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Abstract: A new side-to-face supramolecular array of chromophores, where a pyridyl-substituted perylene
bisimide dye axially binds to two ruthenium porphyrin fragments, has been prepared by self-assembly.
The array is formulated as DPyPBI[Ru(TPP)(CO)]2, where DPyPBI ) N,N′-di(4-pyridyl)-1,6,7,12-tetra(4-
tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide and TPP ) 5,10,15,20-tetraphenylpor-
phyrin. The photophysical behavior of DPyPBI[Ru(TPP)(CO)]2 has been studied by fast (nanoseconds)
and ultrafast (femtoseconds) time-resolved techniques. The observed behavior sharply changes with
excitation wavelength, depending on whether the DPyPBI or Ru(TPP)(CO) units are excited. After DPyPBI
excitation, the strong fluorescence typical of this unit is completely quenched, and time-resolved spectroscopy
reveals the occurrence of photoinduced electron transfer from the ruthenium porphyrin to the perylene
bisimide dye (τ ) 5.6 ps) followed by charge recombination (τ ) 270 ps). Upon excitation of the Ru(TPP)-
(CO) fragments, on the other hand, ultrafast (τ < 1 ps) intersystem crossing is followed by triplet energy
transfer from the ruthenium porphyrin to the perylene bisimide dye (τ ) 720 ps). The perylene-based triplet
state decays to the ground state on a longer time scale (τ ) 9.8 µs). The photophysics of this supramolecular
array provides remarkable examples of (i) wavelength-dependent behavior (a small change in excitation
wavelength causes a sharp switch from electron to energy transfer) and (ii) intramolecular sensitization
(the triplet state of the perylene bisimide, inaccessible in the free dye, is efficiently populated in the array).

Introduction

Because of their outstanding spectroscopic and photophysical
properties, porphyrins and metalloporphyrins have been widely
used in the construction of supramolecular arrays mimicking
light-induced functions of natural photosynthesis.1,2 In most of
such supramolecular arrays, the molecular components are
connected by covalent linkages (usually through the meso
positions of the porphyrin ring).3 Other synthetic approaches
have also been successfully used, however, leading to various
kinds of noncovalent multiporphyrin assemblies,4 such as
hydrogen-bonded5 or metal-bridged6 assemblies.

We have been particularly interested in the implementation
of a “side-to-face” assembling strategy, exploiting the coordina-
tion ability of peripheral pyridyl groups of one porphyrin toward
the metal center of another porphyrin. The key to the stability

of axially ligated porphyrins is the strength of the coordinative
bond between the side ligand and the metal ion of the face
porphyrin(s). For example, ligation of pyridyl rings to zinc
porphyrins is intrinsically weak (association constant, ca. 1×
103 M-1)7 and relatively labile; thus, in solution, coordination
oligomers are generally in equilibrium with the monomers. The
presence of monomers is of particular importance at the low
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concentrations used for photophysical measurements (ca. 1×
10-6 M). More stable assemblies of well-defined stoichiometry
require cooperative coordination or strict geometrical comple-
mentarity of the building blocks.8 Less labile metal ions, such
as Ru(II), have been used to obtain kinetically inert and

thermodynamically stable assemblies of side-to-face porphyrins9

and, more generally, architectures featuring facing porphyrin
cores bridged by nitrogen ligands.10 Within this framework, we
have reported two examples of side-to-face arrays obtained by
Ru-pyridyl and Zn-pyridyl coordination, the pentameric (1)11

and hexameric (2)8b structures (Chart 1), both showing good
stability in a wide range of concentrations (as low as 1× 10-7

M). In such arrays, efficient energy transfer from the metal
porphyrins to the free base pyridylporphyrin was observed, at
the triplet level in111 and at the singlet level in2.12

