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Abstract

The metal-driven construction of multi-porphyrin assemblies, which exploits the formation of coordination bonds between peripheral basic site(s)
on the porphyrins and metal centers, has recently allowed the design and preparation of sophisticated supramolecular architectures whose complexity
and function begin to approach the properties of naturally occurring systems. Within this framework, meso-pyridyl/phenyl porphyrins (PyPs), or
strictly related chromophores, can provide geometrically well-defined connections to as many as four metal centers by coordination of the pyridyl
peripheral groups. Several discrete assemblies of various nuclearities, in which the pyridylporphyrins are linkers binding metalloporphyrins and/or
coordination compounds, have been constructed in recent years. In this review, we summarize recent work from our laboratories on metal-mediated

Abbreviations: ~ TPP, tetraphenylporphyrin; OEP, octaethylporphyrin; 4'MPyP, 5-(4'pyridyl)-10,15,20-triphenylporphyrin; 3'MPyP, 5-(3'pyridyl)-
10,15,20-triphenylporphyrin; 4’-cisDPyP, 5,10-bis(4pyridyl)-15,20-diphenylporphyrin; 3’-cisDPyP, 5,10-bis(3'pyridyl)-15,20-diphenylporphyrin; 4’'-transDPyP,
5,15-bis(4'pyridyl)-10,20-diphenylporphyrin;  4’-transDPyP-npm, 5,15-bis(4’-pyridyl)-2,8,12,18-tetranormalpropyl-3,7,13,17-tetramethylporphyrin; 4 TPyP,
5,10,15,20-tetra(4'pyridyl)porphyrin; 3'TPyP, 5,10,15,20-tetra(3'pyridyl)porphyrin; DPyPBI, N,N'-di(4-pyridyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide; pyz, pyrazine; pym, pyrimidine; dppp, 1,3-bis(diphenylphosphino)propane; OTH, triflate

* Corresponding author. Tel.: +39 0532291160; fax: +39 0532240709.
** Corresponding author.
E-mail addresses: snf@unife.it (F. Scandola), alessi@mail.univ.trieste.it (E. Alessio).

0010-8545/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2006.01.019


mailto:snf@unife.it
mailto:alessi@mail.univ.trieste.it
dx.doi.org/10.1016/j.ccr.2006.01.019

1472 E Scandola et al. / Coordination Chemistry Reviews 250 (2006) 1471-1496

multi-porphyrin assemblies and their photophysical properties. The review is organized as follows: after a brief summary of relevant concepts
on energy and electron transfer processes and their implications in charge separation and the antenna effect (Section 2), the main assembling
strategies leading to side-to-face and metal-mediated assemblies are synthetically reviewed (Section 3). The photophysical studies leading to the
identification and kinetic characterization of the photoinduced energy and/or electron transfer processes within the supramolecular structures are

surveyed in Section 4.
© 2006 Elsevier B.V. All rights reserved.
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Antenna effect

1. Introduction

According to the paradigm of supramolecular photo-
chemistry [1], suitable assemblies of molecular components
(supramolecular systems) can be designed to emulate, at the
molecular level, light-induced functions typical of biological
systems or of artificial macroscopic electronic devices. Thus,
synthetic supramolecular architectures can in principle be
designed to mimic, e.g., the light-harvesting complexes and
reaction centers of natural photosynthesis, or to perform
as molecular switches, optical memories, logic gates, shift
registers, optoelectronic gates, fluorescent sensors, light-driven
molecular machines, etc. The ultimate extension of this
concept would be the construction, in a bottom-up approach, of
optoelectronic devices from molecules (molecular photonics).

Among many interesting light-induced functions, those
inspired by natural photosynthesis have attracted special
attention. In fact, as a result of extensive spectroscopic studies
and detailed structural determinations, the photoinduced charge
separation taking place in the reaction centers [2] and the
antenna effect carried out by the light-harvesting units [3] are
now understood in great detail. On the other hand, artificial
supramolecular systems mimicking the photoinduced charge
separation [4] and the antenna effect [5] are the subject of
continuing research activity, fostered by the problem of artificial
solar energy conversion. In many of these artificial systems,
porphyrin (and/or metalloporphyrin) units play a major role. In
fact, aside from their chemical resemblance to the chlorophylls
of the natural systems, porphyrins can be considered as ideal
components for the construction of artificial supramolecular
systems because of several appealing features: rigid, planar
geometries; high stability; intense electronic absorption bands
in the visible region; relatively long fluorescence decay time;
facile tunability of their optical and redox properties by met-
alation/functionalization; availability of a variety of synthetic
strategies for supramolecular organization.

Particularly interesting porphyrin arrays are those based on
pyridylporphyrins, i.e. porphyrins carrying a number (n=1-4)
of pyridyl substituents at the meso positions (with the remaining
4-n positions occupied by aryl groups, or bearing alkyl chains
at the 3 positions). With these chromophores, the coordinating
ability of the peripheral pyridyl groups can be used for assem-
bling purposes. In fact, a great variety of metal-bridged arrays
have been obtained by coordination of pyridylporphyrins to
appropriate metal complex fragments [6—8]. On the other hand,
structurally interesting side-to-face arrays can be obtained by

axial coordination between pyridylporphyrins and metallopor-
phyrins [9,10].

In this review, we summarize recent work from our labora-
tories on metal-mediated multi-porphyrin assemblies and their
photophysical properties. The review is organized as follows:
after a brief summary of relevant concepts on energy and electron
transfer processes and their implications in charge separation
and the antenna effect (Section 2), the main assembling strate-
gies leading to side-to-face and metal-mediated assemblies are
synthetically reviewed (Section 3). The photophysical studies
leading to the identification and kinetic characterization of the
photoinduced energy and electron transfer processes within the
supramolecular structures are surveyed in Section 4.

2. Photoinduced processes in supramolecular systems

In supramolecular systems, the most important intercompo-
nent processes taking place following light excitation are elec-
tronic energy transfer and photoinduced electron transfer. In this
section, some basic concepts about these processes are briefly
summarized. The supramolecular system is schematized here as
a simple “dyad”, D-B-A, where two molecular components D
and A are connected via an appropriate chemical linker B.

2.1. Energy transfer

In a supramolecular system electronic energy transfer (Fig. 1)
can be viewed as a radiationless transition between two “local”
electronically excited states of the system (Eq. (1))

*D-B-A — D-B—*A (1

The rate constant (kep) for the energy transfer process is thus
given by a “golden rule” expression (Eq. (2))

4 eny2 en
ken = W(Hif )"FCWD 2)
*D-B-A
> D-B-A

hv hv’

D-B-A

Fig. 1. Electronic energy transfer in a covalently linked dyad.
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InEq. (2) HS" is the electronic coupling between the two excited
states interconverted by the energy transfer process and FCWD®"
is an appropriate Franck—Condon factor.

The Franck—Condon factor [11-13] is a thermally averaged
sum of vibrational overlap integrals, representing the distri-
bution of the transition probability over several isoenergetic
“virtual transitions” (from “D to D, and from A to *A) in the
two molecular components. In terms of experimental quantities,
itis proportional to a spectral overlap integral J (Eq. (3)) between

J= / - Fa(D)eg dv A3)
0

the emission of the donor and the absorption of the acceptor.
Experimental studies of Franck—Condon effects in energy trans-
fer processes have been carried out [14—15].

The electronic factor HS" is a two-electron matrix element
involving the HOMOs and LUMOs of the energy-donor and
energy-acceptor centers. Following standard arguments [16],
this factor can be split into additive coulombic and exchange
terms. The two terms depend differently on various parameters
of the system (spin of ground and excited states, donor—acceptor
distance, etc.). This leads to the identification of two main energy
transfer mechanisms, as pictorially represented in Fig. 2.

