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Intramolecular Singlet and Triplet Energy Transfer in a Ruthenium(ll) Diimine Complex
Containing Multiple Pyrenyl Chromophores
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We report the synthesis and the photophysical properties of UV light-harvesting arrays constructed around a
[Ru(bpy)]?t core (bpy= 2,2-bipyridine) bearing one and three pyrenyl units in the periphery. The free
ligand containing the pyrenyl unit, 4-methyl-@-hydroxyethylpyrenyl)-2,2bipyridine, displays an intense
emission band centered near 400 nm with a lifetime of 264 ns, characteristic of singlet pyrene emission. The
complexes [Ru(dmb{4-methyl-4-(2-hydroxyethylpyrenyl)-2,2bipyridine)](PFk)., where dmb is 4,4dimethyl-
2,2-bipyridine, and [Ru(4-methyl‘4(2-hydroxyethylpyrenyl)-2,2bipyridine)](PFs). exhibit visible emission
characteristic of the [Ru(bpyf* unit, regardless of excitation wavelength. The singlet emission from the
pyrene chromophores is almost quantitatively quenched by the metal-to-ligand charge transfer (MLCT) states
of each respective Ru(ll) complex resulting in the observation of sensitized MLCT-based emission. On account
of the energetic proximity between tRRILCT states and thépyrene states, a long-livetILCT emission

is observed which decays with the same first-order lifetime as the pyrene triplet states in deaestbld CH

In deaerated CECN, the bichromophoric system displays a lifetime of 2.86 whereas the tetrad complex
exhibits a lifetime of 9.Qus. The results are indicative of excited-state equilibrium betweeAMhE€T and

Spyrene states. Our findings demonstrate rapid and efficient sirgjlaglet energy transfer through the antenna
effect whereas the reversible triptdtiplet energy transfer processes help sustain long-lived MLCT excited
states.

Introduction tion wavelength. A similar approach has been recently taken to
Recently, there has been a significant effort dedicated to the harvest UV photons below 300 nm through the use ?f multiple
study of bichromophores consisting of a Ru(ll) diimine complex Naphthalene units arranged around a [Ru(ggy)core!
that displays metal-to-ligand charge transfer (MLCT) excited ~ The present work combines the facets of singknglet and
state$ and a covalently linked pyrene molecdi®. In cases triplet—triplet processes within the same molecule in order to
where the two chromophores are separated by an alkyl tethergenerate efficient light-harvesting systems that display long
reversible triplet-triplet energy transfer occurs between the lifetime emission. Such molecules are of interest for luminescence-
3pyrene and théMLCT excited stated® Consequently, the  based analytical applicatichend for molecular device re-
observed®MLCT-based emission is substantially longer lived searct:!°We prepared two molecules which incorporate either
(up to 11-fold) as a result of the stabilization imparted by the Oone (dyad) or three (tetrad) pyrene molecules covalently linked
equilibrium process. When there is no spacer group betweenthrough alkyl tethers to a single ruthenium(ll) diimine MLCT
the diimine ligand and the pyrene unit or when the spacer is an complex. UV excitation of the pyrenyl antennae results in rapid
alkynyl linker, the3MLCT lifetimes become extremely long ~ and efficient singletsinglet energy transfer to the [Ru(bpl)y
(approaching 50us)*® The lifetimes in these dyads are COre, generating a sensitized MLCT-based emission. The
modulated in part by the spacer but are ultimately controlled intervening pyrene triplet states that are nearly isoenergetic with
by the relative triplet energy levels of the two chromophores. the MLCT states prolong the MLCT-based emission to 2.96
In addition to these interesting triptetriplet processes, it has ~ #S in the dyad and to 9.6s in the tetrad at room temperature.
been shown that singlesinglet energy transfer between the The extended lifetimes in these compounds are described by
pyrene moiety and the Ru(ll) MLCT complex is also efficiént. ~an excited-state equilibrium between the triplet states of the
This has been demonstrated through the intramolecular quenchPyrene unit(s) and the Ru(ll) MLCT core complex.
ing of thelpyrene emission and the close match of the excitation
and absorption spectra of the bichromophbihese results Experimental Section
suggest the singletsinglet energy transfer strategies traditionally ) .
employed in artificial light-harvesting arrays can be adapted to . General Data. All manipulations were performed under an
incorporate MLCT excited states. We have recently explored INért and dry argon atmosphere using standard techniques.
this possibility by using multiple coumarin donor molecules in Anhydrous THF, 2,2bipyridine (bpy), 4,4dimethyl-2,2-