Another class of attractive building blocks for photoactive
supramolecular architectures is that of perylene bisimide (PBI)
dyes.13 They are characterized by extremely efficient fluorescent
emission, facile electrochemical reduction, and clear spectro-
scopic signatures in the radical anion form.14 For these useful
features, PBI units have been included as photoexcitable and/
or electron-acceptor molecular components in a variety of
interesting photoactive supramolecular systems.15
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With regard to metallosupramolecular coordination chemistry,
PBI derivatives carrying 4-pyridyl substituents at the imido
positions are of particular interest. An example is the DPyPBI
molecule shown in Chart 2 (in which additionaltert-butylphe-
noxy substituents have been introduced in the bay region to
improve solubility and minimize aggregation phenomena).16 In
molecules of this type, given the presence of nodes at the imido
nitrogens in the HOMO and LUMO of the PBI unit,13g the
pyridyl substituents are effectively decoupled from the chro-
mophore. This is an important feature when coordination of the
pyridyl groups at metal centers is considered, as it ensures weak
metal-chromophore electronic coupling and a true supramo-
lecular nature of the adducts. The pyridyl-substituted perylene
bisimide dyes can be used in the construction of supramolecular
systems much in the same way as other ditopic building blocks.
For instance, DPyPBI forms metal-bridged molecular squares
with platinum or palladium biphosphine corners16 structurally
similar to those given bytrans-dipyridylporphyrins.6f Following
this functional analogy, it is conceivable that axial coordination
of DPyPBI to metal porphyrins may lead to supramolecular
systems structurally similar to side-to-face porphyrin arrays such
as1 and2.

We report here on the synthesis and photophysical properties
of the first system of such type,17 the DPyPBI[Ru(TPP)(CO)]2

assembly3 (TPP ) tetraphenylporphyrin), obtained by axial
coordination of a DPyPBI unit to two Ru(TPP)(CO) fragments.

The structural analogy between3 and side-to-face porphyrin
arrays1 and2 is evident, with the DPyPBI unit replacing the

pyridylporphyrin in the role of the “side” assembling unit. On
the other hand, the distinctive properties of the DPyPBI unit
(especially in terms of low-energy redox levels) are expected
to give to DPyPBI[Ru(TPP)(CO)]2 a richer and more intriguing
photophysical behavior as compared to that of the analogous
side-to-face porphyrin array1.

Experimental Section

Materials. [Ru(TPP)(CO)(EtOH)] was prepared according to lit-
erature methods.18 DPyPBI was synthesized as previously reported.16

All reagents were analytical grade.
DPyPBI[Ru(TPP)(CO)]2 (3). Addition of DPyPBI (10 mg, 8.8×

10-4 mmol) to a chloroform suspension of [Ru(TPP)(CO)(EtOH)] (14.2
mg, 1.77× 10-3 mmol) yielded a violet solution within minutes. The
system was allowed to react overnight at room temperature. The crude
product precipitated from the concentrated solution upon addition of
n-hexane and was collected on a filter, washed with cold methanol
andn-hexane, and vacuum-dried, with a yield of 21 mg (90%). The
product gave satisfactory elemental analysis.1H NMR (CDCl3, 400
MHz, 25 °C): δ âH 8.56 (16, s), mH 8.16 (8, m), oH 8.03 (8, m) Hb

+ oH′ + pH 7.67 (20, m), mH 7.60 (8, m), He 7.03 (8, d), Hd 6.51 (8,
d), Hc 5.12 (4, d), Ha 1.60 (4, d),tBu 1.17 (36, s) (see Figure 1 for
labeling scheme).

Apparatus. 1H and H-H COSY NMR spectra were collected in
CDCl3 at room temperature and at 400 MHz on a JEOL Eclipse 400
FT spectrometer, with residual nondeuterated solvent signal as reference
(δ ) 7.26). UV-vis absorption spectra were recorded with a Perkin-
Elmer Lambda 40 spectrophotometer. Nanosecond emission lifetimes
were measured using a PRA system 3000 time-correlated single photon
counting apparatus equipped with a Norland model 5000 MCA card
and a hydrogen discharge pulsing lamp (50 kHz, halfwidth of 2 ns).
The decays were analyzed by means of Edinburgh FLA900 software.

Nanosecond transient absorption spectra and lifetimes were measured
with an Applied Photophysics laser flash photolysis apparatus, with
frequency doubled (532 nm, 330 mJ) or tripled (355 nm, 160 mJ)
Surelite Continuum II Nd:YAG laser (halfwidth of 4-6 ns). Photo-
multiplier (Hamamatsu R928) signals were processed by means of a
LeCroy 9360 (600 MHz, 5 Gs/s) digital oscilloscope.