The coulombic (also called “resonance”, “dipole—dipole”, or
“Forster-type”’) mechanism [17] is a long-range mechanism that
does not require physical contact between donor and acceptor.
The most important contribution within the coulombic interac-
tion is the dipole—dipole term, that obeys the same selection
rules as the corresponding electric dipole transitions of the two
partners. Therefore, coulombic energy transfer is expected to be
efficient in systems in which the radiative transitions connect-
ing the ground and the excited state of each partner have high
oscillator strength. The relationship between the rate constant
for coulombic energy transfer and the spectroscopic and photo-

physical properties of the two molecular components is given
by the classical Forster formula (Eq. (4)),

DA o o dv
—A | FA(men— @)
0 Vv

ko = 1.25 x 10"
nttarly

where @4 is the quantum yield of donor emission, n the sol-
vent refractive index, 7 the lifetime of the donor emission, A
the distance (in nm) between donor and acceptor, Fa the emis-
sion spectrum of the donor (in wavenumbers and normalized
to unity), and ¢p is the decadic molar extinction coefficient of
the acceptor. With a good spectral overlap integral and appro-
priate photophysical parameters, the (1/ rgB) distance depen-
dence allows energy transfer to occur efficiently over distances
largely exceeding the molecular diameters (e.g. 50 A). Coulom-
bic energy transfer is therefore also called “long-range energy
transfer”. The typical example of efficient coulombic mecha-
nism is that of singlet—singlet energy transfer (Eq. (5)).

“D(S1)-B-A(Sp) — D(So)-B-"A(S1) &)

The exchange (also called “Dexter-type”) mechanism [17]
is a short-range mechanism that requires orbital overlap, and
therefore physical contact, between donor and acceptor. The
exchange interaction can be visualized as the simultaneous
exchange of two electrons between the donor and the accep-
tor (Fig. 2). The spin selection rules for this type of mechanism
reflect the need to obey spin conservation in the reacting pair
as a whole. Therefore, the exchange mechanism can be oper-
ative not only with spin-allowed states (as, e.g. in Eq. (5)) but
also in many cases in which the excited states involved are spin-
forbidden in the spectroscopic sense. Thus, the typical example
of efficient exchange mechanism is that of triplet—triplet energy
transfer (Eq. (6)).

*D(T1)-B-A(So) — D(So)-B-"A(T1) (6)

Fig. 2. Coulombic and exchange mechanisms for electronic energy transfer. Schematic representation in terms of electron transitions between frontier orbitals.
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Fig. 3. Photoinduced electron transfer in a covalently linked dyad.

The rate constant of exchange energy transfer is expected to
be sensitive to the nature of the linker B connecting the donor
and acceptor molecular components, as the donor—acceptor
exchange interaction can be effectively mediated by bridge-
localized orbitals. With long, modular bridges, the exchange
interaction is expected to fall off exponentially with through-
bond distance, or with number of intervening units in the bridge
[18-20]. Experimental correlations between the distance depen-
dence of exchange energy transfer and of electron/hole transfer
processes support the simple picture of exchange energy transfer
as a “simultaneous double electron transfer” [21].

2.2. Electron transfer

A possible scheme for photoinduced electron transfer is
shown in Fig. 3 (alternatively, a similar scheme in which the pho-
toexcited molecular component plays the role of acceptor could
be considered). In the absence of chemical complications, the
primary products are expected to undergo back electron transfer
toregenerate the starting ground-state system. The photoinduced
forward process and the back reaction are often called charge
separation (cs) and charge recombination (cr), respectively.

For a supramolecular system, the driving force of an excited-
state electron transfer process can be easily calculated on the
basis of electrochemical and spectroscopic data on the isolated
molecular components, with the appropriate corrections for elec-
trostatic work terms [22]. As far as kinetics are concerned,
electron transfer processes can be described in terms of quantum
mechanical [23-25] or classical [26—30] models. From a quan-
tum mechanical viewpoint, both photoinduced electron transfer
(Eq. (7)) and charge recombination (Eq. (8)) can be viewed as

D*-B-A — Dt-B-A~ 7
DT-B-A~ — D-B-A (8)

examples of radiationless transitions between different, weakly
interacting electronic states of the supermolecule D-B—A. The
probabilities of such processes are given by a “golden rule”
expression of the type (Eq. (9)) [26-29],

4
ket = 7” 2ECwpe! ©)

in which Hiefl is the electronic coupling between the two states
interconverted by the electron transfer process and FCWD®!
is a thermally averaged vibrational Franck—Condon factor
(“Franck—Condon weighted density of states”).

In covalently linked D-B—A dyads, the donor—acceptor elec-
tronic coupling is effectively mediated by the bridging group B
(through-bond mechanism) [30,31]. Through-bond electronic
coupling can be conveniently accounted for in terms of superex-
change [30,32-38]. The essential notion is that, although direct
interaction between the initial and final states of the electron
transfer process is negligible, indirect coupling takes place by
mixing with high-energy states of charge transfer character
(often called “virtual states”) involving the bridge. Thus, low-
energy LUMO (easily reducible) and/or high-energy HOMO
(easily oxidizable) bridges are good electron transfer superex-
change mediators. For long, modular bridges, not only the
chemical nature, but also the length is relevant to the electron
transfer rate. In this case, the superexchange model predicts an
exponential dependence of Hief1 on the number of modular units
[33,37,38], and thus of the donor—acceptor distance (Eq. (10)),

Hﬁcl — Hiefl(O) exp {—S(VAB — Vo)} (10)

where rap is the donor—acceptor distance, Hi‘}l (0) the interaction
at “contact” distance rg, and § is an attenuation parameter (also
named “damping factor”) representing the intrinsic electron-
mediating (“conducting”) ability of the bridge. The predicted
exponential decay of the electronic coupling has been verified
in several homogeneous series of dyads containing modular
organic bridges of variable length [37,38].

The FCWD®! term of Eq. (5) (often referred to as the
“nuclear factor” of the rate constant) is a thermally averaged
Franck—Condon factor connecting the initial and final states.
It contains a sum of overlap integrals between the isoen-
ergetic nuclear wavefunctions of reactant and product. The
nuclear wavefunctions include both (inner) vibrational modes
and (outer) solvent reorganizational modes. The summation is
made over the initial levels of the reactant, suitably weighted for
their Boltzmann population. The expression of FCWD®!, which
is quite complicated in a general case [26], becomes relatively
simple in idealized situations. For example, in a simple approx-
imation in which the solvent modes (average frequency, v,) are
thermally excited and treated classically (hv, < kTB), and the
internal vibrations (average frequency, vj) are frozen and treated
quantum mechanically (kg7 < hv;), and a single internal mode
is assumed to be involved, the FCWD®! term is given by Eq. (11)
[26,28]

1 1 172 e S
FCWD® = [ me
<4mokBT> ijs mi P

(AG® + Ao + mhvi)zl

11
A)okpgT (b

§=— (12)

In Eq. (11), the summation extends over m, the number of quanta
of the inner vibrational mode in the product state, AG® is the
thermodynamic driving force of the process, S is defined by
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Fig. 4. Left: Marcus model and kinetic parameters for an electron transfer reaction. Right: free-energy dependence of electron transfer rate (continuous line, Eq.
(15); dotted line: Eq. (11)) in the “normal” (right), “activationless” (center), and “inverted” (left) kinetic regimes.

Eq. (12), and, A, is the outer-sphere (solvent) reorganizational
energy, given in its simplest form [23-25] by Eq. (13),

TR 1 1 1
= e —_— e — I —
© 2VA 27‘13 I'AB Dop Ds

where e is the electron charge, Do, and D; the optical and static
dielectric constants of the solvent, ra and rg the radii of the two
molecular components, and rap is the intercomponent distance.
In Eq. (12), A; is the inner-sphere (vibrational) reorganizational
energy given, in the single mode approximation, by Eq. (14),

13)

1 2
A= Ek AQ (14)
where k is an average force constant and AQ is the change in
equilibrium geometry along the vibrational mode considered.
It can be shown [24] that in the high temperature limit (i.e.
when hv<kgT for all relevant nuclear modes, a reasonable
approximation for many practical cases at room temperature),
the nuclear factor takes the simple form (Eq. (15)):

1 1/2
FCWD = (| ——— exp
4mAkg T

where A = A; + A,. The exponential term of Eq. (15) is the same
as that predicted by the classical Marcus model [23-25], based
on parabolic energy curves for reactants and products such as
those of Fig. 4, in which the activation free energy is that required
for going from the equilibrium geometry of the reactants to the
crossing point. Both classical (Eq. (15)) and quantum mechan-
ical (Eq. (11)) models contain an important prediction, namely
that three typical kinetic regimes exist, depending on the driving
force of the electron transfer reaction: (i) a “normal” regime for
small driving forces (—A < AG® <0) in which the electron trans-
fer process is thermally activated and is favored by an increase
in driving force; (ii) an “activationless” situation (—A &~ AG®)

