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Abstract

A recently developed strategy to prolong the luminescence lifetime of metal polypyridine complexes is discussed, and various resulting
supramolecular systems are presented. The intervening mechanism demands that certain thermodynamic and kinetic parameters are satisf
notably rapid and reversible electronic energy transfer between lowest-lying isoenergetic triplet excited states located on an inorganic moiet)
e.g., a triplet metal-to-ligand charge transfer st&éL({CT), and localised on a separate organic chromophore, such as atiplet state,
although the involvement of other states is also considered. Originally implemented with a pyrenyl-appended Ru(ll) polypyridine complex,
the generality of this approach has been demonstrated through the judicious combination of different metal complex@éLi@Vistates
in conjunction with various matched organic chromophores and thus presents a new tool to instil made-to-order properties in supramoleculs
systems. Multichromophoric species and systems invoking second-sphere interactions are also considered.
© 2005 Elsevier B.V. All rights reserved.
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() complexes have been subject to an intense research effort In a 1992 article by Ford and Rodgers, a new strategy
due to a combination of their desirable absorption, photo- was reported11]. This new strategy was based on coupling
physical and redox properti¢s]. As well as being of inter-  a Ru(ll) polypyridine emitter with an organic chromophore
est for reasons of fundamental research, these increasingljhaving its lowest-lying and long-lived triplet state close in
well-understood species have been introduced into numerousnergy to the triplet (emitting) MLCT state of the metal-
supramolecular systenjg] rivalled only by porphyrin and  based chromophore. In the presence of suitable kinetic and
metalloporphyrin species as the choice for active componentsthermodynamic parameters, the triplet state of the organic
for photoinduced electron/energy transfer procef3es chromophore could act as an excited-state storage element,

In addition to quantum yields and wavelength of lumines- leading to a prolongation of the MLCT emission, a case re-
cence, one fundamental property of these photoactive com-lated to the “delayed fluorescence” of some organic species.
pounds concerns their luminescence lifetimes. A greater con-  This article reviews systems reported to date where a metal
trol over this parameter can lend a greater flexibility and unit based on polypyridine complexes and an aryl hydro-
scope to the applications, which could be realised with thesecarbon are covalently linked. These systems present quasi-
species. For example, species with long-luminescence life-isoenergetiéMLCT and @w—r") triplet states, the latter be-
times can find use as sensors whose luminescence can biang non-emitting and localised on the appended hydrocar-
measured after the residual background fluorescence has dehon chromophores, allowing for increased luminescence life-
cayed, either directly as oxygen sensors (due to energy transtimes of the metal-based unit, as a consequence of excited-
fer to ground-state diatomic oxygen) or after coupling with state equilibration. The linker (or spacer) between the chro-
an appropriate receptor to give a more general strategy to-mophores has the role of keeping the subunits separated
wards signalling the presence of a plethora of guest-speciessnough to let them maintain most of their own individual
[4]. Also their better adaptation to participate as photosen- properties, such as intrinsic decay rate constants. While the
sitizers in bimolecular processes and to promote processedocus is on the aforementioned mechanism and its utility in
such as energy transfer in supramolecular systems has beemolecular design, other kinetic schemes using similar com-
identified[5]. ponents are also presented, less comprehensively. Reversible

Excited-state lifetimes of metal polypyridine complexes, interchromophore triplet-triplet energy transfer processes in
which typically invoke the lowest lying triplet metal-to-ligand  all-organic systemid 2a]will not be considered here, nor will
charge transfer3(MLCT) state, are to a large extent gov- recent application to bimolecular processes in a solid-state
erned by the non-radiative deactivation procef8e8esides matrix [12b] or lanthanide-based systems appended with or-
population of thermally accessible ligand field states, these ganic chromophorgd 2c]. Other aspects, in particular those
energy loss-channels include vibrational deactivation to the related to compounds with large delocalized ligands, have
ground state in accordance with the “energy gap” law devel- been reported in a review artic|@3] published during the
oped by Meyer for metal—polypyridine complexes, where the preparation of the present paper and are only marginally dis-
lower the energy of the excited statgepiand hence smaller  cussed here.
the number of vibrational quanta required to effect the deex-
citation), the faster the rate of the overall procggs This
appears to be an unfortunate scenario, as red-emitters are in2. Delayed luminescence from modular systems
teresting, for example in biological applications where these
species can be effectively interrogated due to the penetration The focus of this section is directed towards metal
of red-light into tissue, and as low-lying energy traps in mul- polypyridine complexes appended with a remote organic
tichromophore arrays, reminiscent of the protein-embeddedchromophore. As the two active components are separated
natural photosynthetic apparaf@3. by an insulating spacer, they retain their individual proper-

A second property governing the rate of non-radiative de- ties, yet efficient intercomponent transfer of absorbed light
cay concerns the degree of excited state distortion comparecenergy can take place. This situation allows to define such
to the ground state, in the weak coupling lif@f. A re- multicomponent species as supermolecules, featuring photo-
sulting rule of thumb (which, as the energy gap law, has its physical properties which are different than simply the sum
foundation in Franck—Condon factors for non-radiative tran- of the properties of the individual modules. Sect@8 il-
sitions between quantum states) is that systems with smalllustrates means to further control the luminescence lifetime
variations in excited state versus ground state geometries (agnd the role of degeneracy of states in multichromophoric
MLCT emitters exhibiting a high degree of electronic de- systems.
localisation in the acceptor ligand of the MLCT state) will
exhibit longer excited state lifetimes compared with systems 2.1. Prerequisites for excited-state equilibration
with larger excited-state distortid#,10].

Thus, approaches to designing long-lifetime species ac- The conditions necessary to establish an excited-state
cording the above cited rules typically involves changing equilibrium after light absorption can conveniently be de-
the inherent properties of these systems such as energies afcribed in reference to the prototypical example of this type
lowest-lying3MLCT levels and/or the ligands involved. of systemg11]. The energetic and kinetic parameters called
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Equilibrium constant between excited-triplet:

Ko =kk, = [a] [1-0]

k; = rate constant for forward energy transfer (from metal-based to hydrocarbon chromophores)
k, = rate constant for back energy transfer process

[e] = no. of *(m-n*) hydrocarbon -based triplets

[1-a] = no. of *MLCT triplets.

