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The binuclear complexes [(bpRu-2,3-dpp)Ru(bpy**, [(bpy):Ru-2,5-dpp)Ru(bpy]**, [(bpy)Ru(u-
2,3-dpp)Os(bpy]**, [(bpy)Ru(u-2,5-dpp)Os(big]**, and [(bpy)Os(-2,3-dpp)Os(bpy]** (dpp = bis(2-
pyridyl)pyrazine, bpy= 2,2-bipyridine, big= 2,2-biquinoline) have been studied with femtosecond ptmp
probe spectroscopy. Excitation energy transfer from the Ru to the Os center in the heterometallic binuclear
complexes occurs within 200 fs. This is a time scale comparable to the sitrigt conversion and vibrational
relaxation of the lowest metal-to-ligand charge transfer (MLCT) state in this type of complexes. Thus, energy
transfer probably involves nonthermalized initial states, which may be an explanation for the fast transfer
rate. Small spectral changes with time constants of ca-800 fs were observed for all complexes examined,

and are attributed to relaxation (vibrational and/or spin) of the MLCT state localized on the lowest energy
unit. Energy transfer seems to occur within 200 fs also in the symmettie Ru' and O§—-0s' complexes,
although the reaction driving force is zero. The results suggest that very large antennas or photonic wires
could be constructed based on these metal complexes, in which energy transfer can occur in several steps
over long distances, with only very small losses.

Introduction

In natural photosynthesis the sunlight is absorbed by several
antenna systems, and the excitation energy is efficiently
transferred between many chlorophyll molecules before it
reaches the reaction center where charge separation dccurs.
Different kinds of artificial systems have been constructed to
mimic photosynthetic light harvesting. Antennas based on
porphyring or smaller organic moleculébave been reported.

In contrast to systems based on small organic units, which
absorbs only in the UV, artificial antennas constructed of
transition metal complexes of, e.g., ruthenium and osmium can
reach a high absorbance over a large part of the visible
spectrunt. Some of us have synthesized and studied dendritic
structures (see, e.g., Figure 1) with up to as many as 22
ruthenium and/or osmium centers that absorb light over a wide
spectral rangé By varying the metal, the bridging ligand, and
peripheral ligands, it is possible to tune the excited-state energy
of each metal complex unit in the dendrimer. The excitation
energy is transferred between the units in different patterns
depending on their relative excited-state energjlesnost cases

the emission spectra only display the characteristics of the lowest
excited state, irrespective of which metal center is excited,
showing that energy transfer4s100% efficient. However, the
rate of energy transfer between two neighboring metal centersrigure 1. Schematic picture of a decanuclear complex:-NNstands
is not known, as the emission spectra only suggest a lower limit for bpy or big.

of kent = 1 x 1° s™L. There is currently a strong interest in

the excited-state dynamics of ruthenium complexes, both as
- - - - separate complexésind in larger assembliédn addition to
:Sgggigogﬁ:cgr;‘gho“ E-mail: Leifh@fki.uu.se. being of fundamental interest, the exact rate of energy transfer
t Universitadi Messina. between neighboring metal centers is of great importance for
8 Universitadi Bologna. the overall efficiency of a multistep transfer process, in antennas
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SCHEME 1: Structure of the Binuclear Complexes: a
Metal Complexes with (left) 2,3-dpp and (right) 2,5-dpp 1,04
as Bridging Ligand
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and other photonic devices, since energy transfer competes with
intrinsic excited-state decay of each unit< 100 ns). 2
In the present paper we have examined the excited-state <
dynamics in binuclear complexes that are models for two
neighboring units in antennas of the type exemplified in Figure

1. We present results from pumprobe measurements on two . Ru-Ru

types of dinuclear rutheniumosmium complexes, differing in 0,0 r TSN —y e -

the geometry of the bridging ligand (Scheme 1). For comparison, 400 600 800 1000

some of the rutheniumruthenium and osmiumosmium Wavelength(nm)

complexes have also been examined. Thus, the blnuclearFigure 2. (a) Normalized absorption spectra for the complexes with
complexes [(bpyRu(u-2,3-dpp)Ru(bpyl**, [(bpy)Ru(u-2,5- 2,3-dpp as bridging ligand)sAnOs, RuaOs, andRuARu. (b) Normal-
dpp)Ru(bpy)]**, [(bpy):Ru(u-2,3-dpp)Os(bpy]**, [(bpy).Ru- ized absorption spectra for the complexes with 2,5-dpp as bridging
(u-2,5-dpp)Os(bigg]**, and [(bpy)Os(u-2,3-dpp)Os(bpy)+* ligand; Ru—Os andRu—Ru. Solvent: acetonitrile.

