the cases, other excited states may
also have a role in determining the photophysical properties.

Figure 5. Absorption and (inset) emission spectra of (from the top to
the bottom)Os-0, Os-6P, Os-6A, andOs-3A3Pin acetonitrile solution
at room temperature (solid lines) or butyronitrile rigid matrix at 77 K
(dotted lines).

Figure 6. Transient absorption spectra in acetonitrile solution of (a)
AA , (b) Os-0, and (c)Os-6A, taken at the end of the laser pulse (half-
width 8 ns,λexc ) 355 nm).
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As briefly introduced above, ruthenium polypyridine complexes
bearing pyrenyl substituents are the subject of a large interest,
because of the prolongation of the3MLCT excited state due to
the pyrene-based triplet state.2-6,8 In these mixed-chromophore
species, photoexcitation of the MLCT level is followed by rapid
relaxation to an equilibrium mixture of the two triplet states.
The same occurs when direct photoexcitation involves the
pyrene singlet states (in this case, quantitative quenching of
pyrene fluorescence takes place). As previously reported by us
in a recent communication,6 all of the ruthenium complexes
containing exclusively additional pyrenyl chromophores inves-
tigated here (namely,Ru-1P, Ru-2Pa, Ru-2P, Ru-3P, Ru-4Pa,
Ru-4P, Ru-5P, andRu-6P) perfectly agree with the adopted
equilibrium scheme. Interestingly, it was also stated that the
excited-state lifetime of these species is linearly related to the
number of appended pyrenyl chromophores but independent of
connectivity. Each successive pyrene approximately adds about
2.7µs to the excited-state lifetime of the complexes in the series
(Table 2). In all cases, the decay is strictly monoexponential in
the nanosecond time scale, without regard to the excitation
wavelength, so the rate constant for the equilibration is assumed
to be faster that 1× 109 s-1. A schematic representation of the
decay processes occurring in the Ru-pyrene mixed-chromophore
species studied here is shown in Figure 7.

When an equilibration between states takes place, and one
of the states does not contribute directy to the luminescence
output, as it is the case for the pyrene-based triplet at room
temperature, a cost in luminescence quantum yield has to be
payed; however, from the data in Table 2, this cost appears to
be negligible as the decrease in population of the emitting state
is highly balanced by the enhancement in lifetimes.

A somewhat puzzling behavior is represented by the slight
blue-shift of the 3MLCT emission band on increasing the
number of pyrenyl subunits (compare, for example,Ru-0 and
Ru-6P emissions in Table 2), on the basis of the red-shift
evidenced by the MLCT absorption band in the same series of
complexes (see above). This is tentatively attributed to different
perturbations of the singlet and triplet MLCT states by the aryl
substituents (or by the replacement of a methyl group with aryl-
substituted ethyl groups).

Not surprisingly,Ru-6A andRu-3A3Pdo not exhibit room-
temperature emission. It is known that the anthracene triplet
lies at lower energy than Ruf bpy CT triplet states, so that
the MLCT-to-anthracene triplet energy transfer is not reversible
and complete MLCT emission quenching takes places.4a,15The
schematization of the decay processes inRu-3A3P is shown in
Figure 8.

All of the four osmium speciesOs-0, Os-6P, Os-6A, and
Os-3A3Pexhibit a typical Os-based,3MLCT emission at room
temperature (Table 2, Figure 5). As noted for the ruthenium
species, the emission is blue-shifted on passing fromOs-0 to
the aryl-substituted complexes, contrary to the shifts in the
absorption spectra, suggesting that different perturbation of
singlet and triplet states by the aryl substituents also occurs in
the osmium complexes. In Os(bpy)3-type species, the emitting
3MLCT level is lower in energy than both pyrene and anthracene
triplets, so that neither significant equilibration between excited
states or quenching is expected. However, a comparison among
the luminescence lifetimes (both in deoxygenated or air-
equilibrated solutions, see Table 2) of the four complexes allows
us to obtain interesting pieces of information. The luminescence
lifetimes of the complexes indeed increase with the number of
aryl substituents, namely, the anthryl ones. Partly, the difference
in the luminescence lifetimes betweenOs-0and the other species
can be attributed to the energy gap law;16 however, the different
values amongOs-6P, Os-6A, andOs-3A3P cannot be inter-
preted in this way, because the energy of the excited state is
roughly constant in this series. To explain such an experimental
finding, it can be considered that the Os-based3MLCT state in
the aryl-substituted complexes and the anthracene triplet level
only differ by about 700 cm-1,17 with the 3MLCT level being
the lowest-energy one. This relatively small energy difference
allows for population of the higher-energy anthracene triplets
at room temperature, according to a Boltzmann distribution.18