Rate of reaching equilibrium =k; +k;

Deactivation rate of equilibrium mixture = (1- o) ky +(a) k,

kg and kj are the intrinsic deactivation rates for *MLCT and *(n-n*) triplets, respectively.

Fig. 1. Jablonski diagram showing the pertinent energy levels and kinetic parameters giving rise to prolonged luminescence lifetime in bicbmiregho
organic-inorganic systems, along with a kinetic description for [Ru@{fyi*. In the schemekr represents the summation lofandky, the radiative and
non-radiative intrinsic decay rate constants ofIn&.CT state.

upon in this strategy are outlined Fig. 1, with molecule or an excited-state storage element. As a result of the excited-
[Ru(bpy)(1)]?* (for the structural formulas of the ligands, state equilibrium, a long luminescence lifetime=(11us)
seeFigs. 2 and R The discrete chromophores in this species can be measured for tSLCT luminescencex(< 1 us for

are only weakly coupled, as indicated by the electronic ab- the model complex, missing the pyrene subunit). The ap-
sorption spectrum, which is a summation of the individual proach to equilibrium following absorption of light proceeds
organic and inorganic chromophore contributions. Impor- with a rate which is a sum of rate constants for forward and
tantly, the energy difference between the two lowest lying ex- back energy transfer. After equilibration, the two participants
cited states located at the inorganic moiét(CT) and the will decay with a common rate which is a linear combination
pyrene, a non-emissiviémr—r"), is within a few kcal mot?, of the rate parameteks andkp leading to a common lifetime
such that one state is thermally accessible from the other at(Fig. 1). The fraction of molecules with excitation energy lo-
ambient temperature and energy transfer processes betweeoated on one moiety (e.g., “Ru(bpy) rather than the other
these two triplets can occur. Itis important to note that the in- (e.g., pyrene) at equilibrium can be describedikay. This
trinsic deactivation rate to the ground state of MLCT triplet, valueis governed by the relative rates of forwadgjlénd back

kr (typically around 16s~1 [14]) for a Ru(bpy}**-type energy transfeli,). As the energy gap between the two states

chromophore is much greater than that’ef—") triplet, increases, thi, value diminishes until back energy transfer
ke (typically around 18s~1 or slower) for an aryl hydro-  becomes negligible, and an excited-state equilibrium is no
carbon chromophore. In [Ru(bpyfL)]2*, downhill forward longer possible.

energy transfer (i.e., energy transfer from #WLCT to the The work of Ford and Rodgef#1] is the first direct obser-

pyrene-centredm—r" states) was determined to occur at a vation of an equilibrium being reached via an intramolecular
rate around 1.% 10°s~1, while the slightly uphill back en- triplet-triplet energy transfer reaction between a metal-based
ergy transfer AE=—595 cnm1) occurs with a rate 18-times  and an organic chromophoric unit.

lower. Note that from herein, aSE we indicate the differ- Finally, it should be recalled that prolongation of lumi-
ence in energy between tABILCT and the aromatiémr—m" nescence lifetime via the excited-state equilibration approach
levels. As a consequence, positix indicates down-hill, here described can have a price, which is an eventual decrease
exergonic processes and negative indicates up-hill pro- in the overall luminescence quantum yield, when the intrin-

cesses. These results clearly indicate that the energy transfesic decay of the organic chromophore (Kperate constant in
rates for the forward and back processes greatly exceed (2—-3-ig. 1) is not fully negligible compared to the intrinsic decay
orders of magnitude) the intrinsic decay pathways of the two of the emissive metal-based chromophore and the equilibra-
chromophoresk > kg andkg, >> kp) so that an excited-state  tionrate constants. At best, the overall luminescence quantum
equilibration is established. In this regime, the role of the yield of the equilibrated systems can in fact approach (but not
pyrene chromophore is to repopulate the deplédtiCT surpass) the quantum yield of the parent MLCT chromophore
state, and as such can be considered as an energy “reservoiffiot containing the pendant organic reservoir species. Most
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Fig. 2. Structural formulae of ligands containing a bidentate unit and a remote pyrene chromophore.

commonly, anyway, this price is however quite small, since within which all the compounds reported in this review ar-
kp is orders of magnitudes lower than the other rate constantsticle can be essentially discussed, the intrinsic decay of the
in Fig. 1, in all the examples studied. It should also be taken organic chromophore is considered to be dominated by radi-
into account that in the kinetic scheme reported-ig. 1, ationless processes.
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Fig. 3. Structural formulae of ligands containing a bi/terpyridine unit and an organic chromophore, separated by a-SirfgpecCor ethynylene linkages.
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2.2. Metal polypyridine complexes with a remote
organic chromophore

Following the elucidation of the mechanism described
above[11], several other systems involving the pyrenyl chro-
mophore tethered to a ruthenium(ll) polypyridine complex

1341

Species [Ru(bpy)3)]2*, reported by Fages, is reminis-
cent of [Ru(bpy}(1)]2* in that it bears a flexible tether be-
tween active units, exhibited a lifetime of 1Q.5 in ace-
tonitrile. Dinuclear{[(bpy)2Rul»(4)}?*, also equipped with
a reasonably flexible linkage showed a lifetime of overs8
[22]. Complex [Rub)]?* having a hemicage chelating unit

have been reported. This is perhaps not surprising due to thegives similar photophysical response to [Ru(b8)]2* [23].

predominance of the [Ru(bpy]f* chromophore, which can

be selectively excited in the presence of an organic chro-

In this case, the authors attempted to exploit the increased
stability of a hemicage complex to excited-state ligand dis-

mophore absorbing at higher energy, leading to (after inter- sociation, as originally demonstrated in a report emanating

system crossing) population of tAMLCT state. This fact,
arising from the typically larger splitting between singlet and

from a Bologna—Fribourg—Bonn collaborati{¥,25], with
the equilibration effect to give longer-lived species, but as-

triplet states of organic molecules compared to transition cribe the experimental results to a lack of conformational

metal polypyridine complexes, along with distinctive tran-

rigidity of the coordination sphere of the complex derived

sient absorption signatures of each component makes thesgrom this particular ligand23].