conjunction with a single Ru(ll) MLCT complex accepfofhe bipyridine (dmb), n-butyllithium (1.6 M in hexanes), and
coumarin-containing UV light-harvesting arrays exclusively 1-pyrenecarboxaldehyde were obtained from Aldrich and used

produce long-lived MLCT-based emission, regardless of excita- 25 received. Diisopropylamine (Aldrich) was distilled from GaH
immediately before use. Water was deionized with a Barnstead
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mercial sources were used as received. Ru(g@ip}* Ru- 4'-(2-hydroxyethylpyrenyl)-2,2bipyridine (129 mg, 0.7 mmol)
(DMSO),Cl,,'2 and [Ru(dmhy](PFs)2'3 were prepared according  were dissolved in 95% ethanol (10 mL), protected from light,
to published procedures. Commercially available [Ru(§@y)- and refluxed for 24 h under Ar. This solution was cooled to
6H,0 (Aldrich) was converted into the correspondings BElt room temperature, 5 mL of # was added, and the mixture

by metathesis with NkPFs (Aldrich) in water. Column chro- was filtered. Excess NiPFs(aq) was added, and a red-brown
matography used neutral alumina (Aldrich). Reversed-phasesolid immediately precipitated. The precipitate was filtered
HPLC was performed with a Hewlett-Packard HPLC system through a fine glass frit and washed with water and ether to
equipped with a diode array absorption detector. afford the crude red-brown product (171 mg, 86% yield). The
IH NMR spectra were recorded on a Varian Gemini 200 (200 complex was purified by reversed-phase HPLC (C-18). Anal.
MHz) spectrometer. All chemical shifts are referenced to Calcd for GrHeeNeOsRUPF12-3H0: C, 61.88; H, 4.29; N,
residual solvent signals previously referenced to TMS. FAB 4.97. Found: C, 61.15; H, 3.85, N, 5.07. MS (FAB)/z 1489.2
mass spectra were measured at the University of Maryland,[M — PFR]*, 1345.1 [M— 2PR]*".
College Park, Mass Spectrometry Laboratory. Elemental analy- Physical MeasurementsAbsorption spectra were measured
ses were obtained at the Analytical Facilities, University of with a Hewlett-Packard 8453 diode array spectrophotometer,
Toledo. accurate tat2 nm. Static luminescence spectra were obtained
Syntheses. 4-Methyl-4(2-hydroxyethylpyrenyl)-2,2 -bi- with a single photon counting spectrofluorimeter from Edinburgh
pyridine (bpy-pyrene). n-Butyllithium (17.5 mL, 28 mmol) in Analytical Instruments (FL/FS 900). The temperature in the
hexanes was added to a solution of diisopropylamine (4 mL, fluorimeter was maintained at 26 1 °C for all measurements
28.5 mmol) in dry THF (150 mL) at+78 °C under argon. The with a Neslab RTE 111 circulating bath. The excitation was
pale yellow solution of LDA was stirred at78 °C for 30 min, accomplished with a 450W Xe lamp optically coupled to a
and then a solution of dmb (5.0 g, 27 mmol) in dry THF (150 monochromator£2 nm), and the emission was gathered &t 90
mL) was added dropwise via cannula to produce a dark orange-and passed through a second monochromat@ itm). The
red solution. The dry ice acetone bath was then replaced with luminescence was measured with a Peltier-coole@8C),
an ice-water bath, and the mixture was stirred foh at 0°C. R955 red-sensitive photomultiplier tube (PMT). Excitation
A solution of 1-pyrenecarboxyaldehyde (6.91 g, 30 mmol) in Spectra were corrected with a photodiode mounted inside the
100 mL dry THF was then added dropwise via cannula. The fluorimeter that continuously measures the Xe lamp output. This
solution turned dark yellow near the end of the aldehyde instrument was also utilized for time-correlated single photon
addition. Stirring was continued fdl h at 0°C and then at ~ counting (TCSPC) experiments. The excitation source for the
ambient temperature for 1 h. The reaction was quenched with TCSPC measurements was a nanosecond flashlamp operating
methanol (5 mL) and then poured into water (100 mL) and under an atmosphere ofidas (0.56-0.55 bar, 0.7 nm fwhm,
extracted with CHG (3 x 100 mL). The combined organic 40 kHz repetition rate), whose output was filtered through a
extracts were dried over N8Oy, filtered, and rotary evaporated ~monochromator prior to sample excitation. TCSPC data were
to dryness (8.8 g). The crude product was recrystallized from analyzed by iterative convolution of the luminescence decay
350 mL of hot CHCI,. The solid was collected by vacuum profile with the instrument response function using software
filtration on a Buchner funnel and washed with 100 mL of £H  provided by Edinburgh Instruments.
Cl2. The white solid was dried at room temperature in the dark  Emission lifetimes were also measured with a nitrogen-
(4.2 g, 38% yield). Anal. Calcd for £H22N20-0.5CHCly: C, pumped broadband dye laser<2 nm fwhm) from PTI (GL-
77.53; H, 5.07; N, 6.13. Found: C, 78.14; H, 5.05; N, 619. 3300 N\ laser, GL-301 dye laser). The,Nundamental (337.1
NMR (CDCLk): 6 2.44 (s, 3H), 3.39 (m, 2H), 6.12 (9, 1H), nm) as well as Coumarin 460 (44@80 nm) and BPBD (350
7.18 (quartet of doublets, 2H);-8.25 (bm, 9H), 8.39 (s, 1H), 400 nm) dyes were used to tune the unfocused excitation. Pulse