(dpp= 2,3- or 2,5-bis(2-pyridyl)pyrazine, bpy 2,2-bipyridine,

big = 2,2-biquinoline) have been studied. The structures are light 50° to generate intensity both parallel and perpendicular

shown in Scheme 1. The bridging ligands used provide good to the pump beam. The polarizer in the probe beam was
electronic communication in redox processes that energy positioned just before the sample and adjusted to select the
transfer is expected to be rapid. direction either parallel or perpendicular to excitation.

Experimental Section Results

The synthesis of the dinuclear metal complexes and their  Absorption Spectra. The absorption spectra of the complexes
absorption, emission, and redox properties have been describedre shown in Figure 2. The bands in the UV region are due to
in detail previoush?1® All measurements were performed in ligand-centered (LC) transitions (not shown in Figure 2), and
acetonitrile of spectroscopic grade at 298 K. Steady state the bands in the visible region correspond to metal-to-ligand
absorption spectra were recorded with a Hewlett-Packard HP charge transferLCT) transitions!? The energies of the
8453 spectrometer. The transient absorption pupipbe different MLCT transitions depend on the metal from which
measurements were performed with a femtosecond laser systenthe electron is transferred as well as on the ligand that accepts
which has been described in detail elsewHéiEhe pump light the electron. The energy ordering of the MLCT transitions is
was generated in an optical parametric amplifier (TOPAS), and as follows: 0s>2,5-dpp< Os—2,3-dpp< Os—big < Ru—2,5-
the temporal width of the pulses was 150 fs (800 nm light, dpp < Ru—2,3-dpp< Os—bpy < Ru—bpy® The neighboring
autocorrelation half width of 196200 fs) at a frequency of 1 ligands, which are coordinated to the same metal, affect the
kHz. A white light continuum, generated in a sapphire window energy of the transition through their effect on the metal. A
or in water, was used for probing. The probe light was passed more electron donating neighbor will lower the energy of the
trough an optical delay line before it was focused and overlappedtransition. To a smaller extent, the excitation energy of one unit
with the pump light in the 1x 10 mm sample cell that was is affected by changing the neighboringetal between ruthe-
continuously moved vertically. In the spectral measurements anium and osmiun§.On the basis of these considerations, it is
spectrograph (MS257, Oriel instruments) equipped with a CCD possible to determine the relative excited-state energies of the
detector was used. The spectral chirp wdsps over the region  different metal complex units in the antennas.
corresponding to the bleaching of the ground state absorption Complexes Bridged by 2,3-ddfigure 2a displays absorption
band. The absorbance at the excitation wavelength~&8 spectra for the complexes with 2,3-dpp as bridging ligand. In
in all measurements, and the intensity of the pump pulses wasRuARu there are two MLCT bands in the visible region:
below 4 xJ. In the polarization-dependent measurements a Ru—bpy with maximum at 425 nm and RtR2,3-dpp with
polarizer was placed in the pump beam and in the probe beam,maximum at 528 nm.In OsAOs the Os—~bpy band is only
respectively. A1y, plate was positioned before the white light slightly red shifted, compared to the Riopy band inRuARu,
generation in the probe beam to rotate the fundamental lasergiving a maximum at 428 nm, while the ©2,3-dpp band is
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shifted to 556 nm. In the heteronuclear compRxAOs, the a 7 increasing
Ru—bpy and Os-bpy transitions give an absorbance with Ce(IV) conc.
maximum at 428 nm, while the overlapping R@,3-dpp and -9
Os—2,3-dpp transitions give an absorption with maximum at
544 nm, intermediate between the maxima RuARu and
OsAOs. In the compounds containing Os there are additional
absorption bands in the red part of the spectrum &0 nm). 4
This is due to the direct transitions to the spin-forbidden triplet <
MLCT states of the Os moiety, which become weakly allowed
due to the enhanced spinrbit coupling®12