systems particularly amenable to study. Relevant photophys-

The distance dependence between the active compo-

ical data for the supramolecular complexes discussed in Secnents on the excited-state equilibration process was recently

tions2 and 3are regrouped ifable 1
Wilson and co-workerg15,16] highlighted the impor-

investigated by Barigelletti and co-workers using flexible
poly(ethylene glycol) chains of different lengths to bridge

tance of matching the pertinent triplet energies in the systemthe organic and inorganic unif&6]. While with molecule

of choice by comparing the properties of [Ru(bg(@)]%*

with related complexes where pyrene is replaced with a ho-

[Ru(b{py)z(G)]2+ the centre-to-centre distanak{) can be up
to 21A in an extended conformation, the apparent separation

mologous naphthalene or anthracene chromophore. For theshanges resulting from chain folding varies according to a

pyrene-containing species where the Ru-ba¥4tdCT and
the lowest pyrene triplet (energy levek 16.4x 10°cm™1)
are almost isoenergetic, 3MLCT emission lifetime of

5.23us was measured and a transient absorption with sig-

nature at 415 nm, characteristic ofTa— T, transition in
pyrene, was observed reflecting an equilibrium distribution

Gaussian distribution with an average distance ok 1&m-
pared with 13.6\ for the shorter linker [Ru(bpy)3)]%*. For
both species a long luminescence lifetime,~d us, prac-
tically independent on the poly(ethylene glycol) chain, was
measured. High rates constants for forward triplet-triplet en-
ergy transfer processelg €4 x 10°s~1 and 2x 108 s~ for

where excitation energy resides predominantly (80-90%) on [Ru(bpy)(3)]%2* and [Ru(bpy)(6)]%*, respectively) were ob-

the 3pyrene component. In contrast, no excited-state equi-
libration was observed in either of the other two cases be-
cause the energy level of the organic triplet is too high (naph-

thalene caseE = 21.3x 10° cm™1) or low (anthracene case,
E=14.5x 10°cm™1) with respect to the MLCT triplet.

An important aspect of their work concerned the ap-
plicability of their findings towards hydrogen production
from hydronium ions using a photoredox system compris-
ing a Ru(bpy}?* linked to an aromatic unit and methyl
viologen [17,18] Considering the parent Ru(bpgj and
methylviologen (MV?*) components, a limitation in this
latter system is the relatively low escape efficiency of the
{Ru(bpy}*/MV*} ion pair from its solvent cage, due to
a competition with unwanted back electron trandgfe9].

In contrast, the intervening of triplet excited states involv-

served. These results are attributed by the authors to the fold-
ing properties of the linking chains. A natural extension of
this work may be the study of the photophysical properties of
a series of [Ru(bpyg]?* and pyrene-decorated systems with
fixed d¢¢ values, utilising rigid spacers.

Prodi and Juris reported a nice variation on these sys-
tems where a zinc cation directs the assembly of dis-
crete photoactive components using the free chelating site
of [Ru(bpy)k(bpy-O-bpy)E* along with the deprotonated
caboxylic acid group of 1-pyrene acetic acid. Supermolecule
[Ru(bpyk(7)]%* was formed with greater than 95% vyield
[27]. In the assembly, the MLCT emission in air-equilibrated
acetonitrile had a lifetime of 380 ns, somewhatlongerthan the
149 ns value recorded for the parent molecule. The authors
suggest this type of system may have a role in a combinato-

ing aromatic organic species increases the efficiency of therial chemistry context, using a library of carboxylate group
cage escape. Actually, while for the naphthalene-appendedyearing species.

Ru(ll) species, where the lowest energy triplet state is MLCT

in character, the cage escape is less than 10% efficient, fory 3. Tuning excited-state lifetimes
the anthracene-appended Ru(ll) species, whose lowest ex-
cited state is an aromatic triplet state, the cage escape pro2.3.1. Multichromophore approach

cess is >70% efficient in methanol and acetonitrile. Inter-

The important roles of the relative rates of forward and

estingly, for the pyrene-containing species the efficiency of back energy transfer processes and relative energies of the

MV* production reflects the partitioningléq value) of the

low-lying triplet excited states in governing lifetimes of the

excitation energy between the two states at the equilibrium MLCT emission, in relevant bichromophoric species, were

[20,21]

outlined above. Another methodology to affect the resulting



Table 1

Photophysical data reported for complexes with ligabe29 showing long-lived luminescence in room temperature fluid solution and for selected parent compounds