Femtosecond time-resolved experiments were performed using a
pump-probe spectrometer19 based on the Spectra-Physics Hurricane
Ti:sapphire system as laser source. The pump pulse was generated either
by a frequency doubler (400 nm) or with a Spectra Physics 800 OPA
(tunable in the 488-600 nm range). The probe pulse was obtained by
continuum generation on a sapphire plate (useful spectral range, 450-
800 nm). The effective time resolution was ca. 300 fs, the temporal
chirp over the white-light 450-750 nm range was ca. 200 fs, and the
temporal window of the optical delay stage was 0-1000 ps.

Results and Discussion

Synthesis and Characterization of DPyPBI[Ru(TPP)-
(CO)]2. Addition of DPyPBI to a chloroform suspension of

(13) Würthner, F.; Thalacker, C.; Sautter, A.AdV. Mater. 1999, 11, 754-758.
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W. J. Am. Chem. Soc.2002, 124, 10252-10253. (d) You, C.-C.; Wu¨rthner,
F. J. Am. Chem. Soc. 2003, 125, 9716-9725. (e) Wu¨rthner, F.; Sautter, A.
Org. Biomol. Chem.2003, 1, 240-243. (f) Miura, A.; Chen, Z.; Uji-i, H.;
De Feyter, S.; Zdanowska, M.; Jonkheijm, P.; Schenning, A. P. H. J.;
Meijer, E. W.; Würthner, F.; De Schryver, F. C. J. Am. Chem. Soc.2003,
125, 14968-14969. (g) Wu¨rthner, F.Chem. Commun.2004, 1564-1579.

(14) Salbeck, J.; Kunkely, H.; Langhals, H.; Saalfrank, R. W.; Daub, J.Chimia
1989, 43, 6-9.

(15) O’Neil, M. P.; Gaines, G. L., III; Niemczyk, M. P.; Svec, W. A.; Gosztola,
D.; Wasielewski, M. R.Science1992, 257, 63-65. (b) Hayes, T.;
Wasielewski, M. R.; Gosztola, D.J. Am. Chem. Soc.2000, 122, 5563-
5567. (c) van der Boom, T.; Hayes, R. T.; Zhao, Y.; Bushard, P. J.; Weiss,
E. A.; Wasielewski, M. R.J. Am. Chem. Soc.2002, 124, 9582-9590. (d)
Weiss, E. A.; Ahrens, M. J.; Sinks, L. E.; Gusev, A. V.; Ratner, M. A.;
Wasielewski, M. R.J. Am. Chem. Soc. 2004, 126, 5577-5584. (e) Ahrens,
M. J.; Sinks, L. E.; Rybtchinski, B.; Liu, W.; Jones, B. A.; Giaimo, J. M.;
Gusev, A. V.; Goshe, A. J.; Tiede, D. M.; Wasielewski, M. R.J. Am. Chem.
Soc. 2004, 126, 8284-8294. (f) Giaimo, J. M.; Gusev, A. V.; Wasielewski,
M. R. J. Am. Chem. Soc. 2004, 126, 8530-8531. (g) Kaletas¸, B. K.;
Dobrawa, R.; Sautter, A.; Wu¨rthner, F.; Zimine, M.; De Cola, L.; Williams,
R. M. J. Phys. Chem. A2004, 108, 1900-1909.

(16) Würthner, F.; Sautter, A.; Schmid, D.; Weber, P. J. A.Chem.sEur. J.2001,
7, 894-902.

(17) A few supramolecular systems based on axial coordination of other aromatic
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L.; Johnson, M. R.; Giribabu, L.Chem.sEur. J.2002, 8, 3938-3947. (b)
Otsuki, J.; Suka, A.; Yamazaki, K.; Abe, H.; Araki, Y.; Ito, O.Chem.
Commun.2004, 1290-1291.