Complexes Bridged by 2,5-dpm the absorption spectrum
for Ru—Ru (Figure 2b), the MLCT Rt~bpy with maximum
at 430 nm is red shlfted by a few nanometers comp{ired to the 0400 500 00 700 " 00
corresponding band iIRuARuU. The Ru—~2,5-dpp transition has Wavelength (nm)
a maximum at 575 nm, and is red shifted compared to the

corresponding transition iIRUARu. In the absorption spectrum b 124  Increasing
of Ru—0Os new features appear which are due to the-Q®H- 1 Ce(lvjconc. :
dpp and Os-biq transitions as well as transitions to the spin- 1,0 oo

forbidden triplet MLCT states of the osmium moiety above 700
nm. The Ra~bpy and Ru~2,5-dpp bands are expected to be 0.8
at approximately the same energy asRo—Ru, in analogy
with the 2,3-dpp serie¥” The MLCT transitions of the Os
moiety, Os~>2,5-dpp, and Osbiq overlap to give an absorbance
maximum at 610 nm. Since the ©%ig band is much red 0.4
shifted compared to the Rebpy band, the possibility of
selectively exciting the ruthenium moiety Ru—0Os is better 02
than that inRuAOs, if excitation is performed in the Rubpy

band. 0,0

Absorption Spectra of the Oxidized ROs ComplexesThe
complexeRuAOs andRu—Os were oxidized by titration with ) ) )
a Ce(IV) solution. Since Os(Il) is 0-40.6 V easier to oxidize ~ Figure 3. Absorption spectra of (&irunOs and (b)Ru—Os during

: . ) titration with a Ce(IV) oxidant. The numbers indicate the order of Ce-
than Ru(ll) in these complexésthe mixed-valence Ru(H) (IV) additions. The dashed line indicates the wavelength maximum

Os(Il) complexes are initially formed. We investigated the {6 the main absorption band for the starting Ru¢Qs(ll) state.
spectral changes during titration to support the assignment ofnsets: the intervalence band of the RufiQs(lll) species first

the visible bands to overlapping but localized-Rigand and increases and then decreases with increasing Ce(IV) additions, as first
Os—ligand transitions, as opposed to delocalized RuAg@nd the Ru(ll}-Os(lll) and then the Ru(lil-Os(lll) are generated. The
transitions. As up to 1 equiv of Ce(IV) is added, a band grows Maximum Ru(l}-Os(lll) concentration is obtained with 1 equiv of

in around ca. 1050 nme(~ 1 x 10° M~ cm3) for RUAOs Cleﬁvc)i (_cutrf\]/e_z |nt(atl), cburve 3in (b)). For clarity, not all curves were
(Figure 3a, inset), which can be attributed to Ru{iQs(lll) plotted in the inset to (b).

intervalence charge transférUpon further addition of Ce(IV) 1. cT state in the symmetric compleRuARu, while the
the intervalence band disappears, as also the Ru(ll) is oxidized.gycitation inRuAOs is distributed on both the Re2,3-dpp
The corresponding band fdRu—Os is much weaker and  and the lower lying Os-2,3-dpp state. Energy transfer from
difficult to resolve (Figure 3b, inset), but a general increase and the Ry—2,3-dpp to the Os-2,3-dpp state will then shift the
subsequent decrease of absorption at HABDO nmiis induced  eycitation distribution completely to the Os moiety. Immediately
by titration with Ce(IV). During titration of the two cOmplexes,  after excitation a bleaching of the ground-state absorption is
also the lowestMLCT bands disappear (Figure 3a,b). Initially,  ohserved for both complexes (Figure 3), due to the relatively
as the Os(ll) is oxidized, the greatest change is observed on thesma| extinction coefficient for the excited state in the visible
red side of these bands. Thus, as the Re(O3}(ll) speciesis  region. In RuaRu the maximum wavelength of the bleach
formed, the band maximum &tuAOs shifts from 544 nm to  agrees well with the maximum of the Re2,3-dpp band at 528
ca. 530 nm, which is close to the 528 nm maximuniRaf\Ru. nm in the ground state absorption spectrum, and there is no
This strongly suggests that the ground-state band is indeedspectral shift with time after 3 ps. The excited state has a lifetime
composed of individual Ru(H}y-dpp and Os(I~dpp bands that  of 100 ns? and does not decay significantly on the experimental
are overlapping, and that the latter is red-shifted compared totime scale €1 ns).
the former. As more Ce(lV) is added to oxidize the Ru(ll), also  |n RuAOsthe 0s~2,3-dpp!MLCT state is somewhat lower
the Ru(ll)~dpp band disappears. Similar results were obtained jn energy than the corresponding-R@,3-dpp state. Excitation
for Ru—Os, but theMCLT band shift was more pronounced:  at 520 nm, on the blue side of the 544 nm maximum for the
from 610 nm for the original complex to ca. 575 nm for the overlapping bands, creates the excitedf,3-dpp state in a
Ru(l1)—Os(Ill) species, which is in good agreement with the major fraction of the complexes. When the excitation energy is
band maximum folRu—Ru. transferred from the Ru to the Os moiety, a red shift of the
Transient Absorption Measurements.Complexes Bridged  transient bleach is expected. However, already after 3 ps, the
by 2,3-dppFigure 4 shows the transient absorption spectra for transient bleach foRuAOs is red shifted compared to the
RuARu and RuAOs, after excitation at 520 nm, which is on  ground-state maximum, and corresponds instead to the ground-
the blue side of the Ru2,3-dpp and Os-2,3-dpp bands. state maximum o©sAOs. No further spectral shift with time
Excitation at this wavelength directly populates the lowest is seen (Figure 4b). This indicates that the molecule has already
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to the 550 nm excitation ®RuAOs. The traces are scaled to give similar
bleach magnitudes for the purpose of comparison. The inset shows the
slow anisotropy decay fdRuARu attributed to molecular rotation.