Species Jem max (NM) Tem® (US) @, aPC 1—aPc Keg?® ke (s71) ko (571) AEY (cm™t) References
[Ru(bpy)]?* 608 0.9 0.09 - - - - - - [26]
[Ru(dmb)]?* 616 0.87 0.06 - - - - - - [29]
[Ru(dmb)(CN)]%~ 64C° 30x 1073 - - - - - - - [40]
[Os(dmb}]?* 745 35% 103 4x10°3 - - - - - - [30]
[Ru(bpyk1]%* 60C° 7.2x1073,11.2 - 0.95 0.05 18 1810° 7x10° 600 [11]
[Ru(bpyk2]?* 61C° <10% 1073,5.23 0.044 0.85 0.15 B - - - [15]
[Ru(dmb) 2] 614 2.47 0.06 0.71 (0.78) 0.29 (0.22) .523.5) - - - [29,30]
[Ru(dmb)@)2]%* 614 6.65 0.06 0.89 (0.88) 0.11 (0.12) .147.1) - - - [29,30]
[Ru(2)3]* 614 7.92 0.06 0.91(0.92) 0.09 (0.09) .1Q10.6) - - - [29,30]
[Ru(2)29]%* 612 10.99 0.06 0.93 (0.93) 0.07 (0.07) .3814.2) - - - [29,30]
[RU(CN),(2)1%~ 64C¢° 1.2x 1073, 0.26° (0.25§ - 0.88 0.12 B 5x 10° - 410 [40]
[Ru(bpyk(3)]2* 608 2.9x1072 8.8 0.096 - - 11 310° - 480 [26]
[Ru(bpyk(4)]%* 610 8 - - - - - - - [22]
[Ru(bpyk(5)]?* 606 2.1 0.04 - - - - - - [23]
[Ru(bpy)k(6)]12* 608 5.9x 1073, 10 0.117 - - 11 210° - 480 [26]
[Ru(bpyk(7)]12* 624 12x 1073, 0.380 - - - - 6.1x 107 - 200 [27]
[Ru(bpyk(8)]2* 621 2.96 0.065 0.64 0.36 a - - - [28]
[Ru(8)s]* 617 9.0 0.064 0.87 0.13 B - - - [28]
[RU(CN);(9)12~ 640" 0.6x 1073, 0.46 (0.50) - 0.94 0.06 15 - - 410 [40]
[Ru(dmb)9]?* 614 6.95 0.06 0.90 (0.88) 0.10 (0.12) .047.1) - - - [29,30]
[Ru(dmb)@),]%* 610 11.30 0.06 0.94 (0.93) 0.06 (0.07) 1%14.2) - - - [29,30]
[Ru(2)(9)2]%* 610 14.96 0.06 0.95 (0.95) 0.05 (0.05) .0917.7) - - - [29,30]
[Ru(9)s]* 608 18.10 0.06 0.96 (0.96) 0.04 (0.05) 2421.3) - - - [29,30]
[Os(10)3]?* 732 61x 1073 (58 10°3)° 0.006 0.09 0.91 ao - - —700 [30]
[Os(11)3]%* 728 65.3x 1073 (65x 10°3)° 0.006 0.17 0.83 @0 - - —700 [30]
[Ru(trpy)(12)]%* 680 5.5x 1073, 0.40 1.3x 10 - - - - - 840 [37]
[Ru(12),]%* 675 5.8x 10°%,1.80 1.8x 104 - - - - - 960 [37]
[Ru(bpyk(13)]%* 606 27.6 0.033 - - - - - 750 [41]
[Ru(13)3]** 595 60.8 0.013 - - - - 900 [41)
[Ru(bpy)k(14)]1%* 630 0.98 0.071 - - - 2810° - 350 [42)
[Ru(bpyk(15)]%* 640 1.30,57.4 0.10 - - <0 <2x 10 - —200 [45]
{[Ru(bpyk](16)}?* 670 1.8, 109 8.6x 1073 - - - - - - [46]
{[Ru(bpyk]2(17)}** 640, 680 165 7x10°2 - - - - - - [50]
[Ru(bpyk(18)]% 640, 680 140 6.3x10°° - - - - - - [50]
[Ru(bpy)(18)Ru(trpy)l* 640, 680 48 45x 1072 - - - - - - [50]
[(opy)Re(CO}(19)1%* - 0.428 - - - - - - - [51]
[Pt20)ClN* 640sh, 685 649 1x10°3,34x10°2 - - - - - - [54,55]
[Ru(bpy)k(21)]%* 606 23.7 0.071 0.935 0.065 ) 2.8x 101 (1.9x 10°)¢ 780 [56,57]
[Ru(21)3]%* 597 148 0.064 0.989 0.011 g6 2.4x% 101 (2.8x 10°)¢ 1030 [56,57]
[Ru(bpyk(22)]2* 610 4% 1073 9x 10 - - <29 16 - 700 [45]
[Ru(bpyk(23]% 670 42 0.026 0.98 0.02 49 1410 2x10° 930 [60,61]
[Ru(bpyk(24)]%* 656 8.6 0.035 - - 5 1.1x 101 2.5x10° 305 [62]
[Ru(trpy)(25)]>* 698 0.580 5¢10°3 0.13 0.87 a5 - - —390 [60]
[Os(bpy)(26)]%* 800 0.415 1.2 1073 0.975 0.025 40 2.9 101 7.3x 10° 750 [62,63]
[Ru(bpyk(27)]%* 620 3.2x10°3,17 0.022 0.970 0.03 32 B310° 9.4x 10° 710 [61]
[Ru(bpy):(29)]%* 652, 680 3,20 — - — - 2 10° 3.3x 10" 920 [69]

@ Degassed acetonitrile solvent unless otherwise stated. When two lifetimes are reported, the shorter one is assigned to equilibration tinze (stezenies).
b Calculated from experimental parameters.

¢ Values in parentheses from equilibria modelling.
d Energy difference between tR&ILCT and the aromatiém—" levels.

€ In methanol.
f Aerated solution.
9 ILCT origin.

" In dichloromethane.
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equilibration distribution, and hence lifetime is to introduce a lying 3MLCT states[30]. These represent interesting candi-
degeneracy factor, i.e., multiple organic chromophores. This dates, in addition to their Ru(ll) analogues, owing to their
enhances the probability of energy residing on the organic long wavelength absorption (due to formally spin-forbidden
part, increase&eq, and hence the observed luminescence MLCT transitions) and emission spectra which mean that
lifetime. Questions then arise regarding the resulting lifetime these chromophores can be addressed with a high degree of
values and equilibrium energy distribution patterns as a func- selectivity.