This population would account for the reduced rate constants
of the excited-state decays with increasing the number of the
anthracene substituents (e.g., the rate constant for radiationless
decayknr passes from 1.92× 107 s-1 for Os-6Pto 1.63× 107

s-1 for Os-3A3Pand to 1.53× 107 s-1 for Os-6A). Considering
the degeneracy of the anthracene triplet levels (inOs-6A, there
are six isoenergetic anthracene-based triplet states and three in
Os-3A3P), and assuming that energy transfer rates for forward
and back processes between Os-based and anthracene-based
triplets greatly exceed intrinsic decays to the ground state, the
excited states ofOs-3A3PandOs-6A result to be partitioned
between the two levels, with a total 9% or 17% of molecules
being in the anthracene-triplet states in the two complexes,
respectively. These partitions lead to calculate excited-state
lifetimes of 58 and 65 ns forOs-3A3PandOs-6A, respectively,
which are in good agreement with the experimental lumines-
cence lifetime results (Table 2).19

The results of flash photolysis experiments strongly confirm
the hypothesis given above. The transient spectrum ofOs-6A

Figure 7. Schematic representation of the energy level diagram and
of the possible relaxation processes taking place in theRu-nP series.
Solid and dashed lines are radiative and radiationless processes,
respectively. Processa is an equilibration at room temperature, whereas
it is a unidirectional3MLCT-to-3pyrene energy transfer at 77 K.
Processesb andc are inefficient at 77 K, and processesd ande are
inefficient at room temperature. For details, see text.

Figure 8. Schematic representation of the energy level diagram and
the possible decay processes taking place inRu-3A3P. Solid and dashed
lines are radiative and radiationless processes, respectively. Processa
is an equilibration at room temperature, whereas it is a unidirectional
3MLCT-to-3pyrene energy transfer at 77 K. Processesb and c are
inefficient at room temperature. Processd is inefficient at room
temperature. Processese andf appear to be poorly efficient, at least at
77 K (see main text).
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(Figure 6) shows the characteristic features of both the triplet
of the anthracene subunit (the structured absorption around 410
nm) and of the3MLCT state (the broad bleaching in the 420-
550 nm region), clearly suggesting that, following excitation, a
partial population of the anthracene triplet occurs. Both the
transient anthracene-based absorption and MLCT bleaching
decay with the same rate (lifetime of the transient, 65 (( 2) ns,
which is coincident with the luminescence lifetime ofOs-6A,
see Table 2). The transient spectrum ofOs-3A3Pis qualitatively
similar to that ofOs-6A, with the expected difference between
the intensity ratio of the anthracene-based absorption and MLCT
bleaching (on passing fromOs-6A to Os-3A3P, the intensity
of the anthracene absorption is reduced compared to the MLCT
bleaching, in agreement with the reduction in the population of
the anthracene triplet, see above). Taken together, these findings
definitely indicate excited-state equilibration. A schematization
of the decay processes occurring inOs-3A3P is reported in
Figure 9. The effect on luminescence lifetime reported here is
small, but in principle, larger effects could be obtained, for
example on reducing the energy gap between the relevant
excited-state levels.

