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The supramolecular systems [Ru(Pyrbpy)(CN),J>~ (n = 1, 2), where one and two pyrenyl units are linked via
two-methylene bridges to the [Ru(bpy)(CN)4J*~ chromophore, have been synthesized. The photophysical properties
of these systems, which contain a highly solvatochromic metal complex moiety, have been investigated in water,
methanol, and acetonitrile. In all solvents, prompt and efficient singlet—singlet energy transfer takes places from
the pyrene to the inorganic moiety. Energy transfer at the triplet level, on the other hand, is dramatically solvent
dependent. In water, the metal-to-ligand charge transfer (MLCT) emission of the Ru-based chromophore is completely
quenched, and rapid (200 ps for n = 1) irreversible triplet energy transfer to the pyrene units is detected in
ultrafast spectroscopy. In acetonitrile, the MLCT emission is practically unaffected by the presence of the pyrenyl
chromophore, implying the absence of any intercomponent triplet energy transfer. In methanol, triplet energy transfer
leads to an equilibrium between the excited chromophores, with considerable elongation of the MLCT lifetime. The
investigation of the [Ru(Pyr.bpy)(CN)4>~ systems in methanol provided a very detailed and self-consistent picture:
(i) The initially formed MLCT state relaxes toward equilibrium in 0.5-1.3 ns (n = 1, 2), as monitored both by
ultrafast transient absorption and by time-correlated single photon counting. (i) The two excited chromophores
decay with a common lifetime of 260—450 ns (n = 1, 2), as determined from the decay of MLCT emission (slow
component) and of the pyrene triplet absorption. (iii) These equilibrium lifetimes are fully consistent with the excited-
state partition of 12-6% MLCT (n = 1-2), independently measured from preexponential factors of the emission
decay. Altogether, the results demonstrate how site-specific solvent effects can be used to control the direction of
intercomponent energy flow in bichromophoric systems.

Introduction Supramolecular systems containing polypyridine com-
plexes of @ metals [Ru(ll), Os(ll), Re(l)] and aryl chromo-
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by various types of bridges (aliphatic, conjugated) have beentochromism depends on the number of cyanide ligands. Thus,
recently under intense study. The main aim of such studiesthe ideal metal-containing candidate for the design of
is to produce systems with remarkably long-lived emis&igh. such tunable supramolecular systems would be a tetra-
Two types of excited states are involved in the photophysics cyano bipyridine complex. The photophysical properties of
of such systems: (i) the lowest metal-to-ligand charge [Ru(bpy)(CN)]>~ have been studied in detail and found to
transfer (MLCT) state of the metal polypyridine unit; (i) be extremely solvent-sensiti¢é?8
the lowestz—x* triplet state of the aryl unit. The photo- Exploiting the solvent effects on the inorganic chromo-
physical properties, governed by intramolecular energy phore, it should be possible to tune in a predictable way the
transfer processes between the inorganic and organic moidriving force for intercomponent energy transfer. And in
eties, are crucially determined by the relative energies of favorable cases, one could even use the solvent to switch
the two types of excited statés. the direction of energy transfer between the inorganic and
In the systems studied so far, the relative energy of the organic chromophore in the supramolecular system. To this
excited states involved in the energy transfer process ispurpose, the organic unit should be chosen so as to have its
synthetically established. Under these conditions, a largetriplet energy within the tunability range of the MLCT state
synthetic effort is required to obtain systematic variations of the tetracyano complex. From this viewpoint, pyrene
in the driving force of the energy transfer process. An seems to be a good candidate among the aromatic hydro-
alternative strategy to the design of supramolecular systemscarbons. For a number of ruthenium polypyridine complexes
with tunable driving force is to take advantage of the bearing attached pyrenyl units a dramatic increase of the
phenomenon of the second sphere derarceptor (SSDA)  excited-state lifetime of MLCT ruthenium triplet has been
interactiond'-??to modify in a predictable way the energies observed, due to a thermal equilibrium between the lowest
of the excited states of the metal complex component. Metal triplet of the two chromophore9.16.19
complexes with ligands that possess peripheral basic or acid

sites are able to establish specific interactions of the denor
acceptor type with the environment and in particular with
the solvent?2 Mixed cyano-polypyridine complexes of

In this paper we report on the synthesis and the photo-
physical properties of the supramolecular systems [Ru(Pyrbpy)-
(CN)4]? (1) and [Ru(Pysbpy)(CN)]?>~ (2), where one and
two pyrenyl units are covalently linked to the [Ru(bpy)(GIN)

Ru(ll) are typical examples in which SSDA interactions 2- chromophore via dimethylene bridges.

between the cyanides and the solvent produce a pronounced

solvatochromic behavior, both in absorption and in emis-
sion: the larger the acceptor character of the solvent (as

measured by the Gutmann acceptor nurfipethe higher

becomes the oxidation potential of the metal center and the )

higher the energy of the metal-to-bipyridine MLCT excited
states22431 As discussed elsewhetéthe extent of solva-
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This work provides a clear example of solvent control on
intercomponent energy transfer in supramolecular systems.
In particular, the solvent can be used to switch the direction
of energy transfer between the organic and the inorganic
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component. In appropriate solvents, equilibrium between the  Ultrafast transient absorption measurements were performed
excited components can be achieved and fine-tuned. using the apparatus that has been described previgusly.
All measurements were carried out on deaerated solutions.