8.41 (d, 1H), 8.55 (t, 2H). MS (FAB)m/z415 M — H*. energies were typically attenuated~al00J/pulse, measured
Bis(4,4-dimethyl-2,2 -bipyridine)[4-methyl-4'-(2-hydroxy- with a Molectron Joulemeter (J4-05). The luminescence was
ethylpyrenyl)-2,2-bipyridine]ruthenium(Il) Hexafluorophos- gathered at 90through a long pass optical filter ( 550 nm),

phate, [Ru(dmb)(bpy-pyrene)](PFs)2. Ru(dmb}Cl, (26 mg, focused through a lens system, and passed throufB.4
0.085 mmol) and 4-methyl*42-hydroxyethylpyrenyl)-2,2 monochromator£4 nm). The emission was detected with a
bipyridine (38.9 mg, 0.094 mmol) were suspended in methanol Hamamatsu R928 PMT, mounted in a Products for Research
(40 mL), protected from light, and refluxedrf8 h while being housing. The base of the PMT was wired for fast response and
stirred under Ar. The reaction solution was cooled to room was negatively biased with a Stanford Research PS325 power
temperature and filtered, and water (10 mL) was added to the supply. The PMT signal was terminated through a 50 ohm
filtrate. Dropwise addition of 20 mL of saturated WPR(aq) resistor to a Tektronix TDS 380 digital oscilloscope (400 MHz).
generated a bright orange precipitate. The precipitate wasThe data from the scope, representing an average of 128 laser
collected by vacuum filtration through a fine glass frit and shots collected at-23 Hz, was transferred to a computer and
washed with water, followed by diethyl ether to afford the crude processed using Origin 4.1.

orange product (75 mg). The solid was purified by chromatog-  Nanosecond time-resolved absorption spectroscopy was per-
raphy on alumina (1:1 C4#CN:toluene) and recrystallized by  formed using instrumentation that has been described previ-
addition of NHPRs(aq) to a concentrated GEN solution of ~ ously24 The excitation source was the unfocused second
the complex (60 mg, 60% yield). The complex was further harmonic output (532 nm, 7 ns fwhm) of a Nd:YAG laser
purified by reversed-phase HPLC (C-18). Anal. Calcd for (Continuum Surelite 1). The laser was typically attenuated to
Cs3HagNeORURF1226H0: C, 49.65; H, 4.55; N, 6.55. Found:  petween 5 and 10 mJ/pulse prior to sample excitation. The probe