(18) Bonnet, J. J.; Eaton, S. S.; Eaton, G. R.; Holm, R. H.; Ibers, J. A.J. Am.
Chem. Soc.1973, 95, 2141-2149. (b) Collman, J. P.; Barnes, C. E.;
Brothers, P. J.; Collins, T. J.; Ozawa, T.; Gallucci, J. C.; Ibers, J. A.J.
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[Ru(TPP)(CO)(EtOH)] led, within hours at room temperature,
to the quantitative formation of DPyPBI[Ru(TPP)(CO)]2 (3),
which was isolated in pure form as a deep violet powder. The
product was characterized by means of NMR spectroscopy.
Signal integration revealed the adduct stoichiometry, while an
H-H COSY spectrum allowed unambiguous signal assign-
ments. In the1H NMR of 3 in CDCl3, the resonances of the
DPyPBI bridging unit shift remarkably upfield, as would be
expected for protons that reside within the additive shielding
cones of the facing porphyrins (Figure 1).7,9,11a This effect
decreases gradually as the proton distance from the shielding
macrocycles increases, with the pyridyl protons being the most
affected ones (∆δ ) -7.18 and∆δ ) -2.14 for Ha and Hc,
respectively; see Figure 1). In addition, although all eight
porphyrin phenyl rings are equivalent, the pairs of ortho and
meta protons of each ring are nonequivalent due to slow rotation
about themeso-carbon to the phenyl carbon bond, evidencing
the different magnetic environment of the two sides of the
porphyrin plane.20 The most upfield shifted resonances of each
pair have been assigned to theendo-phenyl protons, oH′ and
mH′ (Figure 1).

A titration of DPyPBI with [Ru(TPP)(CO)(EtOH)] has been
followed by 1H NMR in CDCl3. Coordination to the metal-

loporphyrin is strong, and ligand exchange is slow on the NMR
time scale. Sharp, unchanging peaks for the statistical mixture
of mono- and diaddition products were clearly visible when less
than 2 molar equiv of [Ru(TPP)(CO)(EtOH)] was added. This
observation could be particularly useful for further develop-
ments, such as assembling of three-component photoactive
systems.

Properties of Molecular Components.The DPyPBI com-
ponent is available as a free molecular species. A good model
for the ruthenium porphyrin component is the Ru(TPP)(CO)-
(py) molecule.21 The photophysical behavior of the two models
can be summarized as follows.

DPyPBI. The absorption spectrum is shown in Figure 2. The
fluorescence of DPyPBI (λmax ) 618 nm in CH2Cl2) has a
quantum yield of almost unity (Φ ) 0.96 in CHCl3).16 The
lifetime of the S1 state is 7.2 ns in CH2Cl2, as measured by
single-photon counting techniques. Its differential absorption
spectrum (Figure 3) shows ground-state bleaching atλ < 600
nm, some apparent bleaching due to stimulated emission at 600
< λ < 675 nm, and excited-state absorption atλ > 675 nm.
Consistent with the high fluorescence quantum yield, the

(20) Eaton, S. S.; Eaton, G. R.; Holm, R. H.J. Organomet. Chem.1972, 39,
179-195. (b) Eaton, S. S.; Eaton, G. R.J. Am. Chem. Soc.1975, 97, 3660-
3666.

(21) Brown, G. M.; Hopf, F. R.; Ferguson, J. A.; Meyer, T. J.; Whitten, D. G.
J. Am. Chem. Soc. 1973, 95, 5939-5942.

Figure 1. Comparison of the1H NMR (400 MHz, CDCl3) of DPyPBI (top trace) and of DPyPBI[Ru(TPP)(CO)]2 (3) (bottom trace) with the difference in
shift for DPyPBI induced by axial coordination to two Ru(TPP)(CO) units indicated.
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population of triplet state by intersystem crossing is negligible.22

As a consequence, no transient absorption is observed in laser
flash photolysis of DPyPBI after 10 ns. Information on the triplet
state of the parent perylene bisimide dyes (i.e., those without
substituents in the bay area) has been obtained by the use of
bimolecular sensitization techniques (absorption maximum at
ca. 500 nm, lifetime in the 101-102 µs range, estimated energy
of ca. 1.2 eV).23 The energy level diagram and photophysical
behavior of DPyPBI are summarized in Figure 4a.