limited bleach* is observed at all wavelengths as the ground
state is depleted. At the bleach maximum (560 nm) no
subsequent change of the signal is seen. At the blue edge (510
nm) instead, a partial recovery of the bleach is seen, while a
further bleach is observed at the red edge (610 nm). This

] 10 ps corresponds to a spectral red shift of the bleach. A single-
o0 ground state T ’ 3ps exponential fit to the traces gave a time constant-dD0 fs
0,06 : — : : , for the spectral shift. Excitation energy transfer between the
450 500 550 600 650 700 750 metal moieties iRUARuU andOsAOs is not expected to give
Wavelength(nm) a spectral shift since these complexes are symmetric. However,

Figure 4. Transient absorption spectra of @JARU (At = 1000 ps: after excitation, the kinetic traces at the corresponding wave-
excitation at 512 nm) and (bBRUAOS (At = 3, 10, and 100 ps; lengths showed the same shift as RuAOs, that is a bleach .
excitation at 512 nm). The arrow in (b) indicates the position of the recovery on the blue side of the spectrum and a further bleaching
ground state absorption maximum (cf. Figure 2a), but the observed increase on the red side, both with the sar400 fs time
bleaching maximum is located at a longer wavelength. constant as ilRUAOS.

Solvent: acetonitrile. Further experiments were made on the polarization depen-
; dence of the pumpprobe traces. The transition dipole moment
129 of the lowest MLCT state is directed along the metégand

104 " pseudoC,, axis, which bisects the NRu—N angle!® Thus,

81 with the bent 2,3-dpp as bridging ligand, energy transfer from

61 T one metal unit to the other would change the direction of the
4] transition dipole. This would result in a difference in the kinetic
traces when the probe light is perpendicular or parallel to the

2 560 nm

. excitation light. In Figure 6 the result is shown fRUAOS,

where the sample is excited at 550 nm and the bleaching is
27 ) observed at the 560 nm bleach maximum. There is no difference
4] 610 nm between the different probe polarizations on the time scale
N et e e shown (<5 ps). On longer time scale a slow exponential
anisotropy decay, with a lifetime of 150 ps, was observed
Time(ps) (Figure 6, inset), presumably due to rotation of the whole
complex. In the symmetric complexeRuARu and OsAOs,
Figure 5. Kinetic traces at 510, 560, and 610 nm R&iAOs after the excited states of the two metal centers are equal in energy,
e_xc'}a“on at 522£Tdn1?iirf§'éd0{mvsit'r:‘;ht?n?elg :r?s‘i ;nltoo?r:otéaf‘;eiﬁ;e but their transition dipole moments have different directions.
single-exponen . . . . . :
Iinegin thep560 nm trace is a simulation of a pulse-limited bleach using This WOUId give no §pegtral shift b.Ut a dlffergnce in the b!each
a Gaussian cross-correlation function with a half-width of 220 fs. magnitude for the kinetic traces with probe light perpendicular
and parallel to the excitation as the excitation energy is
relaxed to its lowest excited state localized on the osmium distributed evenly between the metal centers. However, as for
moiety, i.e., mainly of Os>dpp MLCT character. The decrease RuAOs, no anisotropy change was observed @8AOs and
in bleaching amplitude with time is due to the decay of the RuARu on a short time scale<c ps)!® but both complexes
excited Os>2,3-dpp state  ~ 1 ns, based on transient exhibit the ca. 150 ps anisotropy decay attributed to molecular
absorption traces), which is much more short-lived than the rotation.
corresponding Rtr2,3-dpp state irRUARU (z ~ 100 n$). Complexes Bridged by 2,5-dppigure 7 shows the transient
To investigate a possible spectral shift on a shorter time scaleabsorption spectra fdRu—Ru and Ru—Os after excitation at
than 3 ps, kinetic traces of the bleach at different wavelengths 513 and 528 nm, respectively. As fRuARu, this directly
in the spectrum were recorded. Figure 5 shows the result for populates the lowest MLCT state Ru—Ru, which is Ru—2,5-
RuAOs at probe wavelengths 510, 560, and 610 nm. A pulse- dpp. InRu—0Os instead, the excitation will be distributed on