C,49.54; H, 3.91; N, 6.56. MS (FAB)z1029.5 [M— PR *, lamp was filtered of all deep UV-output through the use of

884.4 [M — 2PFRg]*". several long-pass filters in parallel (LP295, LP305, and LP350)
Tris(4-methyl-4'-(2-hydroxyethylpyrenyl)-2,2 -bipyridine)- prior to sample illumination. Samples were continuously purged

ruthenium(ll) Hexafluorophosphate, [Ru(bpy-pyrene)s]- with a stream of argon gas throughout the experiments. The

(PFg)2. Ru(DMSO)CI, (102.7 mg, 0.212 mmol) and 4-methyl-  data, consisting of a 10-shot average of both the signal and the
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TABLE 1: Spectroscopic and Photophysical Data at Room Temperature in CKCN

complex Amax NM €, M~tcm) Aemmax NM Tem US DL (T — Tapg, us° od Ked®
[Ru(dmb)]2* 458 (16 300) 622 0.87%0.04  0.071+ 0.008 0 0
[Ru(dmb)(bpy-pyrene)f* 343 (40 000), 459 (15000) 621 2.960.17 0.065+ 0.007 3.38:040 064 18
[Ru(bpy-pyreney2* 343 (91 800), 460 (14 600) 617 9.800.14 0.064% 0.012 8.6£0.80 087 6.7
bpy-pyrene 342 (37 000) 376, 397 0.24:8).005 1004 109

a Lifetimes represent an average of at least six measurements and have an uncertainty of less than 5%. Here the data were obtained using 458
=+ 2 nm excitation? Error bars represent reproducibility withiw 2including the uncertainty in the measurement of the standdride lifetime of
the triplet-triplet pyrene absorption, measured at 410 nm with 532 nm excit&tibine fraction of pyrene-like triplets in the excited-state equilibrium,
measured by actinometry. See text for detdiBxcited-state equilibrium constants calculated from the data in Figure 5 using dtpasured by
TCSPC with 343 nm excitatiolf.355 nm excitation, transient absorption detected at 420 nm.

baseline, were analyzed with programs of local origin. The-UV 40
vis spectra of each compound before and after transient
absorption measurements were the same within experimental
error, indicating no sample decomposition during the data 30
acquisition.

All photophysical experiments used optically dilute solutions
(OD = 0.09-0.11) prepared in spectroscopic grade;CN
(Burdick and Jackson). All luminescence samples in 2 cm
anaerobic quartz cells (Starna Cells) were deoxygenated with
argon for at least 30 min prior to measurement. Radiative
guantum yields®,) were measured relative to [Ru(bpPFe)2
for which @, = 0.062 in CHCN, accurate to 10% and
calculated according to the following equati®if

_ Iunk Aitd Munk 2
q)unk a (DSt/{Aunk)( lstd)(nstd) (1)

where® is the radiative quantum yield of the sampisig

is the radiative quantum yield of the standdrgx andlsq are

the integrated emission intensities of the sample and standard,

respectively,Aink and Asiq are the absorbances of the sample |

and standard, respectively, at the excitation wavelength (458 Y
- . 20+ |

nm), andiyunk andy s are the indexes of refraction of the sample | .

and standard solutions, respectively. ] >
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_The ligand 4-methyl-4(2-hydroxyethylpyrenyl)-2,2bipyri- Figure 1. (a) Electronic spectra of [Ru(dm@¥* (solid line) and bpy-
dine (bpy-pyrene) was prepared by the generation of the pyrene (dashed line) in GEN. (b) Electronic spectra of [Ru(bpy-
monocarbanion of commercially available ‘4¢gdmethyl-2,2- pyrene)]?* (solid line) and [Ru(dmb)bpy-pyrenefi" (dashed line) in
bipyridine (dmb) with LDA, followed by reaction with pyrene-  CHsCN.
carboxaldehyde, which generates the alcohol-containing ethane
tether. Since the ligand and its Ru(ll) complexes exhibited the and behave more like supermolecules rather than as two
desired photophysical properties, no further chemical elaborationindividual units. Since the lowest energy pyrene bands are well
of the ligand was performed. The dyad and tetrad complexes, removed from the [Ru(dmglf* transitions, good photoselec-
[Ru(dmb)(bpy-pyrenef}* and [Ru(bpy-pyreng)?*, respec- tivity in this wavelength region can be achieved. In the dyad
tively, were prepared according to standard procedures with final case, the pyrene chromophore accounts~@8% of the light
purification achieved through reversed-phase HPLC. [Ru- absorbed at 343 nm, whereas pyrene abse@i of the light
(dmb)]2*, prepared as a model system for the dyad and tetrad, at 343 nm in the tetrad. The enhanced absorption cross-sections
was synthesized as described in the literatfire. between 300 and 350 nm from the pyrenyl chromophores