(AG® + 1)

15
47 kg T (1%

in which very small changes in rate are obtained by chang-
ing the driving force; (iii) an “inverted” regime for strongly
exoergonic reactions (—A > AG®) in which the electron trans-
fer process slows down with increasing driving force. Thus, an
increase of A slows down the process in the normal regime, but
accelerates it in the inverted regime. The three kinetic regimes
are schematically shown, in terms of classical Marcus’ parabo-
lae, in Fig. 4. The main difference between the classical (Eq.
(15)) and the quantum mechanical expression (Eq. (11)) lies in
the type of quantitative free-energy dependence predicted for
In k¢ in the inverted region (Fig. 4), respectively, parabolic [23]
and linear (so-called “energy-gap-law”) [26]. Experimental evi-
dence for the inverted region in electron transfer kinetics has
been obtained in systematic studies of homogeneous series of
reactions [39,40].

2.3. Light-induced functions

Energy and electron transfer are key steps of two important
light-induced functions of natural photosynthesis: light har-
vesting (antenna effect) and photoinduced charge separation.
In the natural photosynthetic systems, these functions are per-
formed by extremely complex, highly sophisticated supramolec-
ular structures (light harvesting complexes, reaction centers).
The basic principles underlying such functions are, however,
relatively simple and can be illustrated in a schematic way as
follows. Generally speaking, an artificial antenna is a multicom-
ponent system (Fig. 5) in which several chromophoric molecular
units absorb the incident light and funnel the excitation energy
to a common acceptor component where the energy can be ulti-
mately utilized (as emitted light or to effect a useful chemical
reaction). To this aim, two features should be implemented in the
supramolecular array: (i) energy should be rapidly and randomly
transferred between iso-energetic chromophoric units and (ii)
small energy gradients between chromophores should be used
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Fig. 5. Schematic representation of an artificial antenna system.

to direct the energy flow towards the utilization site. To match
these requirements, ideal chromophores should have transitions
of high oscillator strength (high eg and @4/t in Eq. (4)) and
small excited-state distortion (small Stokes shifts) so as to give
large J values (Eq. (3)) w1th minimum driving force. Porphyrins,
with their strong — transitions and their rigid planar struc-
ture meet these requirements to a high degree. This justifies their
wide use as building blocks for the design and synthesis of arti-
ficial antenna model systems [5].

In simple dyads, fast charge recombination is expected to
follow photoinduced electron transfer (Fig. 3). As shown by the
reaction centers of natural photosynthesis, the winning strat-
egy to overcome the energy wasting charge recombination is
to introduce further molecular components and perform a step-
wise charge separation process. The minimal set to illustrate
this point is a triad (Fig. 6).

D‘

hv
*D.A-A_Kes
D-A-a Kes'
+ —
TN D-A-A
hv | 1/t Ker
Ker'
D-A-A

Fig. 6. Schematic representation of a charge separating triad.

Among various possible triad schemes, we use as an example
that of Fig. 6, in which two consecutive electron transfer steps
take place: (1) from the excited chromophore, D", to a primary
acceptor molecular component, A (cs); (2) from the primary
acceptor to a secondary acceptor component, A’ (cs). The yield
of charge separation is given by Eq. (16),

Do = kes keg (16)

kes + (1/7) kes + ker

while the lifetime of the charge separated state is simply 1/kcy.
Of the two terms in Eq. (16), the first one (efficiency of quenching
of the excited chromophore) is maximized by long-lived excited
states and fast electron transfer. Often, the key to the overall effi-
ciency lies in the second term of Eq. (16), i.e. in the competition
between primary charge recombination, k., and secondary elec-
tron transfer process, k.y. This term can be maximized if kg
lies in the “normal” and &, in the “inverted” Marcus free energy
regime (Fig. 4). If the charge separation is used for energy con-
version purposes, a further requirement is that the energy loss in
the two consecutive electron transfer steps is as small as possi-
ble. In order to meet all of the above requirements, the molecular
components of a triad should have an as small as possible reor-
ganizational energy (A in Eq. (15)). From this viewpoint, the
porphyrins are ideally suited in terms of their large size (small
Ao in Eq. (13)) and highly delocalized electronic structure (small
distortion upon reduction/oxidation, AQ in Eq. (14)). Several
triads (as well as more complex systems, tetrads, pentads, etc.)
have been successfully developed [4], many of which involve
porphyrins as chromophores.

3. Metal-mediated assemblies of porphyrins

For the construction of metal-mediated multichromophore
assemblies we have mainly exploited meso-pyridyl/phenylpor-
phyrins (PyPs), a class of electron-donor building blocks which
can provide geometrically well defined connections to as many
as four metal centers by coordination of the peripheral meso
pyridyl groups (Fig. 7).

The pyridyl nitrogen atom(s) of PyPs can be either in 4’ or in
3/ position [41]. With 4'PyPs the coordination bonds are estab-
lished in the plane of the porphyrin, along the meso bond axes;
with 3'PyPs instead, since the meso pyridyl rings are tilted, the
coordination bonds are directed out of the plane of the chro-
mophore (Chart 1).

Q
N
2 N 6
3 | 75
"
Arq = Arp = Arz = phenyl 4'MPyP
Ary = 4'-pyridyl, Arp = Arg = phenyl 4'-cisDPyP
Arg Arqy Arq = Arz = phenyl, Arp = 4'-pyridy| 4'-transDPyP
Ary = phenyl, Ar, = Ary = 4'-pyridyl 4'TrPyP
Ary = Arp = Arg = 4'-pyridyl 4'TPyP
Ar, M = 2H (free-base) or Zn(ll)

Fig. 7. Schematic drawing of 4'PyPs with numbering scheme; grey circle sym-
bolizes an external metal center.
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N

4'PyPs

3'PyPs

Chart 1.

The change in the position of the nitrogen atom in the
pyridyl ring(s) is expected to induce major changes in the
geometry of the resulting metal-mediated supramolecular sys-
tems, even though these changes are not easily predictable a
priori.

The electron-acceptor building blocks, i.e. the metal cen-
ters, may either be located in the core of another porphyrin
or belong to a coordination compound. When porphyrins bear-
ing appended ligands bind to metallo-porphyrins, assemblies
of axially connected chromophores are generated (side-to-face
assemblies) (Fig. 8).

In metalloporphyrins the number of coordination axial sites
that can be exploited, usually one or two, their lability as well
as the affinity toward different donor atoms can be fine-tuned by
changing the nature and the oxidation state of the metal center.
Moreover, the electronic structure (electron-acceptor properties
of the metal center), and the access to the porphyrin core, can
be designed by means of well-planned peripheral substitutions
either at the B-pyrrole or meso position(s).

The alternative synthetic strategy towards metal-mediated
supramolecular assemblies of chromophores, which exploits the
formation of coordination bonds between peripheral donor sites
on the porphyrins and external metal centers (either naked ions
or coordination compounds), is extremely convenient and versa-
tile. In particular, when the design of robust three-dimensional
structures with precise size and shape is of interest, the use of
coordination compounds as structural units has proved to be very
efficient [6]. A large and diverse number of transition-metal
coordination geometries can be exploited in the construction

of elaborate assemblies, giving access to different topologies
rather difficult to obtain with the classical synthetic methods.
An appropriate choice of the ancillary ligands allows to fine-
tune the charge and polarity (and thus solubility) of the final
adduct and to introduce additional functionalities (e.g. chirality).
In addition, also the metallic connectors, if appropriate coordina-
tion complexes are chosen, may introduce useful photophysical
properties into the assemblies.

Examples of multichromophore systems prepared by us with
these two synthetic approaches, that lead to very different archi-
tectures, will be treated separately in the following sections.
A common feature of these oligomeric systems is that their
visible spectrum matches very closely the sum of the spectra
of the single monomeric components, indicating weak mutual
perturbation of the chromophoric units. This additive behav-
ior indicates that these arrays are true supramolecular systems,
i.e. weakly interacting multi-component systems in which the
energy levels of each chromophore are substantially unperturbed
by inter-component interactions.