Experimental Section
P Results

Materials. K4 Ru(CN)]-3H,O (Alfa) and 4,4-dimethyl-2,2-

bipyridine (Mebpy, Aldrich) were commercial products and used
as received. Ru(4,4-Me, bpy)(CN)] complex was prepared by molecular systems [Ru(Pyrbpy)(Cf™ and [Ru(Pysbpy)-

following the same procedure published for the analogogR (CN)JJ*~ can be compared with that of the [Ru(pey)-
(bpy)(CN)].3t The synthesis of the ligands Pyrbpy and Bpy (CN)4* model complex §) and of the Pyibpy (0 = 1, 2)
has been described elsewh& €2 Spectrograde organic solvents
(Merck Uvasol) were used. Other chemicals were all of reagent
grade quality.

Preparation of the Compounds.The syntheses of the complexes
were carried out starting from the tetrabutylammonium (TBsalt )
of Ru(CN)* . This salt was obtained from the potassium salt by NeC'
ion exchange on cationic SP Sephadex C-25 resin.

(TBA) o[Ru(Pyrbpy)(CN) 4. In a typical synthesis, a mixture of
460 mg (0.37 mmol) of (TBAJRU(CN) and 147 mg (0.37 mmol)
of Pyrbpy in 50 mL of 5/1 MeOH/DMF was heated. To the boiling  free ligands 4, n = 1), which constitute the models for the
solution 75l of 18 M H,SQ, was added. The color of the solution  Ry-pased and pyr-based units, respectively. A complete
turned from pale to bright yellow. The reaction mixture was photophysical characterization of the Ryy ligands is

refluxed, under argon, for 30 h After cooling, th(_a solution was reported in a recent stud§ As far as the metal comple)
evaporated to dryness. The residue was washed with small portions

of cold water (3x 3 mL) to remove some unreacted (TBAJU- is concerned, its spectrospoplc and photophysical properues
(CN)g and then purified by gel-filtration chromatography using a '€ expected to be very similar to those of the unsubst!tuted
Sephadex LH20 column and methanol as eluent. Elution with [RU(PPY)(CN)J?~ complex:*<°In particular, as the behavior
methanol gave a main yellow-orange fraction followed by a fraction IS €xpected to be extremely dependent on sol¥esjvents
containing the unreacted ligand. The eluted solution containing the of widely different acceptor properties were chosen for this
product was rotary evaporated to dryness, and the resulting violetstudy: water, methanol, and acetonitrile (acceptor numbers
solid was dried under vacuum. Yield: 60% NMR (methanol- 58.4, 41.3, and 19.3, respectively).
ds): 0 9.38 (d, 1H), 9.32 (d, 1H), 8.387.78 (m, 11 H), 7.26 (d, UV —Vis Absorption Spectra. The absorption spectra of
1H), 7.18 (d, 1H), 3.60 (t, 2H), 3.12 (t, 16 H), 3.05 (t, 2H), 2.15 (s, [Ru(Pyrbpy)(CN)J?~ and [Ru(Pysbpy)(CN)]?~ in methanol
3H), 1.60 (m, 16 H), 1.38_(m, 16 H)'_0'95 t 24'?”' MS (MALDI-  go|ytion are shown in Figure 1 together with spectra of the
TOF,a-cyano-4?hydroxycmnamlc acid as a matrixjyz= 1088.3 [Ru(Mesbpy)(CN)J2~ and Pyrbpy model units. The spectra
(IM + H]" requiresm/z = 1090). .
TBA) RU(Pyr bpy)(CN).]. The procedure was the same as for of the multlcompongnt systems are exactly thos? expected
(TBA)2 z 4 for 1/1 and 1/2 mixtures of [Ru(Mbpy)(CN)]?~ and