The spectroscopic and photophysical data for the compoundsprovide an antenna system for the efficient harvesting of UV
in this study are displayed in Table 1. Shown in Figure 1a are light (Scheme 1).
the absorption spectra of bpy-pyrene and [Ru(dji#bin CHs- The luminescence spectrum of the free bpy-pyrene ligand in
CN. Figure 1b displays the absorption spectra of [Ru(dmb) CH3CN shows an intense emission band in the blue region of
(bpy-pyrenefit and [Ru(bpy-pyreng)?t in CH3CN. Both the spectrum (Figure 2), characteristic of the pyrene chro-
[Ru(dmb)(bpy-pyrene™ and [Ru(bpy-pyreng)*" possess mophore!’ The lifetime of this emission was determined to be
absorption bands that can only be attributed to contributions 246 ns in CHCN by TCSPC with 343 nm excitation. This
from the [Ru(dmby]2* fragment and from the pyrenyl group- luminescence band is almost quantitatively quenched when the
(s). This suggests that there is no significant electronic interac- ligand is chelated to Ru(ll) in both the dyad and the tetrad
tion between the chromophores. The fact that the pyrene (Figure 2). The quenching of the singlet pyrene emission is a
molecule(s) and the Ru(ll) complex are weakly coupled is result of highly efficient energy transfer to the [Ru(bg¥)
important for the discussion later on. In two of the four Rufll) ~ chromophore. The corrected excitation and uncorrected lumi-
pyrene systems that have been investigated in the literdture, nescence spectra for the MLCT-based emission of [Ru(gimb)
there are indications that the molecules are strongly coupled, (bpy-pyrenej™ and [Ru(bpy-pyreng)?* in CH3CN are pre-

Results and Discussion
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Figure 2. Emission spectra of bpy-pyrene (dashed line), [Ru(dmb)
(bpy-pyrenef* (solid line), and [Ru(bpy-pyreng¥" (dotted line) of
optically matched solutions (0.10 OD) in deaeratedsCN. The
excitation wavelength was 348 2 nm.
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approaches unit}# This result is not surprising as similar
observations have been previously made in other ethane-bridged
Ru(ll)—pyrene bichromophorésin the tetrad case there is
substantial overlap between the excitation and absorption
spectra; however, they are not completely superimposable. In
an attempt to further quantify the singtetinglet energy transfer
efficiency in the tetrad, we employed the TCSPC technique to
the weak pyrene emission bands (near 400 nm) arising from
direct excitation into the absorption at 343 nm. This residual
emission displayed a lifetime of approximately 3.5 ns. On the
basis of this value and the fluorescence lifetime of the free
pyrenyl ligand, the energy transfer efficiency for the tetrad
system is calculated to be 98.6%'° The significant UV
absorption cross-sections provided by the pyrenyl units along
with the efficient energy transfer to the MLCT core allow dilute
solutions (106—10-7 M) of the tetrad to exhibit strong visible
emission with UV excitation.

Excitation at wavelengths between 337.1 and 532 nm
generates MLCT-based emission in both the dyad and tetrad
complexes. In all experiments employed, the rise time of the
MLCT-based emission could not be resolved, demonstrative of
the fast rate of singlet energy transfer from pyrene to the Ru(ll)
core (>1(° s71).30 The MLCT-based emission in both the dyad
and tetrad are single exponential, with lifetimes of 2.96 and
9.0 us, respectively, regardless of excitation wavelength.