3.1. Side-to-face assemblies of chromophores

We mainly exploited zinc-porphyrins and Ru(CO)-
porphyrins: both are neutral and have only one axial site
available for coordination (the carbonyl ligand in Ru(II)(CO)-
porphyrins is very tightly bound and not easily displaced)
and a good affinity for pyridyl ligands. However, while the
Zn(ID)-porphyrin—N-(pyridyl) interaction is intrinsically weak
(association constant ca. 103M~') and relatively labile,
stronger and more inert bonds are obtained for Ru(I[)(CO)-
porphyrins and N-heterocycles. As a consequence, in the
absence of cooperativity (see below), the assemblies based
on coordination to zinc-porphyrins are not sufficiently stable
at photophysical concentrations (typically 10"°M) and we
preferred coordination to ruthenium porphyrins.

We found that treatment of PyPs with the required
amount of [Ru(TPP)(CO)(EtOH)] in chloroform at room
temperature leads rapidly and quantitatively (assessed by

Fig. 8. Schematic examples of discrete side-to-face multiporphyrin assemblies that can be obtained with 4'PyPs.
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'H NMR) to the corresponding side-to-face assembly
(from the dimer [Ru(TPP)(CO)(MPyP)] to the pentamer
[(TPyP){Ru(TPP)(CO)}4]) in which all the peripheral pyridyl
groups of the central PyP are axially bound to a ruthenium-
porphyrin [9,42]. The products are more soluble than the original
PyP. Derivatives (in which the central PyP is zincated) (i.e.,
[Ru(TPP)(CO)(Zn-MPyP)] and [(Zn-TPyP){Ru(TPP)(CO)}4])
were best synthesized by treatment of the oligomers with an
excess of zinc acetate in CHCl3/MeOH mixtures. While 4'PyPs
led to assemblies of perpendicularly linked porphyrins, 3'PyPs
yielded the corresponding tilted adducts.

The solution structures of the assemblies were assessed
by '"H NMR spectroscopy; signal assignments were supported
by 2D H-H COSY and NOESY experiments. Pyridyl signals
were always sharp; no exchange between coordinated and free
PyPs was observed at NMR concentrations. Signal integration
revealed adduct stoichiometry, while the pyrrole resonances of
PyPs were characteristic of the geometry. A common feature
in the NMR spectra of axially ligated porphyrin aggregates
is the dramatic upfield shift of the resonances of the central
chromophore induced by the (cumulative) anisotropic shielding
effect of the peripheral porphyrin(s). The NMR data, through
chemical shift and symmetry arguments, also indicated that at
room temperature all the meso six-membered rings experience
hindered rotation about the C(meso)—C(ring) bond and lie essen-
tially perpendicular to the mean plane of the corresponding
porphyrin. Therefore, in solution the dihedral angles between
the mean plane of the central PyP and those of the peripheral
Ru(TPP)(CO) units, on average, are very likely close to the ideal
values of 90° (4’PyPs) and 30° (3'PyP), respectively (Chart 2).

The X-ray structure of the dimeric adduct [Ru(TPP)(CO)(3’
MPyP)] (1) established that in the solid state the dihedral angle
between the mean plane of 3’MPyP and that of TPP is very close
to 40° (compared to ca. 81° in [Ru(OEP)(CO)(4' MPyP)]) [10a]
(Fig. 9).

We mainly focused on the two symmetrical pentameric side-
to-face assemblies obtained with 4'TPyP and 3'TPyP, respec-
tively. The orthogonal pentamer, [(4 TPyP){Ru(TPP)(CO)}4]
(2), has a predicted shape best described as two attached open-
ended square boxes sharing a common bottom (4'TPyP) and
four Ru(TPP)(CO) units as walls (Fig. 10).

Assuming normal bond distances and angles, a cavity width
of ca. 20 A at the base is estimated. X-ray investigation per-

Fig.9. X-ray structure of [Ru(TPP)(CO)(3'MPyP)] (1) (adapted from Ref. [9b]).

formed on [(Zn-3'TPyP){Ru(TPP)(CO)}4] (3Zn) allowed us
to establish that the tilted analogues 3 and 3Zn have a very
compact and symmetrical structure; the ruthenium porphyrins
lie alternatively above and below the mean plane of the cen-
tral Zn-3'TPyP unit. The particularly simple 'H NMR spectrum
of the pentamer indicated that a symmetrical arrangement of
the four Ru(TPP)(CO) units around 3'TPyP, very likely simi-
lar to that found in the solid state, is preserved also in solution.
In "H NMR spectra of 2/2Zn and 3/3Zn all phenyl rings are
equivalent, indicating free rotation of Ru(TPP) units about the
Ru—-N(py) bonds.

We also made bisporphyrin sandwich assemblies by con-
necting two Ru(TPP)(CO) units through metal-containing
ligands with a frans geometry, such as [{frans,trans,trans-

M=2H (2
M=2zn(ll) (2Zn)

Ph

Fig. 10. Schematic drawing of the orthogonal pentamer [(4'TPyP){Ru(TPP)
(COY}al (2).
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Fig. 11. Schematic representation of the Re(V) linear and tilted bisporphy-
rin sandwich adducts [{trans,trans,trans-ReO(OEt)Cl }(u-pyz)2 {Ru(TPP)
(CO)}21(4) and [{trans, trans, trans-ReO(OE)Cl, } (u-pym)2 { Ru(TPP)(CO) }2]
(5), respectively (phenyl groups omitted for clarity).

ReO(OEt)Cl, }(u-pyz)2{Ru(TPP)(CO) },] (4), and the corres-
ponding tilted compound [{¢rans, trans, trans-ReO(OEt)Cly } (-
pym)2{Ru(TPP)(CO)}»] (5) (Fig. 11) [43].

More recently, we used the bis-pyridyl perylene-bisimide
chromophore (PBI) as linear bridging ligand and prepared the
corresponding adduct [{Ru(TPP)(CO)},(n-PBI)] (6), in which
two ruthenium porphyrins are axially bound to a central PBI
chromophore (Fig. 12) [44].

Q
Ph C Ph
J

Ph Ph

6
Ph - Ph

Fig. 12. Schematic drawing of the bisporphyrin/perylene-bisimide assembly
[{Ru(TPP)(CO)}(1-PBD)] (6).

3.2. Ruthenium-mediated discrete assemblies of porphyrins

Within this synthetic approach we mainly exploited the coor-
dination ability of two Ru(Il) complexes, frans-[RuCl,(dmso-
S)4] (7) and trans,cis,cis-[RuCly(dmso-O)>(CO);] (8), that
behave as neutral cis bis-acceptor fragments upon selective
replacement, under mild conditions, of two adjacent dmso lig-
ands with heterocyclic N-donor ligands (L) [45].

Thus, treatment of 7 or 8 with a slight excess of
4'MPyP (chloroform, room temperature), yielded the corre-
sponding disubstituted complexes trans,cis,cis-[RuCly(dmso-
S)2(4'MPyP),] (9) and trans,cis,cis-[RuCly(CO),(4' MPyP),]
(10), respectively, in which the two adjacent porphyrins are
in free rotation about the Ru-N bonds (Fig. 13) [42b,46].
The newly formed Ru—N(pyridyl) bonds on the trans,cis,cis-
RuCl,(X); fragment (X = dmso-S, CO) are both stable and inert
and, as a consequence, the corresponding adducts are very
robust.

Similarly, we found that the reaction of the cis coordinat-
ing ruthenium precursors 7 and 8 with the angular porphyrin
building block 4’-cisDPyP, leads to different products depend-
ing on the ligand-to-metal ratios employed: either metallacycles
(1:1 ratio) (Scheme 1) or bispophyrin complexes (4:1 ratio) (see
below, Fig. 17).

