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Abstract: Luminescence spectroscopy
provides evidence for the efficient pho-
toinduced energy transfer between the
Ru'-based metal-to-ligand charge-
transfer (MLCT) chromophore and an-
thracene moieties in two multicompo-
nent, rack-type species that contain
Ru-polypyridine and anthracene subu-
nits. Furthermore, the direction of such
an energy transfer can be controlled: the
energy-transfer process occurs from the

cene in a rigid matrix at 77 K, whilst in
fluid solution at room temperature it
occurs from the anthracene subunit to
the Ru-based chromophore. The switch
in the direction of the energy-transfer
process arises from the quite different
intrinsic lifetimes of the luminophores

Keywords: energy transfer - lumi-
nescence - molecular devices - mul-
ticomponent species « ruthenium

and the relatively small energy gap
between the lowest energy excited states
located in each subunit. The combina-
tion of such properties allows a thermal
activation of an uphill energy transfer
which switches the direction of the
intercomponent process. This finding is
of interest for the design, based on this
relatively unexplored photophysical
property, of novel artificial supramolec-
ular systems that are capable of process-

Ru-based chromophore to the anthra-

Introduction

Photoinduced electronic-energy transfer plays a key role in
many processes of paramount importance, for example,
photosynthesis.'l Recently, knowledge about the intimate
nature of the energy-transfer process has been further
increased by the development of properly designed artificial
multicomponent species. Such multicomponent systems al-
lowed the disentanglement, control, and fine tuning of the
effects of different parameters (i.e. distance and orientation
of donors and acceptors, driving forces, role of the spacers in
mediating electronic coupling) on the efficiency and rate of
the process.’) These achievements have also prompted the
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ing information at the molecular level.

synthesis of artificial multicomponent systems, based on
energy transfer, which behave as antenna systems for light
conversion purposes,?> 253l photochemically driven enzymes
or “photozymes”,[¥ chemical transformation reactors pow-
ered by infrared light,” luminescent chemical sensors,®) and
elements of information devices.”)

Within this framework, directional control of electronic
energy migration within a multicomponent structure is
expected to open new perspectives for artificial functions
operating at the molecular level. For example, input of
information in the form of electronic energy could be directed
to different sites (“exits”) of the molecular arrangements,
which would give rise to an output of information that could
be different not only in the energy domain but also in the
space domain (for a schematization, see Figure 1).

input
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Figure 1. The input of information in the form of photons is captured by
the multichromophore system AB. The electronic energy collected is then
redirected to different exits as a function of the direction of the energy-
transfer process between the subunits A and B.
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Basically, a multicomponent system that features a means
to control the direction of photoinduced energy transfer
consists of two chromophores with a predetermined and fixed
spatial relationship, and whose energy order of the respective
lowest lying excited states can be reversed. The same result
can be obtained by taking advantage of quite different
intrinsic lifetimes of the chromophores if their relevant
excited states are lying close to one another and are suitably
coupled. In this case, the lowest excited states of the
chromophores would be in thermodynamic equilibrium and
a thermally activated process could control the direction of
the intercomponent process.®! It is quite convenient that the
two chromophores are intrinsically luminescent, in that this
simplifies the study of the energy-transfer process by means of
luminescence spectroscopy.

As a first step in this direction, we report here the
photophysical properties of two new multicomponent systems
that contain Ru'-polypyridine and anthracene chromophores
as active components. The structural formulas of these
species, 1 and 2, are shown in Figure 2. The properties of
the chromophores are sufficiently different from one another
so that the direction of the intercomponent energy-transfer
process within the systems is reversed on passing from a fluid
solution at room temperature to a rigid matrix at 77 K.

Figure 2. Structural formulae of 1 and 2, the two new multicomponent
systems that contain Ru'-polypyridine and anthracene chromophores as
active components.

Abstract in Italian: In due nuove specie multicomponenti
costituite da diverse subunita cromoforiche, ovvero complessi
polipiridinici di Ru'" e antraceni, si verificano efficienti processi
di trasferimento energetico fotoindotti, la cui direzione puo
essere controllata. Il trasferimento energetico avviene infatti dal
cromoforo basato sul metallo alla subunita antracenica a 77 K
in matrice rigida e dalla subunita antracenica al cromoforo
metallico a temperatura ambiente in soluzione fluida.
L'inversione della direzione del trasferimento energetico é
dovuta ai tempi di vita intrinseci, notevolmente diversi, dei
luminofori coinvolti ed alla piccola differenza di energia tra gli
stati eccitati a pii bassa energia di ciascuna subunitd. La
combinazione di tali proprieta permette l'attivazione termica di
un processo di trasferimento energetico endoergonico che puo
invertire la direzione del processo stesso. I risultati qui discussi
sono di interesse per la progettazione di nuovi sistemi
supramolecolari artificiali capaci di elaborare 'informazione
a livello molecolare, basati su una proprieta fotofisica relati-
vamente poco esplorata.
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Results