The transient absorption spectra of the dyad and tetrad
complexes following visible excitation at 532 nm are identical
within experimental error. For brevity, only the tetrad’s transient
spectrum is displayed (Figure 4a). The spectra are characterized
by a strong absorption at 405 nm and a weaker one near 515
nm that can be assigned to the triptétiplet absorption of the
pyrene chromophor&3 There is no bleaching of the transient
absorption spectrum in the 46600 nm region at all delay

Figure 3. Corrected excitation and uncorrected emission spectra of times, indicating that the excitation energy is localized on the

[Ru(bpy-pyrenej?* (solid lines) and [Ru(dmblbpy-pyrene)i" (dotted
lines) in CHCN at 25°C. The excitation spectra were detected at 610
nm.

SCHEME 1
hv
C (343 nm)
hv
(343 nm)

pyrene unit(s). Figure 4b displays the absorption transient of
[Ru(bpy-pyrengj?t at 410 nm following 532 nm pulsed
excitation. The rise time of the pyrene tripidtiplet absorption
could not be resolved with this instrumentatior16 ns),
indicating a fast triplettriplet energy transfer from the [Ru-
(bpy)]?" unit to the pyrene unit(s). The decay of the triptet
triplet pyrene absorption follows the same kinetics as the MLCT-
based luminescence decays in the dyad and tetrad, suggesting
the two processes are intimately coupled, Tabfe In fact,
dynamic quenching of the emission decay by the addition of
dioxygen quenches the pyrene triptétiplet absorption decay

in a similar manner. Comparable effects have been demonstrated
in related Ru(ll}-pyrene bichromophore studiés.

Previous studies have shown that the nearly isoenergetic
triplet states of the [Ru(bpy]?™ unit and the pyrene chro-
mophore(s) allow an excited-state equilibrium to become
established: Since the room-temperature radiative rate of the
[Ru(bpy)]?t chromophore is much greater than the pyrene
radiative decay rat®, all of the energy is emitted through the
[Ru(bpy)]?* unit3 As shown in earlier studies, the partitioning
of the excitation energy between thgyrene and théMLCT
states can be determined through actinom&Ppp.In such an
experiment, the MLCT-based emission at time zelg) (s
monitored, following 458 nm laser excitation of optically
matched solutions of [Ru(dm§}§*, [Ru(dmb)(bpy-pyrenej*

sented in Figure 3. The emission spectra are normalized to theirand [Ru(bpy-pyreng)?" in deaerated C¥CN (Figure 5). In each
respective peak wavelengths. The absorption spectrum and thease, an identical number of MLCT excited states are promptly
excitation spectrum of the dyad are superimposable, suggestingormed during the laser pulse. However, in the case of the dyad

the singlet-singlet energy transfer efficiency between the
pyrenyl group(s) and the [Ru(bp§j™ fragment in this system

and tetrad, triplettriplet energy transfer to the pyrenyl unit(s)
quickly depopulates th#8VILCT states, resulting in diminished
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0.06 Therefore, we cannot resolve the fast relaxation from the initial,
° @ nonequilibrium state and can only place limits on the actual
forward triplet-triplet energy transfer rate constants in the
present work.

The actinometry experiment measures the fraction of MLCT-
based excited states at equilibrium in the dyad and tetrad, [Ru-
(bpy)]*eq Using [Ru(dmbjl?>" as the reference compound,
Figure 5. The difference between the emission intensity for [Ru-
(dmb)]?* and the dyad or tetrad at time zero yields the fraction
of pyrene-like triplets in the equilibrium distribution), making
[Ru(bpy)l]* eq equal to 1— o.. The value of the partition ratios
can be used to calculate the excited-state equilibrium constant,
0.00 T ” T Keq and therelative rates of triplet-triplet energy transfer

350 400 450 500 590 between [Ru(bpy]?* and the pyrene unit(s) using ec?25
Wavelength (nm)

0.05

0.04 -

0.03

AA

0.02

0.01

0.06 = —(1 = B
(b) Kea™ 1o k )