In CH2Cl2, DPyPBI undergoes two reversible electrochemical
reduction steps at-0.62 and-0.77 V versus SCE (in addition
to an irreversible oxidation process at ca.+1.6 V).16,24,25 As
shown by spectroelectrochemistry, the one- and two-electron-
reduced forms are characterized by intense, sharp absorption
bands at 792 and 678 nm, respectively.16

Ru(TPP)(CO)(py). The absorption spectrum is shown in
Figure 2. No fluorescence emission is observed from this

molecule as a consequence of the strong spin-orbit coupling
provided by the heavy metal, leading to very fast S1 f T1

intersystem crossing.26 A weak phosphorescence emission (Φ
≈ 1 × 10-3, λmax ) 726 nm) is observed in deaerated fluid
solution.11 The triplet state can be conveniently monitored at
room temperature by transient absorption spectroscopy. The
differential absorption spectrum obtained with ultrafast spec-
troscopy is shown in Figure 5. It is formed in less than 1 ps
and is constant in the 1-1000 ps time window. In laser flash
photolysis, it is observed to decay withτ ) 30 µs.11 The
photophysical behavior of the Ru(TPP)(CO)(py) model com-
pound is summarized in Figure 4b.

In CH2Cl2, Ru(TPP)(CO)(py) undergoes two reversible
electrochemical oxidation steps at 0.81 and 1.36 V versus
SSCE.21

Photophysics of the DPyPBI[Ru(TPP)(CO)]2 Assembly.
Stability in Solution. Similar to that for previously studied

side-to-face arrays of type1, stability in (dilute) solution is a
key experimental question related to the moderate strength of
the coordinative bond between the pyridyl group of the side
unit and the metal center of the face porphyrin. The stability of
DPyPBI[Ru(TPP)(CO)]2 in CH2Cl2 solutions was checked by
a combination of NMR, spectrophotometric, and spectrofluo-
rimetric measurements. The absorption spectrum of DPyPBI-
[Ru(TPP)(CO)]2, at a concentration of 1.0× 10-4 M, corre-
sponding to the maximum dilution at which stability of the
assembly is assessed by NMR, is shown in Figure 2. No
appreciable spectral changes indicative of dissociation are
obtained upon further dilution to 2.0× 10-5 M.27 Also, the
strong quenching of the DPyPBI fluorescence characteristic of
the assembly (vide infra) was maintained to this dilution. At
higher dilutions (e1.0× 10-5 M), some axial dissociation takes
place, as shown mainly by a slight increase in the DPyPBI
fluorescence intensity. All of the photophysical experiments
described below were carried out in CH2Cl2 at concentrations
greater than 2.0× 10-5 M.

Energy Levels. As shown by Figure 2, the absorption
spectrum of DPyPBI[Ru(TPP)(CO)]2 (3) corresponds very
closely to the sum of those of its molecular components. This
highlights the supramolecular nature of the assembly, in which
the weakly interacting molecular components maintain almost
unperturbed electronic subsystems. In practical terms, this
feature implies that selective excitation is feasible (e.g., 100%
DPyPBI at 585 nm, 62% Ru(TPP)(CO) at 530 nm). From a
mechanistic viewpoint, the energy level diagram of3 can be
considered as a simple superposition of those of the separated
constituents. To such an energy level diagram, however, must
be added an intercomponent charge transfer state of DPyPBI-/
Ru(TPP)(CO)+-type (Figure 6). Its energy is estimated as ca.
1.3 eV from the electrochemistry of the single units (vide
supra).28,29

(22) A very low value of triplet formation yield (1.8× 10-4) has recently been
reported for a related chromophore: Margineanu, A.; Hofkens, J.; Cotlet,
M.; Habuchi, S.; Stefan, A.; Qu, J.; Kohl, C.; Mu¨llen, K.; Vercammen, J.;
Engelborghs, Y.; Gensch, T.; De Schryver, F. C.J. Phys. Chem. B2004,
108, 12242-12251.

(23) Ford, W. E.; Kamat, P. V. J. Phys. Chem. 1987, 91, 6373-6380.
(24) Original values versus Fc/Fc+,16 converted usingE°(Fc/Fc+) ) 0.46 V

versus SCE.25

(25) Connelly, N. G.; Geiger, W. E.Chem. ReV. 1996, 96, 877-910.