AA(a.u.)

T T T T T
10 05 00 05 10 15 20 25 30
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a Ru-Ru wavelength the ruthenium moiety has no ground-state absorption
0,02 and the bleaching is only due to the osmium-b&s4dCT band.
1= The excitedRu—Ru instead shows an immediate absorption at
0014 = .. 770 nm (not shown), with no further change, attributable to
: PRIt ligand-to-metal charge transfer in analogy with many other
; g excited Ru-polypyridine complexe&?” Excitation ofRu—0Os
. A at 400 nm, which populates the Ribpy state, shows the same
0014 _ result (not shown) as excitation at 555 nm, with an immediate
' P absorption at 450 nm and an immediate bleach at 625 and 770
nm. Also in this case there was a small further bleach at 770
nm with a time constant o£800 fs. Excitation directly to the
spin-forbiddemMLCT states of osmium at 800 nm also gave
an immediate bleach at 770 nm, but there was no further bleach
on the <8 ps time scale (Figure 8d).

0,00 +

AA

-0,02

T T M T T T T 1
400 450 500 550 600 650 700 750

Wavelength(nm)

LI O Ru-Os Discussion
0,044 "<
' First we discuss the excited-state properties and previous data
. that are needed to interpret our transient absorption data and
0,02+ ) for the discussion of energy transfer. In the following sections
0,01 - we discuss our transient absorption results and the energy
_,.-' L transfer mechanism.
Excited-State Properties.Excitation of the mononuclear,
0017 = - ' homoleptic Ru(bpy#™ complex results in the rapiet® quantita-
.S tive?® formation of a3MLCT state localized on one ligarfd.
o ' When the complex is excited in the visible absorption band,
450 500 550 600 650 700 750 the initially createdMLCT state undergoes a spin change and
Wavelength/nm vibrational relaxation, with all processes presumably occurring
Figure 7. Transient absorption spectra of @)—Ru (At = 1000 ps; on a §|m|lar uItrasho.rt time scale. Thus,. the relaistl CT .
excitation at 513 nm) and (HRu—Os (At = 5 ps; excitation at 528 state |s'generated within ca. .300 fs., as judged from transient
nm). Solvent: acetonitrile. absorption spectré&Most data in the literature suggest that the
SMLCT state is localized on one ligand, giving formally a
both the Ru~2,5-dpp and the Os2,5-dpp/biq states. Energy ~ Ru(ll)(bpy)(bpye~) state, although the case is less clear
transfer will then shift the excitation distribution completely to  concerning the initially created FraneicondontMLCT state?!
the osmium moiety. Excitation oRu—Ru results in an A recent study suggested that the initially creat®dd.CT
immediate bleach of the Rebpy and Ru>2,5-dpp transitions ~ excited state is delocalized over all ligands and becomes
(Figure 7), with the maximum of the bands corresponding to localized with a 60 fs time constant in acetonitriteThe
those of the ground-state absorption. At 400 nm an increasedexcitation hops betweetMLCT states localized on different
absorption is seen that can be assigned to transitions of theligands on the time scale of tens of picoseconds in acetorfrile.
reduced 2,5-dpp of the MLCT statéThe lowest excited state  In a complex with different ligands the excitation is clearly
in Ru—Os is Os—2,5-dpp or Os-hig, but the corresponding localized, as each ligand gives rise to an individuat-figand
absorption bands overlap with the-R@,5-dpp band. Excitation ~ absorption band at an energy that scales linearly with the ligand
at 528 nm, which is on the blue side of the visible absorption reduction potentiat® Due to the rapid interligand hopping, the