Finally, for all of the emitting species, excitation spectroscopy
indicates that all the features which are present in the absorption
spectra of the various complexes contribute quantitatively to
the emission. So all of the complexes exhibit an efficient antenna
effect, because the light collected by the peripheral, organic
chromophores is channelled to a single chromophore. In most
of the cases, such a chromophore is the central metal core. All
of the aryl-substituted ligands could therefore in principle be
part of larger dendrimers as peripheral ligands, giving rise to
novel light-harvesting antenna systems. A preliminary investiga-
tion in this direction has already been reported as far as the
ligand P is concerned.20,21

Photophysical Properties at 77 K.The ruthenium complex
Ru-0 exhibits emission (Table 2, Figure 4) which can be
attributed to3MLCT excited states, on the basis of emission
energy, lifetime, and vibrational progression, which are in
agreement with Ru-based3MLCT luminescence reported in the
literature.9

The luminescence ofRu-1P, Ru-2Pa, Ru-2P, Ru-3P, Ru-
4Pa, Ru-4P, Ru-5P, andRu-6P (Table 2, Figure 4) is assigned
to pyrene triplet levels. Such an assignment is based on the
luminescence lifetimes (e.g., cf. the data in Table 2 with the
lifetime of an alkylpyrene2), and on the emission profiles, which
are slightly different from that ofRu-0 and similar to that of
the free pyrenyl-substituted ligands, see Figure 3). In principle,
for all of these multichromophoric species, one could expect
two emission features, namely, the pyrene triplet and the MLCT

level lying at almost the same energy. However, even exciting
directly into the intense1MLCT absorption bands, only the
monoexponential decaying, pyrene-based phosphorescence is
found in all of the complexes, with no traces of any component
decaying with a faster rate (at least in the ns time regime). This
indicates that no equilibration takes place at 77 K, as expected,
and that fast energy transfer from the MLCT excited state to
the pyrene triplet state(s) takes place. The luminescence ofRu-
6A (Table 2, Figure 4) is attributed to the anthracene triplet
state, on the basis of emission energy, profile, and lifetime, and
according to literature data concerning the luminescence proper-
ties of mononuclear Ru(II) complexes containing anthracene
subunits.4,22

Interestingly,Ru-3A3Pdisplays emission features which can
be attributed to both anthracene- and pyrene-based phospho-
rescence (Table 2, Figure 4). Also the emission spectrum for
this complex is not dependent on excitation wavelength. This
demonstrates that direct population of the pyrene and anthracene
singlet absorption bands leads in each case to population of the
3MLCT state (probably via the1MLCT level), and the electronic
energy is then redistributed to the lower-lying pyrene and
anthracene triplets by energy transfer processes. This also
implies that the pyrene and anthracene singlet states do not
directly decay to their respective triplet states in a significant
way (see Figure 8). In fact, if direct pyrene- or anthracene-
centered singlets should substantially lead directly to their triplet
(emitting) levels, the 77 K emission spectrum ofRu-3A3P
would be excitation-wavelength-dependent, in contrast to the
experimental results.

It can be noted that the lifetime of the higher-energy emission
feature (the pyrene-based emission) inRu-3A3P is almost
identical to that of the emission ofRu-6P. This indicates that
energy transfer from the pyrene triplet level to the anthracene
triplet state is inefficient under these experimental conditions.
It should be recalled that energy transfer from the singlet1La

pyrene state to the singlet1La anthracene state, occurring with
a high efficiency in the free ligandAP as demonstrated by the
luminescence of this latter species at room temperature, can
occur via a Coulombic mechanism, taking advantage of the good
overlap between donor emission and acceptor absorption spectra
(see above). This mechanism cannot be efficient for energy
transfer between the corresponding triplet states. At room
temperature, triplet-triplet pyrene-to-anthracene energy transfer
in metal complexes (which can be an efficient process, as
inferred by the room-temperature luminescence properties of
Ru-3A3P, where probably an electron exchange mechanism is
operating) can be mediated by the3MLCT state, but this latter
state can hardly be involved in the energy transfer process at
77 K.

Luminescence of all of the four osmium complexes is
attributed to the Os-based3MLCT excited state, which is the
lowest-energy level in all of the species. As seen for the room-
temperature emission, luminescence ofOs-0 occurs at lower
energy than those of the other osmium species (Table 2, Figure
5). Luminescence lifetimes of the species containing the aryl-
substituted ligands (i.e.,Os-6A, Os-6P, and Os-3A3P) are
longer-lived compared to that ofOs-0, in accordance with the
energy gap law. However, unlike the room temperature lifetimes,
they are identical to one another. As we interpreted the
differences in room-temperature emission lifetimes among these
three complexes on the basis of a Boltzmann distribution, the
77 K results are easily interpreted by considering that the higher-
energy anthracene-based levels are no longer accessible at low
temperature.