tion of number of chromophores. While the excited state lifetime of parent [Os(driB} is
Castellano initially investigated the multichromophore ef- only 35 nsindeaerated acetonitrile, thisis extendedto 61 nsin
fect with molecules [Ru(bpy)8)]2* and [Ru@)s]?*, bear- [Os(10)3]%*, a three anthracene (and three pyrene) containing
ing one and three pyrenyl-chromophores, respectif2sy. species. Further prolongation of the luminescence lifetime
While a lifetime of 2.96.s was recorded for [Ru(bpy8]?*, (r=65ns) is observed with the six anthracene-containing
an even longer lifetime of 9.@s was measured for [R8)z]2* complex [Os(1)3]2*. In the former case, pyrene units are

in degassed acetonitrile. These results are indicative ofnot directly involved in the equilibration process, but rather
excited-state equilibrium and the origin of the difference be- serve as light-harvesting units, transferring absorbed energy
tween the dyad and tetrad clearly resides in the number ofwith high efficiency to the active components.
chromophores. In the monopyrene species 64% of the pop- The discernible, but modest emission lifetime enhance-
ulation of excited molecules was estimated to have energyment in the aforementioned complexes can be ascribed to
localised on the pyren&Kgq=1.8), while a measured 3.7- imperfections in the energy match HLCT and 3(m—")
fold increase irKeq in the tetrad results (87% population of  states. Indeed the anthracene triplet state is located higher
pyrene triplet). Due to the fact that the back energy transfer in energy A EmLcT —r—r+) =—700 cntl) than its3MLCT
reaction involves on&VILCT state, the rate constantforback partner. On this basis, 9% of excited [@8)fz]2* molecules
triplet energy transfer is not expected to change between thewould be anticipated to have electronic excitation energy lo-
dyad and tetrad, so the increasd<gf, is due to an increase  calized on the anthracene, while this value is increased to
of ks as the number of triplet acceptors increases. A more 17% in [Os(L1)3]2*. The corresponding calculated lifetimes
detailed discussion could be made on the basis of statistical(r =58 and 65 ns, respectively, obtained by considering sta-
thermodynamics. tistical thermodynamics including degeneracy of st{26})

With two species being insufficient to demonstrate a trend, correspond to those measured, as reported above.
a more systematic investigation of the role of number of  Thus far, metal polypyridine complexes have been consid-
chromophores on the luminescence lifetime was undertakenered which encompass bidentate ligands. Complexes derived
in a Messina—Bologna collaboratid@9]. Using different from tridendate (e.qg., 2,%,2"-terpyridine; trpy) ligands of-
combinations of ligands bearing none (4gdmethyl-2,2- fer the possibility to construct different supramolecular archi-
bipyridine; dmb), one?) or two pyrenesY), nine complexes  tectures than those possible with their bidentate cousins (for
were prepared representing the full series of possible per-example, linear arrays as wires for vectorial energy or elec-
mutations with three different bidentate ligands on a single tron transfer, etc.) and are devoid of stereochemical impli-
Ru(ll) metal centre (with the exception of the tris-heteroleptic cations ([Ru(bpyj]2* exists asA andA isomers). However,
complex [Ru(dmb)2)(9)]?*). Lifetime values ranged from  due to thermally-accessible low-lying metal centred (MC)
0.8us for [Ru(dmb}]?* with no appended pyrene units to  states, in [Ru(trpy]?* the luminescence is typically weak
18.1ps for the heptad (with &eq value around 24) with  and short-lived31,32] Methods to overcome this obstacle
six appended pyrene units in degassed acetonitrile at roomrely on increasing the energy gap between MLCT states and
temperature. The linear relationship observed, describing theMC states (using cyclometalating ligan@s33] or electron
increased luminescence lifetime as a function of the numberwithdrawing and/or donor substituerj8!]) to minimise the
of appended chromophores, is showrfFig. 4a, along with effect of this thermally-activated loss channel. Alternatively,
energy distribution at equilibrium, shown Fig. 4b and c. modification of Franck—Condon factors for non-radiative de-
It can be seen that on average gswas added to the life-  cay can be called upon, using ligands with extendéar-
time with each additional appended chromophore. Arrange- bitals to increase delocalisation in the acceptor ligand of the
ment of chromophores around the metal core and ligand- MLCT state[35].
connectivity were shown to have a minimal effect on the ~ Combining the latter approach, using pyrimidine-
observed lifetime in two different examples of species bear- substituted terpyridine ligand86], with the excited-state
ing either two ([Ru(dmi)9)]%* cf. [Ru(dmb)@)-]%*) or four equilibration process (using an anthracene energy-storage
pyrenes ([Ru(dmb®)»]%* cf. [Ru(2)2(9)]?"). This trend ap- unit), the generation of Ru(ll) terpyridine complexes with
pears to be unrelenting and no deviation from linearity is ob- long-lived luminescence lifetimes was anticipaféd]. In-
served, even upon incorporation of six organic chromophoresdeed, with the anthracene-based triplet lying close to the
with quasi-isoenergetic states. SMLCT (AEgMLCT,n_,T*) =840cm! and 960cm?! for

Recently the multichromophore approach was applied to [Ru(trpy)(12)]%* and [Ru(L2),]*, respectively) this appears
osmium(ll) polypyridine complexes, which are particularly to be the case. The different values for homo- and heterolep-
prone to non-radiative deexcitation due partly to their low- tic complexes are related to differences in the energy of the
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Fig. 4. Luminescence lifetime (a), fraction of pyrene-basedand “Ru(bpy}”-based (1- «) triplets at equilibrium (b) and equilibrium constant (c) as a
function of number of pyrene units appended to a “Ru(bpgdre. Solid points represent experimentally determined values, unfilled points are obtained via
equilibrium modelling [referenc9]].