maximum, results in a bleaching of the -©2,5-dpp and different Ru—ligand states become thermally equilibrated so
Os—biq bands already after 5 ps. In contrast, no bleaching of that emission is normally observed only from the lowest
the Ru~bpy band is seen at 430 nm. Instead, an absorbance isRu—ligand state'2
seen with maximum at 450 nm that can probably be assigned In the binuclear complexes of the present paper, which are
to transitions of the reduced 2,5-dpmr bigl® of the lowest bridged by a conjugated dpp ligand, a delocalization of the
Os-based MLCT state. No spectral shift is observed at longer lowest metat-dpp3MLCT state over botimetal ionsmight be
times (<1 ns). conceived. This would imply that there would not be any energy
To investigate a possible spectral shift on a time scale shortertransfer between excited states localized on the different metal
than 5 ps inRRu—Os, kinetic traces of the transient absorption units. However, both low-temperature emisdfrand redox
were recorded at the maximum wavelengths of the absorptiondatd®for the Ru-Os complexes investigated indicate that the
bands corresponding to the different MLCT transitions for the difference in excited-state energy of the MLCT states of the
Ru and Os moieties. Figure 8 shows kinetic traces at probe two metal centers (0-40.6 eV) is too large to allow for a
wavelengths of 450, 625, and 772 nm after excitation at 555 significant delocalization. Moreover, the properties of the lowest
nm, which is at the blue edge of the R@,5-dpp transition. SMLCT state (emission energy and lifetime) for the -RDs
The result is an immediate absorption at 450 nm (Figure 8a) complexes are very similar to those for the corresponding Os
and an immediate bleach at 625 nm (Figure 8b), without further Os complexes, but very different from the RBu complexedf®
change of the signals on the time scale show@ ps). On much This suggests that the lowe3LCT state in the Rue-Os is
longer time scales the transient absorption signals go to zero asnainly based on the Os moiety. Finally, when—Ru is excited
the lowest excited state decays to the ground state { ns). in our femtosecond experiments, we observe a net bleaching at
On a short time scale the only change of absorption is observed450 nm (Figure 7a) due to bleaching of the-Ropy band,
at 772 nm (Figure 8c), where an initial bleach is followed by a because the Ru ion is formally oxidized in the lowest excited
small further bleach, with a time constant#B00 fs. At this Ru—dpp state. However, no bleaching of the-Ropy band is
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Figure 8. Kinetic traces folRu—0Os after excitation at 555 nm at probe wavelengths (a) 450, (b) 625, and (c) 770 nm and after excitation at 800
nm at a probe wavelength of (d) 800 nm. The solid line in (c) is a single-exponential function with a time constant of 800 fs.

observed wherRu—Os is excited (Figure 7b), but instead a 928 nm, respectively (at 90 K In the heterometallic complex

net absorption at 450 nm attributable to the dpfransitions. RuAOs the emission spectrum was similar to that@gAOs,

The absence of a bleach at 450 nm implies that only the Oswith a maximum at 928 nm. Similar results were obtained for
metal is oxidized in the lowest excited state BL—Os, Ru—0Os, in which the only emission observed was from the Os
consistent with &MLCT state localized on only one metal unit.  unit, around 900 nm. No Ru-based emission band was seen,
In the transient absorption trace at 450 nmRu—Os (Figure indicating an~~100% efficiency of energy transfer from the Ru