(TBA),[Ru(Pyrbpy)(CN)] using Pysbpy instead of Pyrbpy and o N -
pure DMF as reaction solvent. Yield: 80%4 NMR (methanol- Pyrbpy, indicating that the electronic interaction between the

ds): 6 9.36 (d, 2H), 8.09-7.06 (M, 22 H), 3.35 (t, 4H), 3.12 (t, 16 chromophores of the supramolecular systems is very weak.
H), 2.78 (t, 4H), 1.60 (m, 16 H), 1.38 (m, 16 H), 0.95 (t, 24H). MS The spectra are dominated by the intense and structured
(MALDI-TOF, a-cyano-4-hydroxycinnamic acid as a matrixjvz bands of the pyrene unit in the UV region and by MLCT

The spectroscopic and photophysical behavior of the supra-
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O

1300.4 (IM+ H]* requiresm/z = 1304). Ru(ll) — bpy transitions, typical of the Ru(ll) polypyridine
Apparatus and Procedures NMR spectra were measured using complexes, in the visible region.
a Varian 300 spectrometer (300 MHz). Paralleling the behavior observed for the model complex,

UV —vis spectra were recorded with a Perkin-ElImer LAMDA40 the energy of MLCT bands is extremely sensitive to the
spectrophotometer. Luminescence spectra were taken on a Spexsolvent which shifts to the red in solvents with low acceptor
Fluoromax-2 or on a Perkin-Elmer MPF 44E spectrofluorometer nymbers. The absorption of the pyrene unit, on the other
(77 K measurements), equipped with Hamamatsu R928 tubes. Thenang, is practically insensitive to the solvent. The absorption

298 K Iumléne_scc_enc?_f stpectra were correctgdb fotr_ mstrum(Tntta(IjSpeCtra of the dyad [Ru(Pyrbpy)(CA® in various solvents
response. Emission lifetimes were measured by time-correlated | .. choun in Figure 2.

single-photon counting techniques, using a PRA 3000 fluorescence The energies of the lowest MLCT band maximuiga,2s

spectrometer equipped with a hydrogen discharge pulsing lamp (50 !
kHz, half-width 2 ns), a model 1551 cooled photomultiplier, and a (298 K), for the model complex [Ru(Mepy)(CN)J*" and

Norland model 5000 MCA card. The decays were analyzed by fOr [Ru(_Pyrbpy)(CN)]z‘ are collected in Tables 1 and 2,

means of Edinburgh FLA 900 software (estimated error on the respectively.

lifetime = 40.1 ns). Emission MeasurementsThe emission properties of [Ru-
Nanosecond flash photolysis transient absorption experiments(Pyrbpy)(CN)J?~ and [Ru(Pysbpy)(CN)]?~ are extremely

were performed with a Continuum Surelight Nd:YAG laser as

excitation source by using an apparatus previously desc#bed. (33) Kleverlaan, C. J.; Indelli, M. T.; Bignozzi, C. A.; Pavanin, L.; Scandola,
F.; Hasselman, G. M.; Meyer, T. J. Am. Chem. SoQ002 122

2840.
(32) McClenaghan, N. D.; Loiseau, F.; Puntoriero, F.; Serroni, S.; Cam- (34) Chiorboli, C.; Rodgers, M. A. J.; ScandolaJFAm. Chem. So2003
pagna, SChem. Commur2001, 2634. 125 483.
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Table 1. Spectroscopic and Photophysical Properties of

4 a [Ru(Me:bpy) (CN)J2-
2 solvent (acceptor nd')
1 H,O (58.4) MeOH (41.3)  CkCN (19.3)
N ] Jmaf3(298 K) P nm 392 439 530
3 b Ama¥™ (298 K)S nm 600 640 780
7(298 K)dns 115 30 7
2 1073g%0%ecmt 19.3 17.7 15.3
A 1 a Acceptor numbers were taken from ref 23.owest-energy band.
g ¢ Corrected datefl Deaerated solutiort.Excited-state energy estimated from
PE the onset (5% relative intensity) of the room-temperature emission spectrum.
- 4 C
< 3
w > Table 2. Spectroscopic and Photophysical Properties of
) [Ru(Pyrbpy)(CN)]*~
solvent (acceptor nd')
6 d H:O (58.4) MeOH (41.3)  CECN (19.3)
4 mad?$(298 K) 2 nm 392 439 530
mad™ (298 K)S nm 600! 640 780
2 7 (298 K)ens <1 1.2, 260 7

a Acceptor numbers were taken from ref 23.owest-energy band.
300 400 500 ¢ Corrected datef Very weak emissiont Deaerated solutiori.Short and
r.nm long component of the biexponential decay.

Figure 1. Absorption spectra of (a) Pyrbpy, (b) [Ru(M@y)(CN)]?-,
(c) [Ru(Pyrbpy) (CN)]2-, and (d) [Ru(Pyabpy)(CN)]2~ in MeOH solution
at room temperature.

