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In recent years, the importance of miniature photomolecular
devices in nanoscale technology has led to the design of
polymetallic supramolecular assemblies.[1–3] The employment
of polyelectronic metal centers in a single supramolecular
structure provides the basis for the development of molecular
energy-conversion systems and wires in macromolecular
systems.[4–7] Multistep reactions are usually required to link
metallic building blocks together by means of covalent bonds;
such multistep processes result in poor yields and synthetic
complexity. Noncovalently assembled systems, in contrast,
may allow control of the photoinduced processes by a simple
choice of the assembled photoactive components. The non-
covalent assembly of units in water presents other opportu-
nities, not only to mimic natural processes, but also to provide
easily accessible architectures. Self-assembled systems
between ruthenium–bipyridine centers and various electron

or energy acceptors have recently attracted much interest.[8–10]

We are interested in studying photoinduced processes
between metal units assembled in water through noncovalent
interactions. We have previously introduced photoactive
metals onto cyclodextrin rims for the assembly of photoactive
units brought together by the cyclodextrin cavity.[11–14] Herein,
we present a ruthenium tris(bipyridyl) cyclodextrin “wheel”,
[Ru(b-CD-mbpy)3]2+ (1; b-CD-mbpy= 6-mono[4-methyl(4’-
dimethyl-2,2’-bipyridyl] permethylated b-cyclodextrin which
was isolated as the PF6 salt 1-(PF6)2 and which could be
converted into the Cl salt 1-Cl2 to enhance its solubility) that
acts as both energy donor and acceptor leading to a versatile
system for communication between the inner metal core and
the outer guest unit by energy transfer; metal-complex guests
based on osmium(ii) and iridium(iii) terpyridine species with
biphenyl or adamantyl tails attached to one of the ligands
have been employed to examine the importance of the
included tail in the photoinduced process (Figure 1).

Compound 1, is an attractive luminescent receptor
molecule with three cyclodextrin cups available for recog-
nition. Solutions of 1 in water with 10% acetonitrile exhibit
luminescence at room temperature at 622 nm (F= 0.027,
taerated= 460 ns, tdegassed= 640 ns) upon excitation at the metal-
to-ligand charge transfer (MLCT) band at 436 nm. Compar-
ison of the photophysical properties of this complex with the
parent complex [Ru(mbpy)3][PF6]2, (mbpy= 4,4’-dimethyl-
2,2’-bipyridine) which bears no cyclodextrins, indicates that
cyclodextrin substitution does not have a significant effect.

Osmium(ii)-based guests, have been employed to play the
role of energy acceptors whereas iridium(iii)-based guests
were used as energy donors for the RuII center. The guests
have hydrophobic biphenyl and adamantyl tails to ensure
high binding constants in the cyclodextrin cavity. The nature
of the hydrophobic tail, aliphatic versus aromatic, is selected
to examine its effect in the photoinduced processes. Consid-
ering the excited-state energies of the metal units (2 eV for
Ru (620 nm), 1.7 eV for Os (730 nm), and 2.36 eV for the Ir
complexes (525 nm))[15] we can estimate the driving force for
the energy-transfer processes; for the energy transfer from
RuII to OsII this is estimated to be DG=�0.3 eV, and for the
energy transfer from IrIII to RuII DG=�0.36 eV. The shift of
the lmax of the emission spectra of the photoactive compo-
nents (Figure 2a) show the relative trend of their excited-
state energies, indicating the dual role of the ruthenium
cyclodextrin complex as an energy donor or acceptor for the
OsII and IrIII guests, respectively. A pictorial description of the
excited-state energies of the photoactive metal components is
presented in Figure 2b.

Photoinduced energy transfer from the ruthenium center
of 1-Cl2 to the [Os(biptpy)(tpy)]Cl2 (biptpy= 4’-(4-biphenyl)-
2,2’:6’,2’’-terpyridine, tpy= 2,2’:6’,2’’terpyridine) complex
bound in the cyclodextrin has been studied by time-resolved
luminescence spectroscopy. Upon addition of a 22-fold excess
of the guest in an aqueous solution of the ruthenium receptor,
a high percentage (around 83%) of a short-lived component
of 20 ps in the ruthenium luminescence lifetime is detected
(Figure 3a) corresponding to the energy-transfer process. In
these conditions about 87% of the cyclodextrin cups are
filled[11] which agrees with the percentage of the short
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component. According to k= (1/t)�(1/t0), an energy-transfer
rate of 8.3 A 1010 s�1 is calculated. Furthermore upon excita-
tion at the same wavelength, 324 nm, a rise time of the
osmium luminescence signal at 730 nm of 13 ps confirms the
photoinduced energy transfer from the ruthenium center to
the guest through noncovalent bonds These results confirm
that in spite the relatively long metal–metal distance (� 16 B,
calculated from an MM2 model) and the noncovalent nature
of the bridge, light excitation of the ruthenium-based unit in
the heterometallic [Ru(b-CD-mbpy)3�Os(biptpy)(tpy)]4+

supramolecular assembly leads to an efficient-energy transfer
process, in aqueous solutions.