(26) Levine, L. M. A.; Holten, D.J. Phys. Chem. 1988, 92, 714-720.
(27) In previous studies on related systems, axial dissociation was indicated by

blue shifts in the 531 nm band of the ruthenium porphyrin chromophore.11

(28) In a covalently linked donor-acceptor system, both covalent and electro-
static factors may alter the energy of the charge-transfer state with respect
to the simple algebraic sum of the redox potentials of the units. Given the
weakly coupled nature of these supramolecular systems, covalent corrections
are likely to be negligible in this case. The electrostatic work term can be
taken into account using standard expressions.29

(29) Rehm, D.; Weller, A.Ber. Bunsen-Ges. Phys. Chem. 1969, 73, 834-839.
(b) Weller, A.Z. Phys. Chem.1982, 133, 93. The electrostatic work term
in CH2Cl2, at an estimated center-to-center distance of 12.5 Å, amounts to
0.13 eV.

Figure 2. Absorption spectra of DPyPBI[Ru(TPP)(CO)]2 (continuous line),
DPyPBI (dotted line), and Ru(TPP)(CO)(py) (broken line, molar absorptivity
values× 2) in CH2Cl2.

Figure 3. Transient differential absorption spectrum of DPyPBI in CH2Cl2
(excitation at 400 nm). Constant in the 1-1000 ps time scale.
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Excitation at 585 nm.At this wavelength, the excitation light
is 100% absorbed by the DPyPBI component (Figure 2). In
stationary experiments on3 in CH2Cl2, the strong fluorescence
(λmax ) 620 nm) characteristic of the DPyPBI unit is almost
completely quenched (Φ ≈ 0.001, as compared toΦ ) 0.96
for free DPyPBI).

Three mechanisms could, in principle, be considered respon-
sible for the strong quenching of the DPyPBI fluorescence.

(i) Intercomponent electron transfer to yield the PBI-/Ru+

charge-separated state. Very fast photoinduced electron transfer
has been reported to occur in covalently linked arrays of PBI
and Zn porphyrins of comparable energetics.15c

(ii) Enhanced intersystem crossing within the DPyPBI unit
induced by the heavy-atom effect of the attached ruthenium
centers. Such intramolecular effects have been previously

observed for adducts of pyridylporphyrins peripherally coordi-
nated to ruthenium centers.30 An external heavy-atom effect has
also been reported for a related perylene bisimide fluorophore
in methyl iodide solvent.31

(iii) Intercomponent energy transfer to the almost isoenergetic
S1 state of the Ru(TPP)(CO) units.32

An experimental answer is provided by ultrafast time-resolved
spectroscopy.

(30) Prodi, A.; Kleverlaan, C. J.; Indelli, M. T.; Scandola, F.; Alessio, E.; Iengo,
E. Inorg. Chem. 2001, 40, 3498-3504.

(31) Ebeid, E. M.; El-Daly, S. A.; Langhals, H.J. Phys. Chem.1988, 92, 4565-
4568.

Figure 4. Energy level diagram and photophysical behavior of molecular components: (a) DPyPBI, (b) Ru(TPP)(CO)(py).

Figure 5. Transient differential absorption spectrum of Ru(TPP)(CO)(py)
in CH2Cl2 (excitation at 530 nm). Constant in the 1-1000 ps time scale.

Figure 6. Energy level diagram of DPyPBI[Ru(TPP)(CO)]2 (3).
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The transient spectral changes obtained following 585 nm
excitation of3 in CH2Cl2 are shown in Figure 7. As expected
on the basis of the selective absorption of the pump light, the
differential absorption spectrum obtained immediately after the
laser pulse (0.9 ps) is that of the S1 state of the DPyPBI unit,
identical to that exhibited by free DPyPBI (Figure 3). In the
early time scale (τ < 50 ps, Figure 7, top left), the spectral
changes are characterized by the rise of the typical absorption

band of the DPyPBI radical anion at ca. 780 nm,16 with the
Ru(TPP)(CO)-based radical cation probably contributing to
some positive absorption in the region around 630 nm.33,34These
spectral changes are clearly diagnostic of the electron-transfer
process (eq 1).

The time constant of this process is 5.6 ps (Figure 7, top right).
On a longer time scale (50< τ < 1000 ps, Figure 7, bottom

left), the spectroscopic signatures of the intercomponent electron-
transfer products disappear, with regeneration of a constant
baseline of zero differential absorption. This clearly indicates
that the charge separation process (eq 1) is followed by charge
recombination (eq 2) to yield quantitatively, after ca. 1 ns, the
ground state of the system.35

The time constant of this charge recombination process is 270
ps (Figure 7, bottom right).