Figure 9. Schematic representation of the energy level diagram and
the possible decay processes taking place inOs-3A3P. Solid and dashed
lines are radiative and radiationless processes, respectively.
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Experimental Section

Equipment and Procedures.The solvents used were of the
best spectroscopic grade and were used without further purifica-
tion. NMR spectra were recorded on a Bruker AC 250
spectrometer (250 MHz). Absorption spectra were recorded with
a Kontron Uvikon 860 spectrophotometer. Luminescence spectra
were recorded on a Jobin-Yvon Spex Fluoromax-2 spectrofluo-
rimeter, equipped with a red-sensitive Hamamatsu R3896 photo-
multiplier. Luminescence spectra are uncorrected for detector
response. For the luminescence lifetimes in the nanosecond
to microsecond ranges, an Edinburgh OB900 time-correlated
single-photon-counting spetrometer has been employed (sources:
(i) Hamamatsu PLP 2 laser diode, output, 408 nm, pulse width,
57 ps, or (ii) nitrogen discharge, pulse width, 2 ns), whereas
for the luminescence lifetimes in the millisecond time range, a
Perkin-Elmer LS-5B spectrofluorimeter was used, with variable
delay times and fixed gate times (2 ms). In all cases, the decays
were strictly monoexponential. The latter spectrofluorimeter was
also used to record the phosphorescence spectra of the free
ligands, by using a delay time of 1µs to eliminate contributions
from fluorescence. Luminescence quantum yields have been
calculated by using the optically diluted method.23 As quantum
yield references, we used [Ru(bpy)3]2+ in aerated aqueous
solution (Φ ) 0.02824) for the ruthenium complexes, [Os-
(bpy)3]2+ in deaerated acetonitrile solution (Φ ) 0.00525) for
the osmium species, and anthracene in deaerated ethanol solution
(Φ ) 0.2726) for the free ligands. Nanosecond flash photolysis
transient absorption experiments were performed with a Con-
tinuum Surelight Nd:YAG laser as excitation source by using
an apparatus previously described.27 All measurements were
carried out on deaerated solutions.

The experimental uncertainties are as follows: absorption and
luminescence maxima, 2 nm; luminescence lifetimes, 5%,
transient decay rates, 5%, luminescence quantum yields, 20%.

Synthesis.General Notes.All manipulations were performed
under a dry nitrogen atmosphere using standard techniques,
while protecting against light. 4,4′-Dimethyl-2,2′-bipyridine
(dmb), lithium diisopropylamide (2 Molar), 1-pyrenemethanol,
ruthenium(III)chloride hydrate, and potassium hexachloroosmate
(IV) were obtained from Aldrich and used as received. THF
(Aldrich) was distilled immediately before use. Neutral alumina
(Aldrich) was used in column chromatography. 1-(Chloro-
methyl)pyrene,28 9-(bromomethyl)anthracene,29 [Ru(dmb)3]-
(PF6)2

30 (Ru-0), and [Os(dmb)3](PF6)2
31 (Os-0) were prepared

according to published procedures. The synthesis of the ligands
P andPPas well as of the complexesRu-nP has been reported
elsewhere.6,20