8a) the absorption increase is pulse limited, showing that the to the Os unit. Also, for complexes with a higher nuclearity,
excited state is localized on the Os unit already on a time scalesuch as the family of decanuclear complexes represented in
of <200 fs. Figure 1, exoergonic energy transfer has been shown to occur
Still, although the thermally equilibrated lowest excited state with an~100% efficiency, so that all emission observed at 90
is a localized Os-dpp 3MLCT state, it is conceivable that the  or 298 K originates from the unit with the loweMILCT state.
initially created®MLCT Franck-Condon state could be delo- With an estimated detection limit of 1% for the Ru-based
calized, i.e., a Ru/Gsdpp state. If that were the case, then the emission, and an intrinsic lifetime of ca. 100 ns for the Ru
relaxation to the lowest, Osdpp SMLCT state would rather excited state, this puts a lower limit o1 10° s~1 on the energy
be described as a localization process than as an energy transfdransfer rate constant. However, with the conjugated dpp bridge
from the Ru- to the Os moiety. However, this is not consistent of the complexes the rate constant is expected to be much faster
with the ground state absorption bands in the visible, which than that. For the construction of an efficient artificial antenna
correspond to transitions to the FrargRondon states. These in which the excitation energy is transferred rapidly in several
bands are composed of overlapping bands from localized steps to one point, without significant losses, the rate constant
Ru—ligand and Os-ligand transitions, where the latter are red for each step is important.
shifted compared to the former. In our titrationRéAOs and Transient Absorption Results. Formation of the MLCT
Ru—0Os with Ce(IV) (Figure 3), during the initial oxidation of  states in Ru(ll)- and Os(Il}-polypyridine complexes leads to
Os(ll) to Os(lll), bleaching occurs mainly on the red side of the bleaching of the corresponding ground state absorption band,
the absorption band that corresponds to the medabp transi- and absorption bands in the visible region that are typically
tions. The blue side is not bleached as the Ru@¥(lll) species smaller in magnitudé? Since the Os-dpp absorption bands
is generated, and the resulting band maximum agrees well withare red shifted compared to the Rbpy bands in the present

the maximum for the corresponding RutHiRu(Il) complexes. binuclear complexes, the excitation energy transfer from the
This strongly suggests that also the initially prepared Franck Ru to the Os center that would result is a red shift of the bleach
Condon!MLCT states are localized Redpp and Os>dpp maximum. However, all our data suggest that the excited-state
states. distribution is localized on the Os center already at the end of
Earlier studies of energy transfer in these complexes haveour excitation pulses. The transient spectraRafAOs and
been based on the steady-state emission spectraRTh&u Ru—Os after a few picoseconds show bleach features with

and OsAOs complexes display emission maxima at 720 and maxima at wavelengths corresponding to the-@pp ground-
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state absorption, and there is no spectral shift at longer times.dynamics (Figure 8d). This behavior is consistent with vibra-
On a shorter time scale, a small spectral red shift is observedtional relaxation, as 800 nm excitation would populate the lowest
in the kinetic traces of Figures 5 and 8, with time constants of SMLCT state at conformations close to the energy minimum of
~400 and~800 fs for the complexes bridged by 2,3-dpp and the potential surface.