This experimental observation implies that the formation
of such products occurs under kinetic control, as it might
have been anticipated considering the relatively inert nature
of the Ru(I-N(py) bond. Thus, treatment of the Ru precur-
sors with a stoichiometric amount of 4’-cisDPyP led to the
formation of the neutral 2 + 2 metallacycles of porphyrins of for-
mula [trans,cis,cis-RuCly(X)(4'-cisDPyP)], (X =dmso-S, 11;
X=CO, 12) (Scheme 1) [42b,46b,47].

X =dmso-S (9)
X=CO (10)
M = 2H or Zn(ll)

Fig. 13. Schematic drawing of trans,cis,cis-[RuCl,(dmso-S)2(4’'MPyP),] (9)
and trans, cis,cis-[RuCly (CO)2 (4’ MPyP); ] (10), as free-base or zincated deriva-
tives.
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Scheme 1.

These products were purified by column chromatography and
fully characterized spectroscopically and by FAB mass spec-
trometry.

As for the side-to-face assemblies described above, 'H NMR
spectroscopy proved particularly useful for characterizing the
new Ru—4'PyP compounds. Coordination to ruthenium affects
mainly the resonances of the pyridyl ring(s) of 4'PyPs, caus-
ing downfield shifts (A§ H2,6 from 0.3 to 0.9 ppm, AS§ H3,5
from 0.03 to 0.18 ppm, see Fig. 7 for numbering scheme).
The dmso-S signals, when present, gave information about the
coordination environment of the Ru centers and the symme-
try of the assembly. Further evidence for the assignment of the
product geometry were obtained from IR and '3C{'H} NMR
spectroscopic data concerning the chloride, dmso, and carbonyl
ligands.

The 'HNMR spectra of 11 and 12 unambiguously established
the metallacyclic nature and high symmetry of these species. A
recent X-ray structural determination performed on the zincated
derivative of 12, 12Zn (see also Section 3.3), showed that in the
solid state the metallacycle (C> symmetry, with the two-fold axis
passing through the Ru atoms) is flat, with an almost perfect co-
planar arrangement of the two porphyrins. The Ru- - -Ru and the
Zn- - -Zn distances are 14.009(3) and 14.028(3) A, respectively
(Fig. 14) [7i].

The reaction of precursor 8 with an equimolar amount of 3'-
cisDPyP, rather than 4’-cisDPyP, yielded the corresponding neu-
tral 2 + 2 metallacycle [trans, cis,cis-RuCly (CO),(3'-cisDPyP)],
(13) (Fig. 15) [7i].

NMR spectroscopy provided unambiguous evidence that
only one highly symmetrical metallacycle, in which the two
chromophores are held in a slipped cofacial arrangement by
the external Ru(Il) fragments, exists in solution. We had no
evidence of the formation of other possible conformers of 13,
which might derive from different orientations of the 3'N(py)
rings with respect to the porphyrin plane. The unprecedented
staggered geometry of 13, and of the similar fully zincated
derivative [trans, cis,cis-RuCly (CO),(Zn-3'-cisDPyP)], (13Zn),

Fig. 14. Front-view of the solid state structure of [trans,cis,cis-RuCly(CO),
(Zn-4'-cisDPyP)(EtOH)], (12Zn) (adapted from Ref. [7i]).

M=M=2H, X=CO (13)

M=M =Zn(l), X=CO  (13Zn)

M = 2H, M' =Zn(ll), X = CO (13Zn4;2)
Fig. 15. Schematic representation of the neutral porphyrin metallacycle

[trans,cis,cis-RuCly (CO), (3'-cisDPyP)], (13), and of its fully and semi-zincated
analogues (13Zn, 13Zn; ).
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Fig. 16. Side-view (along Ru- - -Ru) of the molecular structure of [trans,cis,cis-
RuCl,(CO)»(3'-cisDPyP)]» (13) (adapted from Ref. [7i]).

were confirmed in the solid state by X-ray structural investiga-
tions (Fig. 16).

The geometry of 13, with an interplanar distance between the
two porphyrins of 4.18 A and a lateral offset (center-to-center
distance) of 9.819 A, closely resembles those found for the bac-
teriophylls of the special pair and of the antenna system (B850)
of photosynthetic bacteria. Thus, as anticipated, the change in
the position of the N atom in the peripheral pyridyl rings of
cisDPyP from 4’ to 3’ led indeed, upon coordination to the same
cis bifunctional ruthenium fragment [trans,cis-RuCl,(CO);], to
porphyrin cyclic assemblies with equal nuclearity, but very dif-
ferent geometries: from a flat two-dimensional one (12) to a stag-
gered three-dimensional structure with a rigid spatial arrange-
ment of the two chromophores (13).

Conversely, treatment of 7 or 8 with excess 4’-cisDPyP
under mild conditions led, after chromatographic purification,
to the isolation of the corresponding bisporphyrin mononuclear
compounds trans,cis,cis-[RuCly(X),(4'-cisDPyP),] (Fig. 17,
X =dmso-S, 14; X=CO, 15). The nature and geometry of the
products were established by 'H and '*C NMR spectroscopy
[7g,42b,46b].

Compounds 14 and 15 have one residual unbound 4'N(py)
ring on each of the two cis coordinated 4’-cisDPyP units,
and are therefore metal-containing ligands. We demonstrated
that they are capable of chelating suitable cis bis-acceptor

=Z

M
RU
x” (l: t\N :

M= 2H, X = dmso-S (14)
M=2H, X = CO (15)
M=Zn(ll), X=CO  (15Zn)

Fig. 17. Schematic drawing of the metal-containing ligands trans,cis,
cis-[RuCly(dmso-S),(4'-cisDPyP),] (14), trans,cis,cis-[RuCl,(CO), (4 -cis
DPyP),] (15) and its zincated derivative trans,cis,cis-[RuCly(CO),(Zn-4 -
cisDPyP),] (15Zn).

metal fragments. Indeed, '"H NMR spectroscopy established
that titration of [Pd(dppp)(OTf);] into chloroform solutions
of either 14 or 15 leads readily to the quantitative formation
of the corresponding hetero-bimetallic 2+2 metallacycle of
porphyrins [Pd(dppp) {#rans, cis,cis-RuCly(X)2(4'-cisDPyP), } ]
(OTf)> (Scheme 2, X=dmso-S, 16; X=CO, 17), featuring
one neutral octahedral Ru(Il) and one dicationic square-planar
Pd(II) fragment at opposite corners. Product selectivity was not
affected by accidental excess of [Pd(dppp)(OTf);] and no evi-
dence of homo-metallic metallacycles was found.

According to the X-ray structure, the metric parameters of 17
(metal-to-porphyrin center distances of about 9.83 A, Pd. - -Ru

trans,cis,cis-[RuCl,(X)o(4'-cisDPyP),] (14, 15)

[Pd(dppp)(OTH),]

Cl
xh,,. | _,.-X

D TARS 7

—

L7 -:"'-\N,, NP

= o, D E
20Tt Pa X = dmso-S  (16)

(Ph)sz(Ph)z X =CO0 (17)

M = 2H or Zn(ll)
Scheme 2.
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Fig. 18. Side-views of [trans,cis,cis-RuCly(CO),(Zn-4'-cisDPyP)(EtOH)],
(12Zn) (along Ru---Ru, top, adapted from Ref. [7i]) and of [Pd(dppp)
{trans,cis,cis-RuCly(CO), (4 -cisDPyP), }1>* (17) (along Pd---Ru, bottom,
adapted from Ref. [7g]).

diagonal distance of ca. 14.0 A) are very similar to those found in
the corresponding homo-metallic ruthenium metallacycle 12Zn
(see above). However, while in the solid state 12Zn is almost
perfectly flat, 17 exhibits a butterfly conformation with por-
phyrins least-squares planes that form a dihedral angle of ca.
138°, approximating a Cs symmetry (Fig. 18), similar to what
was found by Stang and co-workers in the corresponding “all-
palladium” metallacycle [Pd(dppp)(4’-cisDPyP)]>(OTf)4 [7h].
Optimization of the stacking interactions between the phenyl
rings of the diphosphine bridge and the pyridyl rings of the por-
phyrins is very likely the driving force leading to this distortion
in the solid state.