The N-monomethylated ligand 2-(9-anthryl)-4-(2',2"”-bipyrid-
6'-y1)-6-[2'-methylpyridinium-2"-yl)-pyrid-6'-yl|pyrimidine
(Lp) was prepared as its hexafluorophosphate salt from 2-(9-
anthryl)-4,6-bis(2’,2"-bipyrid-6'-yl) Jpyrimidine (L)' by
means of the protection procedure designed for multichelat-
ing polypyridine ligands!'!l and recently adopted for a closely
related ligand.'"” The compound [(terpy)Ru(Lp)]** (1;
terpy =2,2',2"-terpyridine) was synthesized by the reaction
of L, with [Ru(terpy)CL]."¥1 The new compound
[(terpy)Ru(L)J** (2) was then prepared from 1 by demeth-
ylation with diazabicyclooctane. Both the new Ru!' com-
pounds were purified and characterized as their hexafluor-
ophosphate salts. Details of the synthesis and characterization
of all the new species will be reported elsewhere.['*]

The absorption spectra of 1 and 2 are dominated by intense
bands in the UV region (¢ in the range 10*~10°M~'cm™') and
by moderately intense bands in the visible (¢ in the range 10° -
10*M~'em™!). Both metal complexes are luminescent at room
temperature in acetonitrile (A, =715-730 nm; @ ~1073)
and at 77 K in a rigid butyronitrile matrix (4,,,, =685 nm for
both the complexes). Their luminescence spectra do not
depend on the excitation wavelength. The luminescence
lifetimes are monoexponential and are in the 1078 to 107 s
range at room temperature and several orders of magnitude
longer at 77 K. Under all the experimental conditions, the
excitation spectra of each compound matched their respective
absorption spectra.

The absorption and photophysical data of 1 and 2 are
collected in Table 1. Figure 3 shows the absorption spectra in
acetonitrile solution and Figure 4 shows the emission spectra
of 1 in fluid solution at room temperature as well as in a rigid
matrix at 77 K.

Table 1. Absorption and luminescence data of the compounds 1 and 21

Absorbancel’!
Amax [nm]
(¢ [M"Tem™1])

Luminescence, 77 Kl
Amax [nm] T [ps]

Luminescence, 298 K
Amax [nm] 7 [ns] @

1 250 (86000) 730 60 41x107° 685 510
320 (37800)
480 (8200)
530 (7600)

2 250 (96200) 715 30 15x10° 685 680

330 (43300)
470 (12000)
510 (11500)

[a] Data were recorded in deaerated acetonitrile solution, unless otherwise
stated. [b] Only some characteristic maxima are reported. [c] In butyroni-
trile.

Discussion

The absorption spectra of 1 and 2 (Figure 3) are typical of
Ru'-polypyridine complexes.['*] The intense UV bands at A ~
320nm can be mainly assigned to spin-allowed m-m*
transitions which involve the polypyridine L, and L ligands
(ligand-centered (LC) transitions), on the basis of the
absorption properties of L,[') whereas the visible bands are
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Figure 3. Absorption spectra of 1 (solid line) and 2 (dashed line) in

acetonitrile fluid solution.

mainly due to spin-allowed metal-to-ligand charge-transfer
(MLCT) transitions. The additional, very strong bands at A =
250 nm receive a contribution from the transition populating
the 'B, state of the anthracene subunit.'l The structured
absorption bands that populate the 'L, level of the anthracene
subunits expected at 4 ~ 320 nm are partially obscured by the
polypyridine-centered transitions.

Because of the presence of two different polypyridine
ligands in both the complexes, two MLCT transitions at low
energies are possible. The lowest absorption bands of 1 and 2
can be safely assigned to Ru—Lp and Ru—L CT transitions,
respectively, on the basis of i) the energy (Table 1) and ii) the
comparison between the redox properties of [Ru(terpy),]**, 2,
and 1. As far as point (i) is concerned, for both 1 and 2 the
energy of the CT transition is significantly lower than that of
the lowest CT transition in [Ru(terpy),]** (A =460 nml'),
With respect to point (ii), the first reductions in acetonitrile,
localized in a terpy ligand in [Ru(terpy),]** and in L and L; in
the new compounds under study, take place at —1.29 V,['8l
—0.89V, and —0.82 V versus SCE, respectively, thus indicat-
ing that L and L, are more readily reduced than terpy. The
slight red-shift of the lowest energy maximum of 1 compared
to 2 (Table 1), which is attributed to the presence in L; of a
methylated nitrogen capable of inducing further stabilization
of the mv* orbital of the ligand, is in agreement with the redox
data.