MLCT states, as discussed in the original reference. For one2.3.2. Solvent effects on luminescence lifetime
anthracene-containing dyad [Ru(trpy2)]2*(for structural In the systems discussed so far, the relative energies of
formula of12, seeFig. 3), a lifetime of 0.4Qus was measured  pertinent low energies triplet excited states are synthetically
in degassed acetonitrile, which compares favourably with the established and indeed are intricately linked to the equilib-
value 15ns obtained for the parent species. In the triad, arium distribution (described bAG® = —RTInKeg). In this
value of 1.8.s was obtained (compared with=21 ns for manner, a large synthetic effort is typically required to ob-
the non-anthracenic parent) which may additionally be partly tain systematic variations in the driving force of the en-
due to a modification of the energy gap betweédiLCT ergy transfer process. An alternative design strategy calls
and®w—r" states, and [RU@)-]%* could be the longest-lived  upon supramolecular systems with a tunable driving force
room-temperature MLCT emission reported to date for a for electronic energy transfer. For example, by taking advan-
ruthenium polypyridine complex based on tridentate ligands. tage of second-sphere donor—acceptor (SSDA) interactions
Although no saturated hydrocarbon spacer can be discerned38,39], the energies of the excited states of the metal com-
in 12, and as such these species may equally be considereghlex component can be modified in a predictable way while
in Section3, steric hindrance may be anticipated to push the that of the organic component remains unchanged. Mixed
adjacentr-systems towards orthogonality, introducing a sort cyano-polypyridine complexes of Ru(ll) are typical exam-
of “virtual”, insulating spacer. ples in which the SSDA interactions between the cyanides
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Fig. 5. Second-sphere interactions leading to solvent-modulated lifetime witB)[Ru{]2~ in water (a), methanol (b) and acetonitrile (c). Top: thermody-
namically allowed excited-state energy transfer processes and observed radiative deexcitation. Bottom: energy level diagrams and ppotopbkgssat
water (a), methanol (b) and acetonitrile (c). Acceptor numbers of the solvents are: water, 58.4; methanol, 41.3; acetonitrile, 19.3.

and the solvent produce a pronounced solvatochromic be-ments. Thus, both systems present greatly extended lifetimes
haviour, both in absorption and emission. The larger the ac- compared to the model complex [Ru(bpy)(GN) (r=30ns
ceptor character of the solvent (denoted by the Gutmann ac-in methanol). A statistical factor due to a second pyrenyl
ceptor number) the higher the oxidation potential of the metal group explains why the lifetime of the short component is
centre and the higher the energy of the MLCT excited states. halved in [Ru@)(CN)4]2~ with respect to [RUZ)(CN)4]2~.

The overall scheme for the supramolecular species The results described above highlight that the coupling of
[Ru(2)(CN)4]2~ is shown inFig. 5 [40]. Figure caption also  organic chromophores and appropriate MLCT emitters can
includes acceptor numbers of the solvents employed. Theallow to switch the direction of energy transfer by changing
tuning of SMLCT energy levels obtained through SSDA in-  solvents, provided that the organic unit has a triplet energy
teractions with the solvent causes drastic changes in the rel-within the tunability range of the MLCT state.

ative energy order position of the triplets of the two chro- Castellano described interesting long-lifetime complexes
mophores and hence the intercomponent energy transfer incomprising phenanthroline ligands bearing the 4-piperidinyl-
these supramolecular systems. 1,8-naphthalimide (PNI) chromophore, presenting perhaps

In water, sedig. 5a, the MLCT emission of the Ru-based the first observation of triplet excited-state equilibrium
chromophore is completely quenched and rapid (200 ps) irre-in a Ru(ll) complex without incorporating pyrend@1l].
versible triplet energy transfer to the lower lying pyrene units Complexes [Ru(bpyl(13)]2* and [Ru(3)3]%" display at
(AE=ca. 1900 cm?) is detected in ultrafast spectroscopy. room temperaturdMLCT emission with lifetimes extremely
In acetonitrile,Fig. 5c, where the triplet order is reversed enhanced with respect to the parent complex missing the PNI
the MLCT emission is unaffected by the presence of the unit. This enhancement is a result of an excited-state equi-
appended pyrene groups implying the absence of intercom-librium between the higher energiLCT and the slightly
ponent triplet energy transfeE=ca. —1100cnT?). In lower energy intraligand triplet present on the pendant naph-
methanol, seéig. B, where the triplets are very close in thalimide chromophore. The lifetimes that range fronp$6
energy with the pyrene triplet expected to be only slightly in acetone to 11hs in DMSO depend strongly both upon
lower in energy AE = ca. 400 crt), the triplet energy trans-  solvent and the number of PNI chromophores present. The
fer leads to an equilibrium between excited chromophores, lifetime of [Ru(13)3]2* is 2—-3 times that of [Ru(bpy}13)]%*
with considerable prolongation of the MLCT lifetime. in the solvents investigated and followed the trend

Considering both [R®)(CN)4]2~ and [Ru@)(CN)4]%~ in DMSO > EtOH > CHCl, > MeOH > MeCN >MeCO  for
methanol, from a biexponential fit of luminescence decays the [Ru(bpy)13]2*, while the relative positions of C4€l» and
values of the time of reaching equilibrium (short component) MeOH are inverted for [RU(3)3]2*. In these cases no trend
and the lifetime of equilibrium mixture (long component) could be conveniently demonstrated linking the observed
were obtained. The values are 1.2 ns and 260 ns, respectivelyluminescence lifetime and several of the more common
for the complex bearing one pyrenyl group and 0.6 ns and solvent parameters.