£,10° M'em™”
iy

~.

400 500 600

A.nm

Figure 2. Absorption spectra of [Ru(Pyrbpy)(ClJ~ in CHsCN (continu-
ous line), MeOH (dashed line), and® (dotted line) at room temperature.

solvent dependent. In J@ the systems are practically

nonemitting whereas in MeQH anq in GEN solutlons'at' Figure 3. Emission spectra of (a) Pyrbpy, (b) [Ru(Miey)(CN)2", (c)
room temperature they exhibit the intense MLCT emission [ru(Pyrbpy)(CN)]2~ (continuous line), and [Ru(P3opy)(CN)J2~ (dotted
typical of a Ru-based unit. The band shape, energy position,line) in MeOH at room temperature.

and quantum vyield of this emission are identical to those

measured in the same solvent for the [Rugivsy)(CN)]?~ both systems. The experimental decays measured for
complex. As for [Ru(Megbpy)(CN)]?~, the energy of the  [Ru(Pyrbpy)(CN)]?~ and [Ru(Pysbpy)(CN)]?~ in deaerated
MLCT emission is strongly solvent-dependent which shifts, MeOH at room temperature are shown in Figure 4. For both
as expected, in the same direction as absorption. In Figure 3systems the emission decay consists of two components: a
the room-temperature emission spectra in MeOH of [Ru- major short-lived component with a lifetimer;J of few
(Pyrbpy)(CN)]?~ and [Ru(Pysbpy)(CN)]?~ are compared  nanoseconds; a minor long-lived component with a lifetime
with those of the models. It is important to note that, in all (z2) of hundreds of nanoseconds. The experimental values
solvents investigated, the typical fluorescence of the pyreneobtained from a biexponential fit are (preexponential factors
unit is not observed. The excitation spectra of the supra- in parentheses) the followingz; = 1.2 ns (88%) and, =
molecular systems match very closely the corresponding 260 ns (12%) for [Ru(Pyrbpy)(CNY~; 71 = 0.6 ns (94%)
absorption spectra. andz, = 460 ns (6%) for [Ru(Pybpy)(CN)Y]%".

In CHsCN the emission decay of both [Ru(Pyrbpy)(GIR) The emission properties of the supramolecular systems
and [Ru(Pysbpy)(CN)]?~ is monoexponential, with a life-  were also studied in a rigid matrix at 77 K (1/1, EtOH/
time practically coincident with the value found for the MeOH) and compared with those of the model complex
[Ru(Mebpy)(CNY]?>~ model (7 ns). In MeOH solutions, (Figure 5). For both systems, in rigid matrix the emission
however, a clearly nonexponential behavior is observed for becomes completely different with respect to that of Ru

5492 Inorganic Chemistry, Vol. 42, No. 18, 2003
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log counts
AOD

Figure 4. Experimental emission decays (with superimposed lamp profiles)
of () [Ru(Pyrbpy)(CNjJ2~ and (b) [Ru(Pysbpy)(CN)]?~ in deaerated
MeOH solution at room temperature. The solid lines represent fits of the

data points to a two-exponential decay law; see text. 8
<
by %, |
- ) A AV
il S
2 : b A A"""w‘w‘\'f?’
2 :
£ : 0.000 .
s ! 0.035
& 0.030-
500 600 700 0.0251
A, .
nm a 0.020
Figure 5. Emission spectra of [Ru(Pyrbpy)(CH3~ (continuous line) and 9] 0.0154
[Ru(Mezbpy)(CN)]?~ (dashed line) at 77 K in EtOH/MeOH rigid matrix.
0.010-
model: a structured emission with a pronounced shift to the 0.0054
red was observed. The band shape, the energy position, and 0.000 +— i . i i i i
the comparison with the emission observed for the Pyrbpy 450 500 550 600 650 700 750
free ligand clearly indicate that this emission is phospho- wavelength, nm