When the two porphyrins of 15 are zincated, the corre-
sponding trans,cis, cis-[RuCly (CO),(Zn-4'-cisDPyP), ] complex
(15Zn) (Fig. 15) features two donor (the uncoordinated 4'N(py)
atoms) and two acceptor (the Zn atoms) sites, whose relative ori-
entation depends on the torsion angles about the Ru—N bonds.
It can therefore be expected that these reactive sites interact
with each other to give discrete and/or polymeric self-assembled
species (Fig. 19) [46b,48].

'H NMR spectroscopy provided unambiguous evidence that
15Zn self-assembles in CDCI3 solution through the establish-
ment of 4'N(py)-Zn interactions to yield selectively a single,
highly symmetrical, discrete species in which all donor and all
acceptor sites are involved.

Single crystal X-ray analysis established that this prod-
uct is a dinuclear species, [frans,cis,cis-RuCly(CO),(Zn-4'-
cisDPyP),]> (18), that features four porphyrins and six metal
atoms (two Ru and four Zn), in which the four 4'N(py) sites and
the four Zn sites are mutually saturated (Fig. 20). The NMR data
of 18 are consistent with the structure found in the solid state,
indicating that in solution the same assembly is maintained. The
self-assembled structure is very stable: it runs intact through a
column of silica gel and no evidence of dissociation was found in
the '"H NMR spectra (CDCl3) of 18 diluted to the limit of detec-
tion (ca. 3 x 107> M). The high stability of the dinuclear species
suggests that the four 4N (py)—Zn interactions occur with a good
degree of cooperativity.

Q = trans,cis-RuCly(CO),

Fig. 19. Schematic representation of possible intermolecular interactions in
trans,cis, cis-[RuCly(CO),(Zn-4'-cisDPyP);] (phenyl groups omitted for clar-
ity).

In conclusion, trans,cis,cis-[RuCly(CO),(Zn-4'-cisDPyP), ]
is an unprecedented example of self-complementary metallo-
porphyrin building block that selectively recognizes itself by
two point self-coordination yielding a very stable and sym-
metrical dimeric species, 18. While in the literature there are
several examples of one-point self-coordination of metallopor-
phyrins [49], two-point self-coordination is much rarer [50] and
no other examples of structurally characterized products have
been described.

Fig. 20. Perspective view of the solid-state molecular structure of [trans, cis, cis-
RuCly(CO),(Zn-4'-cisDPyP),], (18), for clarity the two trans,cis,cis-
[RuCly(CO),(Zn-4'-cisDPyP);] units have different shades (adapted from Ref.
[48]).
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3.3. Metal-mediated assemblies of higher order

Treatment of the metallacycles 12 or 13 with excess zinc
acetate in chloroform/methanol mixtures led to the isolation
of the corresponding fully zincated adduct 12Zn or 13Zn,
respectively. Similarly, the reaction of 12 or 13 with half
equivalent of Zn(CH3COQ), afforded in pure form, after
chromatographic work-up, the corresponding semi-zincated
metallacycles 12Zn1; and 13Zn;,, in which only one of the
two chromophores has an inner zinc atom (see below).

Metallacycle 12Zn, which is kinetically stable owing to the
inertness of the Ru—N(pyridyl) bonds, is a rigid bidimensional
molecule with two axial acceptor sites, the Zn ions. Thus it can
be exploited as a rigid square panel with two central junctions
for the construction of more elaborate supramolecular adducts
upon treatment with appropriate polytopic N-donor ligands that
will bind axially to the Zn atoms. In this approach, a porphyrin
supramolecular species becomes in turn, after metallation, a con-
venient building block for further metal-mediated self-assembly
processes.

We found by '"H NMR spectroscopy that titration of 12Zn
with one equivalent of a linear ditopic N-donor ligand leads
selectively to the quantitative assembling of sandwich-like 2:2
supramolecular adducts of formula [(12Zn),(w-L),] (L=4,4-
bipy, 19; L =4'-transDPyP, 20; L = 4’ -transDPyP-npm, 21), con-
sisting of two parallel metallacycles connected face-to-face
by two bridging ligands which are axially bound to the zinc-
porphyrins (Fig. 21) [42b,46b,47].

Compounds 20 and 21, which feature six porphyrins each,
might be better defined as multiporphyrin molecular boxes.
Compound 20 was also characterized in the solid state by single-

Fig. 22. X-ray structure of the multiporphyrin molecular box [(12Zn)(ju-4'-
transDPyP),] (20) (adapted from Ref. [47]).

crystal X-ray analysis (Fig. 22). The distance between the two
opposite metallacycles, which are slightly warped, is ca. 19.5 A.
The two bridging 4'-transDPyP ligands are cofacial and slightly
bowed inward, at a distance of ca. 11.4 A. The apical 4'N(py)
rings bound to the Zn ions are approximately perpendicular to
the porphyrin basal planes. The CDCl3 NMR spectrum of 20
is perfectly consistent with the solid state structure, suggesting

19, 20, 21

Fig. 21. Schematic drawing of the porphyrin molecular sandwiches 19-21 (L =4,4"-bipy, 19; L =4’-transDPyP, 20; L =4'-transDPyP-npm, 21).
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that the same geometry, including the cofacial orientation of the
two bridging pyridylporphyrins, as an average, is maintained in
solution. Even though systems featuring two cofacial porphyrins
connected to one another by flexible or rigid organic bridges are
well known [51], systems in which the two porphyrins are not
covalently linked are rather uncommon.

Formation constants higher than 10'® M3 were estimated
in chloroform for compounds 19-21 and the "H NMR spectra
of CDClj solutions, diluted to the limit of detection, showed
the resonances of the intact assemblies exclusively. The high
stability of the adducts was attributed to entropy considerations:
owing to the rigidity of the fragments, formation of the sandwich
molecules requires limited conformational changes; in addition,
there must be considerable cooperativity in the coordination of
the two bridging ligands.

Despite the unambiguous NMR evidence that in solution
compound 19 exists as a discrete sandwich molecule, X-ray
analysis showed that in the solid state it has a different structure,
which consists of an infinite wire of porphyrin metallacycles
bridged by 4,4’-bipy ligands axially coordinated alternatively
on the two opposite faces of each 12Zn unit, [(12Zn)(u-4,4'-

bipy)]eo-

4. Photophysical properties
4.1. Photophysics of simple porphyrins

In this section, the photophysical behavior of some proto-
typal porphyrins is summarized, so as to facilitate the sub-
sequent discussion of the supramolecular systems. We use
here as convenient experimental cases 4 MPyP, ZnTPP, and
[RuTPP(CO)(py)] (Chart 3) [9a].

These systems can be taken as good examples of the general
behavior of free-base porphyrins (Fb), zinc metalloporphyrins
(Zn), and ruthenium metalloporphyrins (Ru). Minor quantitative
changes in the spectroscopic and photophysical behaviors of
these chromophores are only expected to occur as a consequence
of chemical modifications such as, e.g., exchange of peripheral
phenyl with pyridyl groups or axial coordination of an additional
ligand (e.g., pyridine) to the metal in the case of Zn.
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Fig. 23. Absorption and emission (dotted lines) spectra of prototype free-base
(Fb), zinc- (Zn), and ruthenium-porphyrin (Ru).

The absorption spectrum of the free-base porphyrins (Fig. 23)
involves, besides the intense Soret band, a typical Q-band system
made of four distinct vibronic bands. The metalloporphyrins, on
the other hand, exhibit a characteristic two-band pattern in the
Q-band region. The 00 transition is strongly blue shifted upon
metallation.

The reasons for the different photophysical behavior of the
three types of unit can be discussed in terms of the Jablon-
ski diagrams of Fig. 8. It can be seen that the free-base and
zinc-porphyrin have excited singlet states with nanosecond life-
times, that deactivate via both intersystem crossing to the triplet
state (90-95% efficiency) and fluorescent emission (5-10%
efficiency). This is the typical behavior of many organic chro-
mophores such as, e.g., aromatic hydrocarbons. By contrast, the
behavior of the ruthenium porphyrin is similar to that of typ-
ical inorganic chromophores, being dominated by the strong
spin—orbit coupling provided by the heavy ruthenium center.
Thus, ultrafast intersystem crossing prevents any measurable
singlet-state fluorescence. Furthermore, measurable phospho-
rescence from the triplet state is observed in solution.