460 ns, respectively, for the species with two pyrenyl groups. The effect of different solvents (acetonitrile,
These data are mirrored in transient absorption measure-dichloromethane and methanol) on the luminescence
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of [Ru(bpyk(14)]?* (ligand shown inFig. 2) was recently  ofthe3(m—w")-state (i.e., with referring tBig. 1, kg > ki > kp)
reported by Gehlen and co-workd#2]. A very long-lived so that the kinetic conditions for an excited-state equilibrium
component of 4¢s (although this constitutes less than (ki, kb >kr > kp) are not reached. Thus, despite the similar-
4% of the total luminescence emission) was recorded in ity of the building blocks, the directly linked species displays
acetonitrile along with a shorter component of 0.@8 The  profoundly different photophysical properties than the related
small difference in the shorter component luminescence tethered species. The reasons for this different behavior are
lifetime and quantum yield between [Ru(bp)4)]%* and not completely clear.
the model compound suggest intercomponent energy trans-  [Ru(bpyk(15)]2* was later incorporated into a pressure-
fer is almost inefficient. In dichloromethane, the emission Sensitive paintformulation. Along-lived emissiarg 50.s)
lifetime values were 0.6gs and 2.3.s, while in polar was similarly recorded when introduced into an acrylic
protic methanol, a monoexponential lifetime (.§) was  copolymer matrix. Slight temperature dependence (in the
measured. Slow rates of energy transfer (up to219P s1 range 298-328K) and high oxygen sensitivity of emission
in dichloromethane) were observed. The weak electronic in these formulations make these good candidates for the de-
coupling of the amide bridge along with the small difference velopment of new oxygen sensitive paints relevant in aircraft
in triplet energy between Ru-based and pyrene units weremanufacturg47].
proposed to account for the slow energy transfer rate and the ~ The binuclear compleX[(bpy),Rul2(16)}** presents an
lack of equilibrium regime. The authors selected the amide emissive state with a long-lifetime of 13 in O,-free
linkage for their series of model compounds, due to the role DMSO, which the authors ascribe to the deexcitation of a
of peptides in mediating long-range interactions in natural triplet intraligand charge transfe?I(CT) state or &ILCT
systemg43]. state with mixed parentad#6]. The nature ofthéII:CT state
is thought to be derived from pyrene)(to bpy () charge
transfer, with evidence to this effect coming from ground-
and excited-state absorption spectra, electrochemical and lu-
3. Non-modular systems showing long-lived minescence (room temperature and 77 K) data. The authors
luminescence suggest that with this type of system it would be possible to
make complexes having both MLCT and ILCT transitions
In this section, an overview of some species with long in the visible, with one of the triplet CT states as the ac-
SMLCT luminescence lifetimes are presented which use sim- tive state for photoredox reactions. For examples of systems
ilar building blocks presented previously, but do not contain where ILCT states are thermally coupled with MLCT states
a discernible spacer. As such, the chromophores may showsee also referenc§48] and[49].
a higher degree of coupling with one another. Some of these Lowest-lying triplet intra-ligand CT states are again in-
systems do not show evidence for excited-state equilibrationvoked to account for the photophysical properties of Har-
as the dominant mechanism for the lifetime enhancement.riman and Ziessel’s slightly emissive [Ru(bpf)7)]%*,
Rather, an intervening (new) excited state can be identified. [{(bpy)Ru}2(17)]** and [(bpy»Ru(l8)Ru(trpy)** [50].
Predictability in the resulting MLCT luminescence lifetime After grafting a second ethynylated group onto the central
in supramolecular systems of these latter types is in a somepyrene unit, this becomes more easily oxidized, and an ILCT
way more difficult to achieve. Information on kinetic schemes is stabilised. This state becomes the lowest energy triplet state
which can be useful in these latter cases can be found in ref-and displays a long-lived but weak emission at room temper-
erenceg13] and[44]. As mentioned in Sectioh, the cases  ature.
reported in this section are illustrated as examples of slightly ~ Wolcan and Eliz held a ligand-to-ligand charge-transfer
different approaches to obtain prolonged CT emission from (LLCT) and a MLCT state to be responsible for the
a metal-based species, but the section does not pretend to bdual emission of the complex containing ligad@, that
exhaustive. is [(bpy)Re(CO3OCOR], where R =pyrene-1-carboxylate
Schmehl, Piotrowiak, Thummel and co-workers reported (naphthalene-2-carboxylate and anthracene-9-carboxylate
ligand15which is based on a pyrene directly substituted on were also studied}51]. The remarkable result is the lack
its 1-position with a 2,2bipyridine unit[45]. More recently of the energy transfer quenching of the emitting states by
the homologous ligand6, bearing bpy moieties in the 1- the triplet of pyrene. This is attributed to an insulating effect
and 6-positions of pyrene was described by Schmehl, Fagedntroduced by the intermediary carboxylate group, in accor-

and co-worker§46]. Concerning complex [Ru(bpy(15)]%*, dance with authors’ previous findin§s2,53] The apparent
the3MLCT state was found to be around 200chiower in disagreement with the previously mentioned results reported
energy than thé(m—=")-state of the appended pyrene. A re- in referencg27] is not discussed.

markably long-lived luminescence of over b§, originating In a 2000 paper, McMillin and co-workers reported the

from a3MLCT involving the substituted bpy, was measured complex [PtR0)CI]*, the polypyridine ligand being a ter-
in deaerated acetonitrile. Analysis of biexponential lumines- pyridine where the central pyridine ring is connected to a
cence decays clearly shows that the energy transfer is slowepyrene through a single-«C bond[54,55] This complex
than relaxation of th8MLCT state but more rapid than decay exhibits a luminescence extremely long-lived (a lifetime of
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64 s in deoxygenated dichloromethane was recorded) with fer reactions. Similarly, when pyrene is replaced with a bpy-
respect the unsubstituted complex [Pt(trpyfCTThe origin terminated ethynylated naphthalene, i.e., [Ru(b(34)]2",

of this long-lived emission is from an aryl-to-trpy intraligand evidence is observed for reversible energy transfer and a
charge transfer (ILCT) state. Changing the pyrene for another8.6 s lifetime of3SMLCT emission was measuré@2]. The
substituent allows significant modification of photophysical corresponding dinuclear compoufifibpy)2Rul2(24)}** in
properties of the luminescent excited state in terms of emis-the same report gave a luminescence lifetime ofu. Keq

sion quantum yield, lifetime and energy. values of 4.5 and 3.0 were calculated, respectively. It should
Castellano reported systems based on ligah{6,57] be noted that the naphthalene subunR4rcannot be seen as
The properties of complex [Ru(bpyR1)]?* based on this  “isolated”. In this case, as the organic chromophore at least