The luminescence of 1 and 2 in fluid solutions (Figure 4,
Table 1) is assigned to triplet Ru—L;, and Ru—L CT levels,
respectively. This assignment is based on the emission

I/au

-
600 650 700 750 800
A/nm

Figure 4. Emission spectra of 1 a) in a butyronitrile rigid matrix at 77 K
and b) in fluid solution at room temperature.
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energies, lifetimes, quantum yields, and spectral bandwidths,
typical of Ru'-polypyridine MLCT emitters.['" The difference
in energies of the emission spectra of the two complexes is in
agreement with this interpretation, in that the lowest energy
of the emission of 1 fits well with the reduction properties of
the ligands (see above). The match between the excitation and
the absorption spectra of 1 and 2 and the absence of
anthracene fluorescence is particularly interesting in that it
demonstrates that the light energy absorbed by the anthra-
cene subunits is transferred with unitary efficiency to the
SMLCT level of the Ru" chromophores under these exper-
imental conditions.

The room-temperature photophysical properties of 1 and 2
also warrant some additional comments. Luminescence in
fluid solution at room temperature is rarely found™ for bis-
tridentate Ru!! complexes. In fact, usually in these species a
triplet metal-centered (*MC) state lies close to the (potentially
luminescent) MLCT level, and the thermally activated
population of the SMC state promotes fast radiationless decay
to the ground state, which makes a radiative process
uncompetitive.['” The photophysical data (Table 1) indicate
that 1 and 2 are among the strongest Ru' emitters that contain
bis-tridentate polypyridine ligands. In particular, to the best of
our knowledge, 1 is the Ru! complex of this family that
exhibits the highest luminescence quantum yield ever report-
ed. We attribute this property to the simultaneous presence of
two factors:

i) the larger energy gap between *MC and *MLCT excited
states compared to other similar systems, as a result of the
stabilization of the latter state. This larger energy gap reduces
the efficiency of the thermally activated process which
deactivates luminescence;

ii) the larger coupling between donor and acceptor orbitals
of the MLCT state in the complexes studied here, because of
the contribution of the pyrimidine ring to the acceptor orbital.
Pyrimidine-centered m* orbitals are more coupled with metal
dm orbitals than pyridine-based m* orbitals in metal com-
plexes, and, as a consequence, the rate constant for the
radiative decay from *MLCT to the ground state is increased
in 1 and 2 with respect to, for example, [Ru(terpy),]**.

The situation is totally different in a rigid matrix at 77 K
(Table 1, Figure 4). Under this condition, the emission spectra
of 1 and 2 are practically identical (Table 1), although they
exhibit different decays. From the emission spectra and
lifetimes, we can attribute the 77 K emission of both
complexes to a phosphorescence process centered in the
anthracene subunits. The spectra are indeed typical of
anthracene phosphorescence, as has been recently reported
for a related mixed Ru'-polypyridine/anthracene species.*"]
The luminescence lifetimes are shorter than typical triplet
anthracene lifetimes;?'! most likely because of an increased
spin-orbit coupling induced in the anthracene moieties by the
proximity of the metal-based chromophores.

The excitation spectra of 1 and 2 also match the relative
absorption spectra under these experimental conditions. In
particular, irradiation in the MLCT bands in the visible region
leads to anthracene phosphorescence, which indicates that
efficient energy transfer occurs from the Ru"-based chromo-
phores to the anthracene subunits.
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The reason for the different photophysical properties (and
direction of energy-transfer processes) of the complexes
studied here under different experimental conditions resides
in the nature of the luminophores. The lowest energy levels of
each luminophore of the multicomponent species 1 and 2 are
indeed quite different. In particular, the MLCT levels of
Rul-polypyridine subunits have relatively short intrinsic
lifetimes (they rarely exceed 1 ps at room temperature),!> 22!
whereas the lifetimes of the lowest energy triplet of anthra-
cene derivatives is greater by several orders of magnitude.!!
Furthermore, the energy of the MLCT states depends on the
nature of the matrix, while the anthracene-based excited
states are usually independent of the matrix.