rescence from the trlplet state of the pyrene unit. Figure 6. Transient spectral changes measured in ultrafast spectroscopy
The relevant photophysical properties for the model for (a) [Ru(Mebpy)(CN)]2~ in H20, (b) [Ru(Pyrbpy)(CNjJ2~ in H,0,
complex [Ru(Mebpy)(CN)]?~ and for [Ru(Pyrbpy)(CNjJ%~ and (c) [Ru(Pyrbpy)(CNJ?" in MeOH.
are collected in Tables 1 and 2, respectively. The data for
[Ru(Pyrbpy)(CN)]2~ are practically identical to those an initial spectrum similar to that of the [Ru(Mgpy)(CN)J>~
reported for [Ru(Pyrbpy)(CN)?,%® except for the values  model to a final spectrum characterized by a sharp maximum
of the lifetimes in methanol as reported above. at 516 nm is observed (Figure 6b). The behavior is
Transient Absorption Measurements.The supramolecu-  qualitatively the same in MeOH (Figure 6c), although the
lar systems and the models were investigated by both ultrafastformation of the maximum at 516 nm is slower and is not
(femtosecond) and conventional (nanosecond) laser flashyet completed at the end of the temporal window of the
photolysis. experiment. Kinetic analysis of the spectral changes at 480
The transient behavior observed following 400 nm excita- "M Yields lifetimes of 200 ps in 40 and ca. 1.2 ns in
tion in ultrafast spectroscopy is summarized in Figure 6. For MeQH.36 ) _ )
the [Ru(Mebpy)(CN)]>~ model in agueous solution, the Figure 7 shows the transient spectra obtained in nano-
transient absorption consists of a broad, featureless band taifecond laser flash photolysis of deaerated MeOH solu-
in the 460-750 nm range (Figure 6a). After a very fast initial tions, immediately (ca. 10 ns) after the 355 nm excitation
change (partial decrease in the red portion, completed inPulse?’ For both [Ru(Pyrbpy)(CM]Z‘ (Figure 7c) and
about 10 ps) this absorption remains constant over the wholelRU(PYEDbPY)(CN)]> (Figure 7d) the spectrum is character-
kinetic range of the experiment (ca. 1 ns). The behavior is ized by an intense absorption maximizing at 410%ifihis
practically the same in MeOH. With [Ru(Pyrbpy)(C) absorption spectrum is very different from that of the model
in aqueous solution, on the other hand, a clear evolution from

(36) These values refer to the main component of the transient decays.
The decays are appreciably biexponential, with an additional minor

(35) The identical behavior of [Ru(Pgapy)(CN)]?~ and [Ru(Pyrbpy)- (<20%) short-lived (2530 ps) component.
(CN)4]2™ rules out the occurrence of photophysical processes involving (37) The same spectral changes were observed using 532 nm as laser
the two pyrenyl units, such as, e.g., excimer formation. excitation.
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singlet states are estimated from absorption spectra. The
pyrene triplet energy valu€{ = 16.4 x 10° cm™?) is taken
from the highest-energy maximum of the 77 K phosphores-
cence of the Pyrbpy ligand.The energy of the lowest triplet

of Ru-based unit in the various solvents is estimated from
the onset of the MLCT room-temperature emission of the
[Ru(Mebpy)(CN)]?~ model (Table 1). These diagrams hold
for both [Ru(Pyrbpy)(CN)>~ and [Ru(Pysbpy)(CN)]%,

with the latter system having two isoenergetic pyrene-based
triplets instead of one.

In all solvents, the singlet state of the pyrene unit is by
far higher in energy with respect to the singlet of the metal-
based unit, so that the singtetinglet energy transfer process
from pyrene to Ru unit is always thermodynamically allowed.
On the other hand, the tuning of MLCT triplet energy
obtained through SSDA interactions with the solvent causes
drastic changes in the relative energy order position of the
triplets of the two chromophores. In water the pyrene triplet
is the lowest state while in GJEN the order is inverted. In
MeOH, the two triplets are very close, with the pyrene triplet
expected to be slightly lower in energy (within the precision

Figure 7. Transient absorption spectra in MeOH solution of (a) of the energy estimates)_

[Ru(Mezbpy)(CN)]>~, (b) Pyrbpy, (c) [Ru(Pyrbpy)(CN)*~, and (d) i
[Ru(Pyrbpy)(CN)J2- taken immediately after the laser pulsia = 355 Photophysics of the Supramolecular SystemsThe
nm, half-width 8 ns). observation that in all solvents the typical fluorescence of

the pyrene unit is completely quenched is a clear indication
complex [Ru(Mebpy)(CN)]?~ (Figure 7a) and practically  that in these systems photoexcitation of the pyrene chromo-
identical to that of the ligand model Pyrbpy (Figure 7b). In phore is followed by rapid singletsinglet energy transfer
the whole spectral region, the decay of all these transientwith population of the MLCT singlet state. The efficiency
changes was well-modeled by first-order kinetics. The of this process is unitary as demonstrated by the good
lifetimes for [Ru(Mebpy)(CN)]?~ and Pyrbpy were 30 ns  matching of the excitation spectra with the absorption spectra
and 150 us, respectively. The lifetimes obtained for of the supramolecular systems, including the pyrene absorp-
[Ru(Pyrbpy)(CN)]?~, 260 ns, and [Ru(Pyopy)(CN)]?~, 450 tion region. This agrees with the general behavior of
ns, are coincident with those of the long component observedruthenium polypyridine complexes bearing pyrenyl chromo-
in the luminescence decays (vide supra). ¥®Hhe transient  phores®21°20Since in Ru(ll) polypyridine complexes inter-
behavior of [Ru(Pyrbpy)(CN)?~ was practically identical,  system crossing at the MLCT level is known to be ultrafast
in terms of spectral features and lifetime, to that observed (subpicosecond) and 100% efficient, the important conse-
for the Pyrbpy model in MeOH (Figure 7b). guence of these results is that photoexcitation of the
supramolecular systems, irrespective of the wavelength, is
expected to produce quantitatively the triplet MLCT of the