(32) It should be pointed out that while the energy of the S1 state of the DPyPBI
component is precisely known from absorption/emission data, that of the
S1 state of the Ru(TPP)(CO) units, estimated from the onset of absorption,
is affected by a considerable uncertainty ((0.1 eV).

(33) The spectrum of the radical cation of Ru(TPP)(CO)(py) is not known.
Radical cations of other metalloporphyrins (e.g., zincporphyrin), however,
are known to have broad visible absorption spectra with maxima in the
600-680 nm range.34

(34) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, R. H.J. Am. Chem.
Soc.1970, 92, 3451-3459. (b) Chosrowjan, H.; Tanigichi, S.; Okada, T.;
Takagi, S.; Arai, T.; Tokumaru, K.Chem. Phys. Lett.1995, 242, 644-
649. (c) Imahori, H.; Hagiwara, K.; Aoki, M.; Akiyama, T.; Taniguchi, S.;
Okada, T.; Shirakawa, M.; Sakata, Y.J. Am. Chem. Soc.1996, 118, 11771-
11782.

(35) It can be noted that no absorption maximum at 515 nm, characteristic of
the DPyPBI triplet, is observed at the end of the experiment. Thus, in
contrast with what has been observed for related supramolecular systems
containing PBI and Zn(TPP) units,15c no perylene bisimide triplet is formed
here as a consequence of charge recombination. Charge recombination is
probably too fast in the present case for intersystem crossing to occur within
the charge-separated state.

Figure 7. Transient spectral changes (left) and decay kinetics (right) of3 in CH2Cl2 obtained with ultrafast spectroscopy upon excitation at 585 nm. Top,
early time scale (0.9-48 ps); bottom, longer time scale (48-805 ps).

Figure 8. Photophysical pathways in DPyPBI[Ru(TPP)(CO)]2 (3). Red,
excitation at 530 nm; blue, excitation at 585 nm.

*PBI(S1)/Ru(S0) f PBI-/Ru+ (1)

PBI-/Ru+ f PBI(S0)/Ru(S0) (2)
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In conclusion, as depicted in Figure 8, the main pathway for
deactivation of the singlet excited state of the DPyPBI unit in
3 is reductive electron transfer followed by charge recombina-
tion.

Excitation at 530 nm.At this wavelength, the excitation light
is absorbed ca. 62% by Ru(TPP)(CO) and 38% by DPyPBI. In
stationary experiments, a very weak, strongly quenched DPyPBI
fluorescence (λmax ) 620 nm) is observed, as expected on the
basis of the fraction of direct light absorption by this unit. On
the other hand, no appreciable Ru(TPP)(CO) phosphorescence
(λmax ) 726 nm) is observed.36

Interestingly, the ultrafast spectroscopy obtained with 530 nm
excitation differs dramatically from that observed with 585 nm
excitation. The spectral variations are depicted in Figure 9.

The differential spectrum immediately after the laser pulse
(1.0 ps) in Figure 9 shows a positive absorption with a maximum
at 460 nm, diagnostic of the T1 excited state of the Ru(TPP)-
(CO) fragment (very similar to that exhibited by the Ru(TPP)-
(CO)(py) model, Figure 5). In addition, as expected, it shows
features characteristic of the S1 state of the perylene bisimide
unit (mainly ground-state bleaching in the 550-600 nm region,
and stimulated emission in the 600-675 nm range; see Figure
3). In the early time scale (τ < 68 ps, Figure 9, top), the 460
nm absorption remains constant, whereas in the 550-800 nm
range, spectral changes practically coincident in shape and
kinetics to those found for the 585 nm excitation (Figure 7,
top) are observed. This indicates that the fraction of light (38%)
absorbed by the DPyPBI unit gives rise, as expected, to fast
electron transfer (eq 1), whereas the T1 state generated by
excitation of the Ru(TPP)(CO) fragment does not decay
appreciably in this time scale.