2,5-dpp, respectively. Since the same shift was observed also Energy Transfer Mechanism. The energy transfer seems
in the symmetric RetRu and Os-Os complexes, it cannot be  to occur on the same ultrashort time scale as excited-state
attributed to Ru-Os energy transfer. relaxation in Ru(bpy* (z~100 fs, see above). In contrast to
Furthermore, there was no polarization dependence in thethe case in Ru(bpyJ", however, also the initial excitation on
traces on a<8 ps time scale. For the complexes bridged by the Ru center in the present complexes is most likely localized
2,3-dpp, the transition dipole moments of the lowest MLCT on either the bpy or the dpp ligands since the energies of the
state of the two metal centers have different directions, so that Ru—bpy and Ru~dpp excited states are very different, and the
an energy transfer is expected to give a polarization dependencecorresponding bands are seen in the absorption spectra. How-
of the transient absorption traces RuAOs as well as for the ever, one can expect that the singl#iplet and vibrational
symmetricRuARu and OsAOs. Also, this suggests that the relaxation occur on a time scale similar to that in Ru(lpYy)
~400 fs dynamics observed is not due to energy transfer, butwhich is believed to be complete after 30004 herefore, we
that energy transfer is faster than our time resolution. suggest that ReOs energy transfer occurs from a nonther-
For the complexes bridged by 2,5-dpp, the lowest energy malized excited state, possibly also from the initially populated
Ru—dpp and Os-dpp transition dipole moments are expected Singlet state(s). Since the MLCT transitions are not very strong
to be antiparallel, due to the geometry of the bridge, so that in these complexes, not even for the singlginglet transitions,
energy transfer cannot be expected to give a polarization @ dipole-dipole (Faster-type) mechanism seems unable to
dependence of the traces. However, the results from differentaccount for the very rapid rates inferred. The energy transfer
pump-probe combinations further support our conclusion that from an initially populated singlet or triplet (thermalized or
energy transfer is faster than the experimental time scale alsononthermalized) Rerdpp state to the Gsdpp state involving
in Ru—Os. First, the transient spectra after 5 ps (Figure 7) show the same bridging ligand can be written as (bByi(I11)(dppe)-
a bleach of the Rerbpy band at 450 nm iRu—Ru, while the Os(I1)(bpy/biqy — (bpy)Ru(I1)(dpp~)Os(II)(bpy/big), using
corresponding spectrum f&u—Os shows only the underlying the conventional formal notation. However, the notation is
excited-state absorption assigned to the reduced dpp. On anisleading in this case, since the reactiomds equivalent to
shorter time scale, the kinetic traces at 450 nm after 555 nm a singleelectrontransfer from Os(ll) to Ru(lll). The electron
excitation (Figure 8a) show a bleach feu—Ru immediately distribution on the dpp ligand is most likely shifted toward the
after the excitation pulse, but an immediate positive absorption metal involved in the excited state, which is formally oxidiZed.
for Ru—Os. Thus, the Ru center iRu—Os does not seem to  In addition, the fractional charge transfer in the MLCT state is
be excited on the- 200 fs time scale, consistent with an ultrafast somewhat less than 1. Instead, the energy transfer presumably
energy transfer. Second, there was an immediate bleach at thdollows an exchange mechanism, but since the reaction may
maximum for the lowestMLCT transition at 625 nm foRu— occur from nonthermalized states it can be much more rapid
Os, with no further changes on a8 ps time scale (Figure 8b),  than what might be estimated from conventional models. Thus,
indicating a complete shift of the excitation to the Os center even for the symmetric complex&siARu andOsAOs, where
already at the end of the excitation pulse. Third, the kinetic AG® = 0 and a significant activation energy is predicted if the
traces at 770 nm, a wavelength where the only ground-statereactants were thermally equilibrated, energy transfer appears
absorption comes from the Os-bas#®dLCT transitions, an to occur on the time scale of vibrational relaxation.
immediate bleach is observed, followed by a further bleach with  |nterestingly, with 400 nm excitation &iu—Os, on the blue
a time constant of 80& 200 fs with a relatively small amplitude  side of the Ru~bpy MLCT band, our results were not different
(ca. 20% of the total bleach). In contrast, the excitd-Ru from those using lower energy excitation. This shows that the
gives a small absorption increase at this wavelength, attributableexcitation shifts on the<200 fs time scale from the initially
to LMCT transitions in the excited sta& Since excitation at populated Rtbpy state, which is remote from the Os center,
555 nm will generate at least 50% Ru-based excited states, theio the Os~dpp state, possibly via the Rtdpp state. Interligand
20% amplitude of the 800 fs bleach component is too small to hopping in the thermalized excited state of Ru(lapy)s much
be explained by energy transfer. Thus we conclude that theslower ¢ ~ 47 ps in acetonitrii®®). The faster dynamics
excitation energy transfer between the metal centers of theobserved here may be explained by the fact that the-hy
complexes investigated must occur on a time scale below ourto Ru—dpp hopping is exoergonic. However, it may also be
time resolution, i.e.zent < 200 fs! important that the states are not thermalized, and that the reaction
Instead, we attribute the rapid dynamics observed: 400 may even involve the singlet MLCT states. This may be very
fs and t~ 800 fs in the complexes bridged by 2,3-dpp and important also for antennas with a higher nuclearity, with a
2,5-dpp, respectivetyto vibrational relaxation, in analogy with  stepwise energy between several metal centers. On an interme-
observations for the smaller, mononuclear complex Ru@py) diate metal center, the excitation must hop from a-Ripp on
(see above). Note that excited state absorption bands are presemne side to a Rardpp involving another bridging dpp, i.e., an
throughout the visible region in this type of compleXé&Thus, interligand hopping process for whigkG® ~ 0. From the data
the observed evolution of the bleach signals may be due to afor Ru(bpy}?" above, one would predict that this occurs
shift of underlying excited-state absorptions that reflect dynamics relatively slowly, on a time scale of tens of picoseconds.
on the potential surface of the excited state rather than that of However, inter-ligand hopping from non-thermalized states can
the ground state. FdRu—Os, we followed this dynamics at  be much faster. Thus, it is possible that also in an energy transfer
770 nm using different excitation wavelengths. Identical results cascade involving several metal centers, excitation transfer can
are obtained when exciting at 400 or 555 nm, but with excitation occur on the<200 fs time scale. This is important for the
at 800 nm, in the red end of tfILCT band that is probed, construction of larger antennas, photonic wires, and other
only the immediate bleach is observed, with no subsequentmolecular devices where a rapid energy transfer is desired over
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a large distance, with a high yield. A very rapid energy transfer

in each step can compete efficiently with other excited state
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