Energy Levels.The substantial additivity of the absorp- Ru-based chromophore.

tion spectra of the Ru-based and pyrenyl units (Figure 1) On the basis of the comparison with the emission proper-
warrants a localized description of [Ru(Pyrbpy)(GIR) and ties of the Ru model complex, the assignment of the room-
[Ru(Pyrbpy)(CN)]?2~, with energy levels diagrams obtained temperature emission exhibited by the multicomponent
as a superposition of those of the [Ru(fyay)(CN)]?>~ and systems to®MLCT excited state of the Ru-based unit is
Pyrbpy model systems. It is important to remember that the straightforward. Because the properties of this emission are
energy levels of the pyrenyl unit are practically insensitive strongly solvent dependent, the photophysical behavior in
to the solvent whereas those of the Ru-based unit are stronglythe various solvents will be discussed separately.
solvent dependent because of second-sphere dacoeptor (a) Water. In aqueous solution the MLCT emission is
interactions at the cyanidés?>3° This is clearly seen in  completely quenched, indicating that an efficient triplet
the spectra of Figure 2, where the constancy of the pyrenyl triplet energy transfer process from the ruthenium-based unit
feature at 375 nm contrasts with the highly solvatochromic to pyrene takes place. This behavior is as expected on the
behavior of the MLCT band. Therefore, a specific energy basis of the energy level diagram (Figure 8, left), where this
level diagram should be used when discussing the photo-process is highly exergonidg = 1900 cn1?). The absence
physical behavior in a particular solvent. The energy level of any MLCT emission suggests that intercomponent energy
diagrams for HO, CH;CN, and MeOH are shown in Figure transfer must take place in the subnanosecond time regime,
8. In these diagrams the relevant energy values for the variousand indeed, this process can be clearly seen in ultrafast
excited states are obtained from spectroscopic and photo-spectroscopy. In Figure 6b, the initial spectrum is that of
physical data of the component units. The energy of the the Ru-based MLCT state (as shown by comparison with

Discussion
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Figure 8. Schematic energy level diagram and photophysical processes for [Ru(Pyrbpj¥(CN)H.O, MeOH, and CHCN.

Figure 6a). In the first ca. 10 ps, Figure 6b shows small (i) At room temperature the systems exhibit the typical
spectral changes characteristic of this chromophore (see agaifMLCT emission with the same quantum yield of the Ru
Figure 6a) that we tentatively assign to relaxation of the model complex, whereas at 77 K pyrene phosphorescence
specific solvent interactions at the cyanides. Then, a sharpis only observed, even by excitation into the inteRd&CT
maximum at 516 nm develops with time. As shown by absorption bands (Figure 5).
comparison with the ns spectrum of Figure 7b, this maximum (i) For both systems at room temperature, the MLCT
is diagnostic of the production of the pyrenyl triplet state. emission shows a biexponential decay. The two components
The lifetime of the intercomponent energy transfer process can be fitted by exponential curves having lifetimes of 1.2
is ca. 200 p$83°In summary (Figure 8, left), the energetics and 260 ns, respectively, for [Ru(Pyrbpy)(GN) and 0.6
in water is such that fast, irreversible triplet energy and 460 ns for [Ru(Pybpy)(CN)]? . It is important to note
transfer from the Ru-based unit to the aryl moiety takes that in both cases the long component is remarkably long-
place. This type of situation has been previously reported lived with respect to the emission lifetime of the Ru model
for ruthenium polypyridine complexes bearing appended complex ¢ = 30 ns in MeOH; Table 1).
anthracene unit¥p-19.40 (iii) The transient absorption spectra (Figure 7) for both

(b) Acetonitrile. In acetonitrile (Figure 8, right) the energy  multicomponent systems closely resemble that observed for
of the MLCT states is much lower, and the relative energy Pyrbpy ligand even when no excitation light is absorbed by
ordering of the Ru-based and pyrene triplets has beenpyrene moiety. The attribution of these transients to the
reversed with respect to water. In particular, triplet energy triplet—triplet absorption of the pyrene moiety is straight-
transfer to the pyrene would now be highly endoergonie (  forward. The transients are formed during the laser flash and
= ca. 1100 cm?) and the properties of the Ru-based MLCT decay as a single exponential with the same lifetime of the
state should be practically unaffected. Indeed, both supra-long-lived MLCT emission.
molecular systems exhibit MLCT emission with the same  (iv) The ultrafast experiments on [Ru(Pyrbpy)(GN)
features (energy position, band shape, quantum yield, and(Figure 6¢) show that the initial featureless spectrum,
lifetime) as that of the model complex. characteristic of the Ru-based MLCT chromophore (see