Experimentally, the singlet states of free-base and zinc-
porphyrins can be conveniently monitored not only by fluores-
cence spectroscopy but also by picosecond transient absorption

0 ZnTPP

[Ru(TPP)(CO)(py)]

Chart 3.
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Fig. 24. Energy level diagrams and photophysical mechanisms of prototype free-base (Fb), zinc- (Zn), and ruthenium-porphyrin (Ru).

(Fig. 25). By comparison with the absorption/emission spec-
tra of Fig. 23, it can be seen that the transient spectra consist
of a broad featureless positive absorption throughout the visi-
ble region, with superimposed bleachings of the ground-state
Q-bands and additional apparent bleachings corresponding to
stimulated fluorescent emission. As such, the picosecond tran-
sient spectra provide good fingerprints for the excited states,
particularly useful for diagnostic purposes in supramolecular
systems containing various types of chromophores (see, e.g.,
Sections 4.3 and 4.5).

The triplet states of free-base, zinc-, and ruthenium-
porphyrins can be conveniently monitored in nanosecond laser
flash photolysis (Fig. 26). The triplet transient spectra exhibit
significant differences between the free-base and the metallo-
porphyrins (Fig. 26) that can be used for diagnostic purposes in
multichromophore supramolecular systems (see, e.g., Section
4.4).
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Fig. 25. Transient absorption spectra obtained for free-base and zinc-porphyrin
in ultrafast spectroscopy (excitation at 560nm). Time delay after excitation
pulse, 1 ps. Appreciably constant in the 1-1000 ps time range.

4.2. Adducts between pyridylporphyrins and Ru(Il)
complexes

Adducts 22-25, 9, 11, involving different 4'PyPs and octa-
hedral Ru(Il) fragments with different ancillary ligands and
stereochemistry (cis,cis-RuCl(CO)(dmso-S), and trans,cis-
RuCl,(dmso-S),), have been studied (Chart 4) [9d,52]. In these
adducts, the Ru(Il) fragments are virtually non-absorbing in the
visible, so that selective excitation of the pyridylporphyrin is
easily achieved. In all the adducts the pyridylporphyrin emit-
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Fig. 26. Triplet difference absorption spectra obtained in the laser flash photol-
ysis of free-base, zinc-, and ruthenium-porphyrin.
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S = dmso-S

Chart 4.

ting singlet excited state is shorter-lived compared to the parent
molecule. The effect, not very large but significant, increases
with the number of ruthenium centers attached to each chro-
mophore (Fig. 27). The magnitude of the effect also depends on
the nature of the Ru center, being higher for the adducts 9, 11
than for the series 22-25.

The origin of this lifetime shortening is interesting, since the
most obvious quenching mechanisms, singlet energy transfer
and photoinduced electron transfer, are prohibited on energetic
grounds [52]. A likely explanation of the pyridylporphyrin sin-
glet quenching in the arrays can be identified in the heavy-atom
effect of the metal. The conventional notion of this effect is that

heavy-atom substituents introduce spin—orbit coupling into a
molecule, thereby relaxing spin selection rules. In simple molec-
ular systems, the heavy-atom effect quenches the lowest excited
singlet state by enhancing intersystem crossing to the triplet.
In supramolecular systems of the type we are dealing with
here, besides intersystem crossing within the pyridylporphyrin
chromophore (kisc), an additional spin-forbidden channel is
available for deactivation of the pyridylporphyrin singlet, i.e.,
singlet—triplet energy transfer to the attached metal fragment
(ksTEn) (Fig. 28). In principle, both channels are expected to be
sensitive to the heavy-atom effect of ruthenium, although their
relative importance is difficult to predict: for kisc the heavy atom
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Fig. 27. Porphyrin fluorescence lifetime quenching by coordinated Ru centers
in compounds 22-25, 9, and 11.

is remote, but the process is an intra-component one; for ksTgn
the heavy metal center is directly involved, but the process is an
inter-component one.

The two types of heavy-atom effects can be experimentally
discriminated, as they are expected to induce opposite changes
in the population of the pyridylporphyrin triplet in the adduct
relative to the free chromophore: slight (if any) increase in the
case of enhanced kjsc, decrease in the case of the ksTg, pathway.
Comparative laser flash photolysis experiments were performed
to this purpose [52]. The results seem to indicate different path-
ways for adducts bearing different Ru centers. In particular, for
25 the porphyrin triplet population is practically the same as for
the free-base, suggesting enhanced intersystem crossing (kisc in
Fig. 28) as quenching mechanism. On the other hand, an evident
decrease in triplet formation is observed for 9 and 11, support-
ing the singlet—triplet energy transfer pathway (kstg, in Fig. 28)

Sl —— —
A kS’I'Hn
leC
P—
T,
l/Tprp I/TTRU
\J
S — ——
0 PyP R 0

Fig. 28. Possible pathways for pyridylporphyrin fluorescence quenching by
heavy-atom perturbation.

as quenching mechanism for these systems. In conclusion, both
mechanisms seem to be operative in the adducts studied, the
choice being dependent on the type of Ru center. The reasons
for the switch in mechanism is not obvious, in the absence of
direct information on the triplet energies of the two types of
Ru(II) complexes. Ligand field arguments could suggest that
the singlet—triplet energy transfer channel may become energet-
ically unavailable for adducts with carbonyl-containing Ru(II)
centers [52].

4.3. Metallacycles

The six metallacycles 12, 12Zn, 12Zn;» and 13, 13Zn,
13Zn, > contain two cis dipyridylporphyrins and two trans,cis-
RuCl,(CO); corners (see Scheme 1 and Fig. 15). They differ in
the pyridyl substituents on the porphyrin, and hence in the over-
all geometry: 12, 12Zn, 12Zn;; contain 4'-pyridyl groups and
are planar, 13, 13Zn, 13Zn;/; have 3'-pyridyl groups and have
a slipped cofacial geometry (see Section 3 for detailed struc-
tural information). For each structural type, free-base homo-
dimers (12, 13), zinc-porphyrin homo-dimers (12Zn, 13Zn), or
free-base/zinc-porphyrin hetero-dimers (12Zny,>, 13Zn;,;) are
obtained by controlling the degree of zinc insertion. The photo-
physics of these six metallacycles has been studied in chloroform
[7i].

As expected for weakly interacting systems, the absorption
spectra of the homonuclear species 12, 13 and 12Zn, 13Zn are
very similar to those of the parent free-base and zinc-porphyrin
chromophores in the Q-band region (Fig. 23), except for minor
spectral shifts. A prominent difference between the planar and
the slipped cofacial macrocycles is found in the Soret band
region, in which a clear exciton splitting (of ca. 500cm™!) is
present only for the latter compounds (13 and 13Zn). This result
is as expected on the basis of the relative center-to-center dis-
tance in the two types of metallacycles (10.1 A in the slipped
cofacial geometry as compared to 14.1 A in the planar sys-
tems). The photophysics of the homo-dimers is very similar
to that of the corresponding monomeric species. In particular,
12 and 13 exhibit the typical fluorescence of the free-base (12
Amax =655,716 nm, 7=5.7ns; 13 Apax =656, 716 nm) and 12Zn
and 13Zn that of Zn-porphyrins (12Zn Ay =608, 651 nm,
t=1.1ns; 13Zn Apax =600, 651 nm). The lifetimes (12 and
13, 5.5ns; 12Zn and 13Zn, 1.04 ns) are somewhat shortened
(by 30-40%) with respect to the porphyrin components, as a
consequence of the heavy-atom effect of the external ruthe-
nium centers (see Section 4.2 for a detailed account of this
phenomenon).

The behavior of the hetero-dimers 12Zn;,; and 13Zn;)
is more interesting, as in these systems a substantial energy
gradient exists between the two chromophores (Fig. 24). The
absorption spectra of these semi-zincated species reflect with
reasonable approximation the superposition of those of the free-
base and Zn-porphyrin components, as shown, e.g., for 13Zn;,»
in Fig. 29. An important consequence is that, besides selective
excitation of the free-base porphyrin at A >600nm, substan-
tial excitation of the zincated porphyrin can be obtained in the
hetero-dimers with light of ca. 550 nm.
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Fig. 29. Comparison between the absorption spectrum of 13Zn;,; and those of
free-base (Fb) and Zn-porphyrin (Zn) monomeric models.