To study the influence of the hydrophobic tail in the
energy-transfer process between the RuII and OsII centers,
similar experiments were performed with [Os(tpy-ada)(tpy)]
[NO3]2 (tpy-ada= 4’-(1-adamantyl)-2,2’:6’,2’’-terpyridine).
The ruthenium luminescence is partially quenched, hence
the appearance of a long component in the lifetime; the short
component of 1.08 ns agrees with an observed rise time in the
osmium emission of 1.12 ns (Figure 3b). An energy-transfer
rate of 6.4 A 108 s�1 is calculated for the process. These results
clearly show that the nature of the hydrophobic tail unit has a
strong effect on the energy transfer process. Taking into
consideration that the adamantyl tail should bring the metals
closer together than the biphenyl one, the slowing down of the
energy-transfer process is attributed to the effect of the
orbital overlap, which implies a contribution from the Dexter
mechanism, controlled by the electronic interaction between
cyclodextrin and biphenyl, or cyclodextrin and adamantyl. In
covalently linked systems aliphatic spacers are known to lead
to a slower rate of energy-transfer than conjugated
spacers.[16–22] However, in most of those cases the spacer
affects the spatial disposition of the photoactive centers,
whereas in our case this factor is eliminated.

Figure 1. Assembled OsII or IrIII metal-complex guests with 1 allows photoinduced energy transfer from and to the ruthenium core.

Figure 2. a) Steady-state emission spectra of [Ir(tpy)(tpy-ada)][NO3]3, 1-
Cl2, and [Os(tpy-ada)(tpy)][NO3]2 (from left to right) in aqueous solu-
tion, observed at room temperature. The intensities are not to scale.
b) Simplified energy diagram of the excited states of the photoactive
components.
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To monitor the luminescence of the iridium guest, excess
of the ruthenium complex was used to ensure binding of most
of the guests (80–95%) in the cyclodextrin cups. Monitoring
of the iridium luminescence lifetime (at 525 nm) upon
excitation at 330 nm showed the presence of a fast component
with an amplitude determined by the amount of complexed
iridium compound, with a lifetime of t= 3 ns for [Ir(bipt-
py)(tpy)][NO3]3 and t= 35 ns [Ir(tpy-ada)(tpy)][NO3]3
(Figure 4). Besides the short components there was also a
long component present, which was 1.2 ms for the biptpy and
0.5 ms for the tpy-ada system, which correspond to the
lifetimes of the separate complexes. Monitoring of the
emission of the ruthenium center at 620 nm does not show
any change in the ruthenium luminescence lifetime, which
excludes the presence of an electron-transfer process as the
dominant pathway. The ruthenium–iridium photoinduced
communication through noncovalent bonds is attributed to
an energy transfer from the iridium guest to the ruthenium
core. The energy-transfer rates are estimated to be 3.3 A 108

and 2.9 A 107 s�1 for the biphenyl and the adamantly guests,
respectively. In accordance with the osmium case we observe

a slowing down of the rate by changing of the hydrophobic tail
of the guest from an aromatic to an aliphatic moiety.

In summary, we have demonstrated that photoinduced
energy transfer through a cyclodextrin cavity establishes
communication between metal centers in water mediated by
noncovalent interactions. The ruthenium “wheel” cyclodex-
trin system allows vectorial control of energy transfer
between metal centers in aqueous solutions. The system
allows switching of the two-way communication between the
inner metal core and the outer ones by simply changing the
photoactive metal-complex guests.

Experimental Section
The ligands 6-mono[4-methyl(4’-methyl-2,2’-bipyridyl)]-permethy-
lated b-cyclodextrin (b-CD-mbpy),[12] 4’-(4-biphenyl)-2,2’:6’,2’’- ter-
pyridine (biptpy),[23] 4’-(1-adamantyl)-2,2’:6’,2’’-terpyridine (tpy-ada)
and the metal complexes[12] were prepared by analogous procedures
to those previously reported. The time-resolved emission experiments
were performed by time-correlated single-photon counting system
employing a frequency doubled DCM dye laser which is synchro-
nously pumped with a mode locked Argon ion laser resulting in
324 nm 20 ps FWHM pulses; details of the instrument have been
previously described.[11]

1-(PF6)2 1H NMR (300 MHz, CD3CN): d= 8.5, 8.4 (s, 6H, H-3,
H3’), 7.9–7.5 (m, 6H, H-6, H-6’), 7.4–7.2 (m, 6H, H-5, H-5’), 5.2–5.0
(m, 21H, HGlu-1), 4.7 (br dd, 6H, H-7), 4.2 (br d, 3H, HGlu-6), 3.9–3.0
(m, -OCH3 and HGlu-2,3,4,5,6), 2.5 ppm (s, 9H, CH3). ROESY
1H NMR spectroscopy has been carried out to detect NOE con-
nectivities and confirm assignments. Electrospray MS (MeOH): m/z :
2448 {M�2[PF6]}2+. Elemental analysis: calcd (%) for 1-Cl2:
C219H348Cl2N6O108�Ru1·20H2O (Mr= 5325.46) C 49.39, H 7.34 N,
1.58; found: C 49.19, H 6.97, N 1.66.
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Figure 3. a) Time-resolved emission of an aqueous solution of 1-Cl2
(1.8C10�5

m) with [Os(biptpy)(tpy)]Cl2 (3.8C10�4
m). Excitation at

324 nm, detection at 600 nm. b) Time-resolved emission of an aque-
ous solution of 1-Cl2 (1.8C10�5

m) with [Os(tpy-ada)(tpy)][NO3]2
(1.4C10�4

m). Excitation at 324 nm, detection at 600 nm (lower trace)
and at 730 nm (upper trace).

Figure 4. Time-resolved emission of an aqueous solution of [Ir(tpy-
ada)(tpy)][NO3]3 (2.5C10�5

m) with 1-Cl2 (3.7C10�5
m). Excitation at

330 nm, detection at 570 nm.
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