(c) Methanol. A particularly interesting behavior is  Figure 6a), rapidly converts to a spectrum with maximum
observed in methanol. The main results obtained in this at 516 nm, characteristic of the pyrenyl triplet state (see
solvent can be summarized as follows. Figure 7b). The conversion has a lifetime of 1.1 ns,

. . ~coincident with the fast component of the emission decay.
e e e anes” _These findings clearly indicate that at room temperature
systems with flexible intercomponent bridgfe. the Ru-based MLCT triplet initially populated following

(39) Indelli, M. T.; Bignozzi, C. A Harriman, A.; Schoonover, J. R excitation undergoes a fast energy transfer process to the
Scandola, FJ. Am. Chem. S0d.994 116, 3768. g gy P

(40) (a) Boyde, S.; Strouse, G. F.; Jones, W. E., Jr.; Meyer, T. Am. pyrene-basedr—x* triplet. The lifetime for this energy

Chem. Soc1989 111, 7448. (b) Younathan, J. N.; Jones, W. E.;  transfer process, as measured by ultrafast spectroscopy or

Meyer, T. J.J. Phys. Cheml1991], 95, 488. (c) Belser, P.; Dux, R; P f
Baak, M. De Cola, L.; Balzani, VAngew. Chem., Int. Ed. Endl995 from the fast component of the MLCT emission decay, is

34, 595. 1.2 ns for [Ru(Pyrbpy)(CNJ)?~ and 0.6 ns for [Ru(Pybpy)-
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(CN)4]?". Contrary to what happens in water, however, the two degenerate pyrene-based triplet levels in the former
energy transfer is reversible in MeOH, leading to a thermal system. In terms oAG values, this means thaH ~ —410
equilibriumbetween the MLCT triplet and the—x* triplet. cm? for both species, while a terfAS= RIn 2 adds ca.
This is demonstrated by fact that a long-lived component of —140 cn1? in the case of [Ru(Pybpy)(CN)]?". In principle,
MLCT emission persists after the initial fast decay and that the AH value obtained from the equilibrium behavior should
this long component decays with the same lifetime as the be compared with thé\E value obtainable from spectro-
pyrene-based triplet observed in transient absorption. At roomscopic measurements (Table 1 and Figure 5). In practice,
temperature, the equilibrium is substantially shifted toward the uncertainty in the spectroscopic estimates (especially of
thesr—z* triplet, as shown by the low preexponential factor the MLCT E°° values) is too large, relative to the small
of the long-lived MLCT emission and the almost quantitative energy differences involved, to make such a comparison
presence ofr—z* triplet in nanosecond transient absorption. meaningful.

The slightly lower energyr—z* triplet relative to the MLCT It should be pointed out that an analogous statistical factor
triplet is demonstrated by the fact that in going from room should apply to the rate constants for intercomponent energy
temperature to 77 K the MLCT luminescence is replaced transfer ]MLCT — z—x* in Figure 8). As a matter of fact,
by pyrene-like phosphorescence. A schematic representatiorthe lifetime for this process (as measured by the fast
of above-sketched picture is given in Figure 8 (center).  component of the MLCT emission decay) is shortened by a
In a thermal equilibrium mechanism, the energy transfer factor of ca. 2 in going from [Ru(Pyrbpy)(CN} to
rates for forward K;) and back K,) processes between Ru-  [Ru(Pyrbpy)(CN)J? .
based and pyrene triplets greatly exceed the intrinsic decays The excited-state equilibrium established by [Ru(Pyrbpy)-
to the ground statek(>> 1/try andk, > 1/t,y,, Whererg, (CN),J2~ and [Ru(Pysbpy)(CN)]2~ in MeOH is analogous
andzy,, are the intrinsic lifetimes of the triplets). Under these 15 that observed for a number of Ru(ll) tris(polypyridine)
conditions, the deactivation rate of the equilibrium mixture complexes bearing covalently attached pyrenyl chromo-
of the two triplets keg) to the ground state is given by the  phore91920 A5 in those cases, the main practical result
following equation, according to standard kinetic analysis: js a remarkable elongation of the emission lifetime of the
1 1 Ru-based component relative to the simple molecular species,
Keq= o+ 1- a)r_ (1) at constant emission quantum yiéfdit is worthwhile to
Py Ru note that the elongation in lifetime depends on the number