1,10-phenanthroline ligand substituted in the 5-position with the delocalized ethynyl-naphthalene—ethynyl moiety (whose
a pyrene contrast dramatically to those measured by Simon®w—=" lowest-lying excited state is significantly lower than
et al.[45] for the corresponding complex containing the 2- that of the “isolated” naphthalene) has to be considered.
substituted 1,10-phenanthroline [Ru(bg?)]2*. The com- For the terpyridine-based analogue, [Ru(tr@g){2* [60],
plex with the 5-substituted phenanthroline exhibits at room the energy ordering of the relevant triplets is reversed. The
temperature a long-liveBMLCT emission ¢ about 24us) triplet pyrene lies around 390 cth higher than théMLCT
while the 2-substituted one exhibits a weak luminescence state, but remains thermally accessible at room temperature
with a lifetime (4 ns) much shorter than the parent unsubsti- in acetonitrile. A greatly enhanced lifetime of 580 ns results,
tuted complex [Ru(bpylphen)f*, having a lifetime ofabout  along with an increased quantum yield¥3.0-3) compared
0.8us in the same conditions. The reason of this behavior is to related non-pyrene containing mononuclear ethynylated
due to the different position of pyrene in the two ligands. terpy compound$65] or the parent [Ru(trpy]>* [66,67]
According to the authors, for [Ru(bpyR2)]?* a weakening The authors suggest that this enhancement is too dramatic
of the ligand field is induced by steric restraints that impose to result solely from an excited-state equilibration process
an orientation of pyrenyl group nearly perpendicular to the where a smalKeq value of 0.15 with a concomitant 13%
phenanthroling45,58] and consequently thermally accessi- triplet pyrene population is present and believe another un-
ble low-energy®MC states become responsible for the fast elucidated factor may be responsifé]. Most likely the sta-
deactivation of MLCT triplet. For the homoleptic complex bilization of the MLCT level in [Ru(trpy)25)]2* compared to
[Ru(21)3]%*, lifetime increases to 148s in degassed ace- model compounds, due to the presenc25of the aromatic
tonitrile. Despite many similarities with the aforementioned hydrocarbon substituent, inducing an increased energy gap
non-equilibrating complexes, the authors presented evidencebetween the luminescent level and the deactivating, upper-
typically ascribed to an excited-state equilibration process lying 3MC state, can have an important role.
(outlined in previous sections). Energy gaps of 780 ¢and In complex [Os(bpy)(26)]2*, the combined effects of
1030cnT! between the lowest-lying relevant triplet states an ethynylene substituent and reversible energy transfer to
(i.e., ®MLCT and 3m—=") and Keq values of 14.5 and 86.7  an appended anthracene unit provide access to luminescent
were measured for [Ru(bpyRD)]?* and [Ru@1)3]?*, re- osmium(ll) tris-bpy derivatives of prolonged long triplet
spectively. The substantial increase in lifetime in going from lifetime (r=415ns, degassed acetonitrile, ¢& 60 ns for
[Ru(bpy)(21)]2* to [Ru(21)3]%" is attributed by the authors  [Os(bpy)]2*), while pushing the luminescence further to the
to acombined result of increasing the number of pyrenyl units red [62,63] This bathochromic shift results from increased
and a larger energy gap which substantially favours “pyrene”- delocalisation and an electron-attracting effect of the ethyny-
like triplets in the equilibrium mixture. These Ru(ll) com- lene unit. Double substitution of the anthracene chromophore
plexes were also found to efficiently sensitize the production at the 9- and 10-positions appears to be a requisite in this sys-
of molecular singlet oxygefb7]. tem to match the energy of thér{—r") and3MLCT states
Harriman and Ziessel reported a series of interesting lig- (A ELcT—r—r) = 750cnT?, with the 3n—n" state being
ands where a polypyridine chelating agentand a polyaromaticlower in energy). Selective excitation of the osmium polypyri-
chromophore are bridged by an ethynylene bridging unit and dine chromophore with a sub-ps laser pulse at 600 nm leads
the corresponding complex§s0,59—-63] The key features  to the reaching of the excited-state equilibrium with a rate
of these species is the structural rigidity imparted by the con- of 3 x 101951, Assuming aKeq value of 40, remarkably
nector, along with increased rates of forward and back triplet high forward and back rate constantg £2.9x 100s1
energy transfer that ensure an equilibrium regj64. andk, =7.3x 108 s~1), for energy transfer from Os-based to
Perhaps the least complex of these attractive molecules isanthracene-like triplet are estimated. These very high values
ligand 23. The resulting complex [Ru(bpy(23)]2* shows a are ascribed to the high electronic conductivity of the alkyne
triplet MLCT lifetime of 42us, which is greatly prolonged  connectol{67]. Interestingly, it appears that the ethynylene
with respect to [Ru(bpy]2* [60,61] In this case the propor-  group stabilises the anthracene-containing module against ir-
tion of the lower lying pyrene-like triplets populated in the reversible, unwanted endoperoxide formation with molecular
equilibrium mixture was estimated to be 98%, and relaxation oxygen which is known to degrade the parent chromophore in
to the equilibrium distribution takes place in some picosec- presence of lighfl7,18,68] It should be stressed that in the
onds indicating high rates of forward and back energy trans- case under discussion (as well as in other cases discussed in
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this section), the increase of excited-state lifetime is clearly chromophore and/or solvent effects. Applications envisaged
due to two concomitant effects: delocalization of the acceptor for these types of systems range from hydrogen-production
ligand of the MLCT state and equilibration. To evaluate how using solar energy to oxygen sensors. Moreover, it should
much of the global effect can be attributed to each factor is be considered that in multicomponent chromophore-spacer-
difficult in the absence of additional information. Disentan- quencher supramolecular systems, excited-state lifetime of
glement of the effects can be obtained if species featuring anthe chromophore can be a limiting factor for the efficiency of
(almost) identical delocalization effect are available, without long-range photoinduced electron and energy transfer pro-
containing the organic chromophore responsible for the equi- cesses: approaches leading to prolonged excited-state life-
libration, but this is not always possible or easily accessible times of the photo-active subunit can indeed allow electron
from a synthetic viewpoint. transfer or electronic energy transfer across longer distances
The triad [Ru(bpyd(27)]%* containing a central Pt bis and/or more efficiently.
acetylide) unit in addition to the pyrene and [Ru(ks}¥)
moieties was also synthesized (for the trpy analogue see
ligand 28) [61]. Similarly to the ethynylene bridged dyad, Acknowledgements
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