On a longer time scale (Figure 9, bottom), complex spectral
changes take place. In particular, the DPyPBI radical anion
absorption at 760 nm decays with the same kinetics as that
observed for 585 nm excitation, indicating very likely the
occurrence of charge recombination (eq 2). On the other hand,
the absorption atλ < 500 nm, characteristic of the Ru(TPP)-
(CO)-based T1 state, disappears with a time constant of 720 ps.
It should be noted that this process is accompanied by a further
bleaching at 580 nm, indicative of depletion of ground-state
DPyPBI. The most likely explanation for this observation is
the occurrence of triplet energy transfer (eq 3).

As the process is not completed within the time window of
the ultrafast experiment, nanosecond laser photolysis can be used
to obtain the spectrum of the product (i.e., the T1 state of
DPyPBI). The transient spectrum obtained with nanosecond laser
photolysis upon excitation at 532 nm is shown in Figure 10. It
shows spectral features (ground-state bleaching and absorption
maximum at ca. 500 nm) similar to those reported for other
perylene bisimide triplets, obtained by bimolecular sensitization
with triplet energy donors.23 The triplet state decays to the
ground-state (eq 4) with a lifetime of 9.8µs in deaerated CH2Cl2
(480 ns in air-saturated solution, Figure 10, inset).

The decay pathway followed after excitation of the Ru(TPP)-
(CO) unit in 3 is summarized on the energy level diagram of
Figure 8. After prompt intersystem crossing in the Ru(TPP)-
(CO) unit, intercomponent triplet energy transfer takes place,
followed by slow decay of the T1 state of the DPyPBI unit. It
should be noted that, in principle, an alternative pathway for

(36) An estimate of the actual amount of quenching is precluded by the intrinsic
weakness (Φ ≈ 1 × 10-3) of the Ru(TPP)(CO) phosphorescence, in the
presence of a residual DPyPBI fluorescence of comparable intensity.

Figure 9. Transient spectral changes (left) and decay kinetics (right) obtained for3 in CH2Cl2 with ultrafast spectroscopy upon excitation at 530 nm. Top,
early time scale (1-68 ps); bottom, longer time scale (68-860 ps).

PBI(S0)/*Ru(T1) f *PBI(T1)/Ru(S0) (3)

*PBI(T1)/Ru(S0) f PBI(S0)/Ru(S0) (4)
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the formation of the T1 state of the DPyPBI unit might involve
a sequence of oxidative electron transfer, with formation of a
PBI-/Ru+ state of triplet multiplicity, followed by charge
recombination. There is no positive evidence for such a stepwise
path; no electron-transfer products are seen in the nanosecond
experiment, and those observed in ultrafast spectroscopy after
530 nm excitation (Figure 9) are largely explained by the partial
light excitation of the DPyPBI fragment. Nevertheless, the
possibility of a stepwise path cannot be definitely ruled out, in
particular, if charge recombination is a fast process.

Conclusions

A self-assembling strategy has been applied in this work to
the construction of a side-to-face supramolecular array made

of a perylene bisimide and two ruthenium porphyrins. Such
synthetic strategy warrants the formation of a single supramo-
lecular species in very high yield. The new assembling motif
may offer some advantages over commonly used covalent
bridging, especially in terms of synthetic ease and versatility.
With this strategy, a variety of metal-bridged and side-to-face
systems containing porphyrins and aromatic bisimides can be
conceived. The synthesis and characterization of such systems
is the subject of ongoing work.

The DPyPBI[Ru(TPP)(CO)]2 assembly exhibits complex and
very interesting photophysics. It provides a rather striking
example of wavelength-dependent behavior, in that a relatively
small change in excitation wavelength (from 585 to 530 nm)
causes a sharp change in photophysical behavior (from intramo-
lecular electron transfer to triplet energy transfer).

The triplet state of perylene bisimide chromophores is
inaccessible in the free molecules due to high fluorescence
quantum yields and negligible intersystem crossing efficiency.
Axial ligation of DPyPBI to the Ru(TPP)(CO) moieties can be
seen as a way to access the triplet state with high efficiency by
means of intramolecular sensitization.

Finally, the present work, with the detailed kinetic charac-
terization of a complex mechanistic scheme (Figure 8), clearly
illustrates the great potential of ultrafast spectroscopic techniques
in the investigation of photoactive supramolecular systems.
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Figure 10. Transient spectral changes of3 in CH2Cl2 obtained with
nanosecond laser photolysis upon excitation at 532 nm. Inset: decay kinetics
in aerated/deaerated solution.
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