Hereo and 1— o are the equilibrium fractional concentra- of pyrenyl un.its attached to the chromophore: the lifetime
tions. These concentrations can be obtained from the MLCT doubles in going from [Ru(Pyrbpy)(Cl} " to [Ru(Pyebpy)-
emission decay profiles: the preexponential factor of the (CN)J*".** This is in line with the linear trend recently
short component is proportional to the fraction of the MLCT FepPorted in the literature for Ru(ll) polypyridine complexes
emission that disappears and populates the pyrene triglet ( with a variable number of appended pyrenyl chromoph¥res.
while that of the long component is proportional to the
fraction that remains at the equilibrium ( o). The

experimental values obtained age= 0.88 anda = 0.94 This work shows how site-specific solvent effects can be
for [Ru(Pyrbpy)(CN)]*~ and [Ru(Pyzbpy)(CN)J*", respec-  ysed to tune the energy levels of a bichromophoric system
tively. Assumingzr, = 30 ns andrp,, = 150us (from the  (dyad) so as to control the direction of energy flow. Within
measured decays of the [Ru(bey)(CN)]*~ and Pyrbpy a single dyad, an appropriate selection of the solvent permits
models), thesex values yield an equilibrium lifetime of  one to go from a system where the energy resides on the
252 ns for [Ru(Pyrbpy)(CNJ?~ and 503 ns for [Ru(Pyopy)-  Ru-based chromophore (GEN, Figure 8, right) to the
(CN)J*~. The agreement between these calculated figuresgpposite situation where the energy flows irreversibly to the
and the measured values is gratifying. pyrene unit (HO, Figure 8, left), through an intermediate
For each supramolecular species, the experimentally regime where an equilibrium between the excited states of
determined room-temperature partition between the two the two units is obtained (MeOH, Figure 8, center). These
tripletS can be translated into an equilibrium constant and dthree types of behavior can also be obtained with conven-
thermodynamic driving force. The values obtained k¢ tional systems based on tris(polypyridine)ruthenium(ll)
= 7.3 andAG = —410 cn™* for [Ru(Pyrbpy)(CN)]*" and  complexes but at the price of synthesizing three different
Keq= 15.7 andAG = —570 cnt* for [Ru(Pysbpy)(CN)J*~.** dyad systems, e.g., with pendant naphthalene, pyrene, and
Since the energy gap between the triplets of the two gnthracene groupggb#+44s
chromophores is expected to be the same for the two systems,
the fact that the equilibrium constant of [Ru(Bypy)(CN)]>~ (42) The constancy of the emission quantum yield arises by compensation
is practically twice that of [Ru(Pyrbpy)(Ch} is to be between the decrease in population and the increase in lifetime of the

- s emitting state. This is true provided that the intrinsic lifetime of the
attributed to the statistical factor caused by the presence of /it is much longer than that of the Ru-based chromophores.

(43) Indeed, it can be demonstrated from eq 1 that equilibrium constant

Conclusions

(41) These equilibrium constant values, together with the measured rate and equilibrium lifetime are proportional, provided that> 1 and
constants of the forward energy transfer step, permit the calculation Tpyr > TRu
of 7 = 8.8 and 9.4 ns for the back energy transfer process. The (44) Analogously, shift from aryl-based to metal-based emission output
constancy of these values is a further internal check of the validity of has also been reported for a single species, but in that case significant
the model. temperature changes were requifed.
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In MeOH, where the equilibrium regime has been studied
in detail, the results show a remarkable degree of internal
consistency. In particular, (i) the relaxation of the initially O L
formed MLCT state toward equilibrium gives comparable
kinetics when monitored by ultrafast transient absorption or
by time-correlated single photon counting emission, (ii)
coincident equilibrium lifetimes are obtained by monitoring
the decay of MLCT emission (slow component) or of the
pyrene triplet absorption, and (iii) the measured equilibrium
lifetimes coincide with those predicted on the basis of
excited-state partition, independently measured from pre-
exponential factors of emission decay.

The rate constants of intercomponent energy transfer
measured in this work can be compared with a few values
available in the literature for related systems. Tyson &t al.
measured 2.8x 10'° s™! for compound5, and Ford and
Rodgeré obtained 1.3x 10® s™* for compound6. We find
5 x 10 st for [Ru(Pyrbpy)(CN)]?~ (1) in MeOH. Since of decreasing rates qualitatively follows the increasing length
all the systems are in a comparable equilibrium regime, the of the covalent linkage between the polypyridine ligand and
driving forces of the processes are probably sinflar. the attached pyrene group.
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