0.05 -

wherek; is the rate of triplet energy transfer from tFELCT
states to thépyrene states ankl is the reverse process. For
[Ru(dmby(bpy-pyrenef}*, a = 0.64 andKeq = 1.8, whereas
0031 in [Ru(bpy-pyrenej2*, a. = 0.87 andKeq = 6.7. The fraction
of pyrene-like triplets ¢) should be controlled by the energy
gap between theMLCT level and the’pyrene level and by the
relative rates ok; andk..> The MLCT emission profile in the
dyad and tetrad are nearly superimposable and have similar
0.00 . . . emission onsets (Figure 3). The emission onset can be used to
0 10 20 30 40 crudely estimate th&8MLCT energy levels in the two moleculés.
Within our experimental error#£2 nm), there is no marked
) ) o difference in the3MLCT energy of the dyad and tetrad
Figure 4.2+(§1) Excited-state absorption difference spectra f_or [Ru(bpy- complexes. The pyrene triplet is formed on the same ligand
pyrene)]?* in deaerated CECN recorded at 50 ns (open circles), 9.7 (bpy-pyrene) in both cases so the pyrene triplet energy should

us (open squares), and 26 (open triangles) following 532 nm pulsed ; . S
excitation. (b) Time-resolved absorption kinetics of [Ru(bpy-pyrdtie) ~ '€main the same in both complexes. The tripkeiplet absorp-

in deaerated CKCN recorded at 410 nm following 532 nm laser tion spectra following visible excitation in both complexes are
excitation. The transient represents an average of 10 laser pulses. identical, suggesting that this is a reasonable assumption. Since
the SMLCT and the3pyrene energy levels are constant in the
dyad and tetrad, the increase kg, in the tetrad cannot be

0.04 |

AA

0.02 -

0.01 -

Time (us)

vor explained by a variation in energy gap. The rate constant for
—— [Ru(dmb),f* back triplet transferk;, is not expected to change between the
=3 o | [Ru(dmb),(bpy-pyrene)* dyad and tetrad because the recombination always occurs to a
Q .......... [Ru(bpy-pyrene),” single Ru(ll) complex. Howevek; will increase as the number
g 06 of triplet acceptors increase. The dyad has one pyrene and the
E tetrad contains three pyrene molecules, so one would expect
2 an increase ik (andKeg) in going from the former to the latter,
% as long a%k; remains constant. The measured 3.7-fold increase
o in Keq in the tetrad results in a 3-fold enhancement of the
__________________ observed emission and triplet lifetimes (Table 1). This result
B e implies that driving the excited-state equilibrium to the right
§ 6 7 8 8 10 (favoring 3pyrene) will lead to an observation of enhanced
Time (us) SMLCT and S°pyrene lifetimes in this class of molecules.

Figure 5. Time-resolved photoluminescence decays of [Ru(dJfib) Therefore, increasind th_roqgh 'ghe_ use of multiple triple_t
(solid line), [Ru(dmb)(bpy-pyreneli* (dashed line), and [Ru(bpy- ~ acceptors allows the emission lifetimes to be extended in a
pyrene)]?* (dotted line) in deaerated GAN obtained with 458k 2 predictable way. A qualitative energy level diagram representing

nm pulsed excitation (500 ps fwhm) detected at 610 nm. Each decay the relevant photophysical processes occurring in the dyad and
represents an average of 128 laser pulses. The solutions were opticallfetrad are summarized in Figure 6.
matched at 458 nm (0.10 OD).

o . . . . Conclusions
emission intensity at time zero. In this experiment we assume

the radiative decay rates for tARILCT states in each complex The present work takes advantage of two characteristics of
are similar. Since the emission quantum yields are nearly the Ru(ll)—pyrene chromophores. On one hand, multiple pyrene
same for each complex (Table 1), this assumption is reasonablechromophores allow for the efficient harvesting of UV photons
and the data can be quantitatively assessed. It is also importanto sensitize MLCT excited state formation by using the antenna
to note that the equilibrium distribution is established faster than effect and singletsinglet energy transfer processes. UV excita-
can be resolved with our instrumentation15 ns), and was  tion of dilute solutions of the tetrad (®-10""M) yields a
established in less than 20 ps in a related dyad sy%tem. strong visible MLCT-based emission. These results suggest the
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