The energy of the lowest energy triplet of the anthracene
subunits in 1 and 2 is assumed to lie at A =685 nm, the highest-
energy feature of the 77 K emission (anthracene-based) of the
complexes (Figure 4, Table 1). To estimate the energy of the
SMLCT states of 1 and 2, the following reasoning is used:
From an inspection of the photophysical data of a large
number of Ru-polypyridine MLCT emitters,!”] the MLCT
emitting level at 77 K is typically ~1200 cm~! over emission
maximum in the fluid solutions at room temperature. If a
similar effect is assumed for 1 and 2, the MLCT states of the
studied species at 77 K are expected to lie at 1~660 nm,
which is slightly higher than that of the anthracene triplet.
This energy level scheme also explains the different lifetimes
of the anthracene-based phosphorescence of 1 and 2 (Ta-
ble 1): the anthracene triplet is mixed with the closely lying
SMLCT levels and the mixing is stronger in 1 because of a
smaller energy gap (the lowest energy *MLCT level in 1 is at
lower energy than in 2 and is, therefore, closer to the
anthracene triplet responsible for the emission), thus justify-
ing the shorter lifetime of 1.

At room temperature in fluid solution, the charge-transfer
states are stabilized by a fast reorganization of the solvent so
that their energy is lowered,”! thus further approaching the
energy level of the anthracene triplet. However, such a
stabilization seems to be insufficient to invert the energy
order of *MLCT and triplet anthracene levels at room
temperature, as suggested by the onset of the MLCT emission
of 1 at room temperature (Figure 4).

On the basis of the above discussion, intercomponent
energy transfer from the 3MLCT level(s) of the Ru'-
polypyridine chromophores to the anthracene triplet, as
indicated by the luminescence spectra at 77 K, is fully
reasonable. Such an energy transfer should also occur at
room temperature, so that the electronic energy collected by
all the chromophores of the multicomponent species 1 and 2
upon light excitation is rapidly funneled to the anthracene
subunits also in this condition. However, even if the stabiliza-
tion upon solvent rearrangement that occurs in fluid solution
is ignored, the lowest energy *MLCT states of 1 and 2 should
lie no more than 600 cm~! above the lowest energy anthracene
level. The Boltzmann distribution indicates that at 298 K the
upper-lying SMLCT states are populated for at least 4% in
both complexes. By taking into account the much faster
intrinsic deactivation rates of the MLCT states with respect
to the intrinsic deactivation rates of the anthracene triplet,
thermal activation is enough to irreversibly drive an uphill
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energy-transfer from the anthracene subunit(s) to the Ru-
based chromophores.?! The process is also assisted by the
relatively fast solvent reorganization associated with energy
transfer in fluid solution.

In a rigid matrix at 77 K, the MLCT states are very poorly
populated, and the electronic energy collected by 1 and 2
decays by anthracene phosphorescence. The situation is
schematized in Figure 5. This interpretation is a reminder of
the reversible energy-transfer processes that occur in some
Ru'Yarene complexes.’!

Figure 5. Schematization of the deactivation processes that occur in 1 and
2. For simplicity, only the lowest energy singlet and triplet levels of the Ru''-
polypyridine chromophores (‘MLCT and *MLCT) and of the anthracene
subunits (‘An and 3An) are represented. For the sake of clarity, the levels
that belong to each individual subunit are grouped together vertically. The
processes en; and en, are energy-transfer processes in a multicomponent
approach. The process en, is uphill energy transfer. At room temperature,
SMLCT and *An are in thermal equilibrium and *MLCT acts as a sink for
the energy because its k' values (the decay rates of MLCT that directly
lead to the ground state, not shown in Figure) are much higher than the k
values of 3An. At 77 K, en, is negligible so that >An phosphorescence occurs.

Conclusions

We have demonstrated that the direction of the efficient
photoinduced energy-transfer in two new multicomponent
species is temperature-controlled. This leads to luminescence
outputs that have different energies, lifetimes, and subunit
origins, which means they are different in the energy, time,
and space domains.??! The control of the direction of the
intercomponent energy-transfer process suggests the feasibil-
ity of the design of novel artificial supramolecular systems
that are capable of elaborating information at the molecular
level based on this relatively unexplored photophysical
property.

Experimental Section

Absorption spectra were performed with a Kontron Uvikon860 spectro-
photometer. Luminescence spectra and luminescence decays at 77 K were
obtained by a Perkin Elmer LS-5B fluorimeter equipped with a Hama-
matsuR928 photomultiplier. The emission spectra were corrected for
phototube response by means of a calibrating lamp. Luminescence decays
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at room temperature were measured by an Edinburgh FL900 time-
correlated single-photon-counting spectrometer. Luminescence quantum
yields were calculated by the optically diluted method,* with [Os(bpy),]**
as the quantum yield reference (@ =0.0066 in deaerated acetonitrile
solution!®®!). Experimental uncertainties are as follows: absorption max-
ima, +2nm; extinction coefficients, 10%; emission maxima, +4 nm;
emission lifetimes, 10 %; emission quantum yields, 20 %.
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