Synthesis of Ligands an-bpy-an (AA) and an-bpy-pyr
(AP). 4,4′-Bis[2-(9-anthryl)ethyl]-2,2′-bipyridine (AA). 4,4′-
Dimethyl-2,2′-bipyridine (0.50 g, 2.71 mmol) was dissolved in
dry THF (40 mL) under a nitrogen atmosphere. After cooling
to -10 °C, lithium diisopropylamide (3.0 mL) was added
dropwise over a 5 min period via syringe. After stirring for an
additional 45 min, a solution of 9-(bromomethyl)anthracene
(1.63 g, 6.00 mmol) in THF (40 mL) was introduced dropwise
by cannula. The reaction mixture was stirred at-10 °C for 45
min, and then allowed to warm to ambient temperature and
reacted for a further 20 h. After this time, water (5 mL) was
added dropwise, and solvents were removed under reduced
pressure. The residue was then dissolved in dichloromethane
and washed with water. The separated organic phase was dried
over magnesium sulfate and filtered, and the solvent was
removed. The residue was then triturated with methanol:water,
4:1 v/v (20 mL). The resulting solid was collected and then

triturated twice with methanol (2× 25 mL) and repeatedly with
diethyl ether (4× 40 mL). The product, which was collected
by filtration and dried under vacuum, was an off-white powder
(yield: 68%). 1H NMR (CDCl3): δ 8.68 (d, 2H,J ) 5 Hz),
8.53 (s, 2H), 8.41 (s, 2H), 8.33 (d, 4H,J ) 9 Hz), 8.04 (d, 4H,
J ) 9 Hz), 7.48-7.58 (m, 8H), 7.31 (d, 2H,J ) 5 Hz), 4.02 (t,
2H, J ) 8 Hz), 3.22 (t, 2H,J ) 8 Hz). Elemental analysis data
(for C42H32N2), calc. (found): C, 89.40 (89.33); H, 5.59 (5.71);
N, 4.91% (4.96%). MS (FAB):m/z 564.

4-[2-(9-Anthryl)ethyl]-4′-[2-(1-pyrenyl)ethyl]-2,2′-dipyridine
(AP).4-[2-(9-Anthryl)ethyl]-4′-methyl-2,2′-bipyridine32 (0.55 g,
1.47 mmol) was dissolved in dry THF (40 mL) under a nitrogen
atmosphere. After cooling to-10 °C, lithium diisopropylamide
(0.9 mL) was added dropwise over a 5 min period via syringe.
After stirring for an additional 45 min, a solution of 1-(chlo-
romethyl)pyrene (0.37 g, 1.47 mmol) in THF (25 mL) was
introduced dropwise by cannula. Employing similar reaction
conditions and workup procedure as described forAA gave a
pale yellow powder (yield: 54%).1H NMR (CDCl3): δ 8.70-
8.61 (m, 2H), 8.50 (s, 1H), 8.45 (s, 1H), 8.42 (s, 1H), 8.39-
8.29 (m, 3H), 8.25-7.97 (m, 9H), 7.87 (dd, 1H), 7.63-7.46
(m, 4H), 7.31 (dd, 1H), 7.17 (dd, 1H), 4.01 (t, 2H,J ) 8 Hz),
3.77 (t, 2H,J ) 8 Hz), 3.36-3.15 (m, 4H). Elemental analysis
data (for C44H32N2), calc. (found): C, 90.16 (89.76); H, 5.34
(5.48); N, 4.57 (4.76). MS (FAB):m/z 588.

Synthesis of Metal Complexes. [Ru(AA)3](PF6)2 (Ru-6A), [Os-
(AA)3](PF6)2 (Os-6A), [Os(PP)3](PF6)2 (Os-6P), [Ru(AP)3]-
(PF6)2 (Ru-3A3P), [Os(AP)3](PF6)2 (Os-3A3P).In a typical
synthesis, RuCl3‚3H2O (or K2OsCl6) (0.15 mmol) and ligand L
(L ) AA , PP or AP) (0.45 mmol) were dissolved in DMF (6
mL) and refluxed for 24 h under nitrogen. After cooling to room
temperature, excess solid NH4PF6 was added. The solution was
left to stir for 30 min, before loading onto a column of neutral
alumina, and eluting with acetonitrile:toluene, 2:1 v/v. Solvent
was removed under reduced pressure until a precipitate was
obtained. The solid was collected by vacuum filtration through
a fine glass frit and washed with water, followed by diethyl
ether. The complex was further purified through Sephadex G10,
eluting with acetonitrile, before reprecipitating from acetonitrile/
toluene. Elemental analysis and mass data were in agreement
with the proposed structures.
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