In the semi-zincated species, free-base fluorescence (12Znj»
Amax =058, 719nm, 7=5.0ns; 13Zny;p Amax =654, 718 nm,
t=5.3ns) is always observed, regardless of the excitation
wavelength. This demonstrates the occurrence of efficient
intramolecular singlet energy transfer from the Zn-porphyrin to
the free-base unit. The efficiency of this process can be estimated
by an appropriate comparison of the fluorescence intensity
observed upon 550nm excitation (ca. 70% Zn-porphyrin
absorption) with that obtained upon 646 nm excitation (100%
free-base absorption). The emission intensities obtained for the
two excitation wavelengths are identical within experimental
error, indicating that for both 12Znj, and 13Znj;, the
efficiency of singlet energy transfer is >0.95.

The energy transfer process can be conveniently monitored by
ultrafast (femtosecond) spectroscopy, using 555 nm excitation
pulses so as to achieve substantial excitation of the Zn-porphyrin
chromophore. The spectral changes obtained for the slipped
cofacial hetero-dimer 13Zn;,; are shown in Fig. 30. Consistent
with the partitioning of the exciting light, the initial difference
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Fig. 30. Transient spectral changes obtained for 13Zn/, in CHCI3. Inset: decay
kinetics recorded at 515 nm. Excitation wavelength, 555 nm.

spectrum is similar to that of the isolated Zn-porphyrin chro-
mophore (Fig. 25). Very rapidly, however, the transient spec-
trum undergoes substantial changes, with decreasing absorbance
in the short-wavelength region and a characteristic bleaching
developing at 515nm. The final, constant spectrum reached
after 40 ps matches very closely that of the free-base porphyrin
(Fig. 25). These spectral changes provide clear direct evidence
for the occurrence of intramolecular singlet energy transfer in
13Zn;; from the Zn-porphyrin to the free-base unit. The time
constant of this process is 12 ps, corresponding to a rate con-
stant k=8.3 x 10'%s~!. This value is close to (actually slightly
higher than) what expected on the basis of Forster theory of
dipole—dipole energy transfer (see Section 2.1).

The results of the femtosecond experiments for the planar
semi-zincated metallacycle 12Zn;,; are very similar to those
described above for the slipped cofacial analogue with clear evi-
dence for singlet energy transfer from the Zn-porphyrin to the
free-base unit. The kinetics give a time constant of 14 ps, again
very similar to that obtained for 13Zn,. This result is somewhat
surprising as, allowing for the different orientational factors,
the longer center-to-center distance (14.1 A in 12Zn;), versus
10.1 A in 13Zn ), Fig. 31) would imply a smaller dipole—dipole
interaction and substantially slower Forster energy transfer (Eq.
(4)). A plausible explanation can be offered considering that
singlet energy transfer in these systems may involve, in addition
to through-space dipole—dipole interaction, also some through-
bond exchange interaction. Since in the ruthenium-bridged por-
phyrin metallacycles, through-bond interactions are expected to
be more effective with 4'- rather than for 3’-pyridyl units (para
rather than meta conjugation), in the planar macrocycle a better
exchange coupling could compensate for a weaker dipole—dipole
interaction [71].

4.4. Side-to-face assemblies

As described in Section 3.1, stable and inert side-to-face
arrays can be obtained by axial coordination of a pyridylpor-
phyrin (“side” unit) to peripheral ruthenium-porphyrins carrying
CO as the sixth ligand (“face” units). Depending on the number
of peripheral units, the state of metalation of the pyridylpor-
phyrin, and the binding geometry imposed by the pyridyl groups,
avariety of systems of this type is available. The dimeric orthog-
onal (26, 26Zn) and tilted (1, 1Zn) assemblies are represented
schematically in Chart 5.

The orthogonal pentameric arrays 2 and 2Zn were shown in
Fig. 10. The corresponding tilted pentameric species 3, anal-
ogous to 2 but with 3’-pyridyl connecting groups, was also

M=2H (26)
M = Zn(ll) (26Zn) M=2H (1)
M = Zn(ll) (1Zn)

Chart 5.
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Fig. 31. Center-to-center distances and singlet energy transfer time constants for planar and slipped cofacial hetero-dimers 12Zn;/; and 13Zn;.

available. The photophysics of all these arrays have been studied
[9a] in toluene (where these species are stable in the concentra-
tion range >5 x 107% M). The results are briefly summarized
and discussed in this section.

The side-to face assemblies 26 and 2 contain two types of
molecular components, ruthenium-porphyrin units and a free-
base porphyrin. The behavior of the monomeric models of these
units, Ru and Fb, have been summarized in Section 4.1. As
expected for supramolecular species, the absorption spectra of
the arrays are always a good superposition of those of the molec-
ular components (Fig. 23). Thus, a general energy level diagram
for these arrays can be easily obtained as a combination of those
of the Fb and Ru models (Fig. 24). Following selective excita-
tion of the free-base porphyrin at 640 nm, the main observation
is that of a significantly shortened fluorescence lifetime. This is
the consequence of the heavy-atom effect of the ruthenium cen-
ter, similarly to that discussed in Section 4.2 for adducts with
pyridylporphyrins coordinated to external ruthenium centers (in
fact, systems 26 and 2 can be considered similar to adducts
22 and 25 of Section 4.2, by replacing the axially coordinated
Ru-porphyrin/s with one or four ruthenium complexes). More
interesting is the behavior observed following excitation with
530 nm light, predominantly absorbed by the ruthenium por-
phyrin chromophore(s). The relevant experimental observations
can be summarized as follows: absence of sensitized free-base
fluorescence, complete quenching of the Ru porphyrin phos-

phorescence, prompt 100% formation of free-base triplet in
nanosecond laser flash photolysis. These results clearly demon-
strate that, after quantitative population of the Ru porphyrin
triplet by ultrafast intersystem crossing, the energy is efficiently
transferred to the free base unit at the triplet level (Fig. 32).
The time constant of this process, measured by ultrafast spec-
troscopy, is 120 ps for both 26 and 2 [53].
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Fig. 32. Photophysical mechanism of pentameric side-to-face array 2.
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For the analogous zinc-containing species, 26Zn and 2Zn, a
similar qualitative behavior is obtained. The main quantitative
differences arise from the fact that the driving force for inter-
component energy transfer is smaller than in the corresponding
free-base systems (see the energy levels of the molecular com-
ponents in Fig. 24). As a consequence, the triplet—triplet energy
transfer is now a reversible process. The result is an excited-
state equilibrium, in which the Ru-porphyrin and Zn-porphyrin
triplets have identical lifetimes [9a].

When the tilted arrays (e.g., 1 and 1Zn) are compared with
the corresponding orthogonal ones (26 and 26Zn), the change
in connecting structural motif leads to no appreciable qualita-
tive differences in photophysical behavior. The differences are
minor even from the quantitative viewpoint, as the triplet energy
transfer time constant of 1 is 150ps (as compared to 120 ps
for 26) [53]. The fact that, despite the smaller center-to-center
distance, the rate of 1 is similar to (or even slightly slower
than) that of 26 demonstrates the through-bond nature of the
exchange interaction responsible for the triplet energy transfer
process (Section 2.1).

In conclusion, the side-to-face arrays reviewed in this section
behave as very efficient systems for funneling, at the triplet level,
the light energy absorbed by the peripheral ruthenium porphyrin
units to the central free-base or zinc-porphyrin unit (Fig. 33).
This behavior can be considered as an example, albeit at the
triplet level, of antenna effect. In an interesting extension of
this work, efficient energy transfer was observed to occur in a
host—guest system formed between the pentameric antenna 2
and a Cgg molecule [54].

4.5. Structural analogues with perylene bisimides

As discussed in Section 3.1, interesting assemblies can be
produced using bis-pyridyl perylene-bisimide (PBI) units as lin-

Fig. 33. Schematic representation of the triplet antenna effect in the pentameric
side-to-face array 2.
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Fig. 34. Absorption spectra of 6 (continuous line), PBI (dash-dot line), and
[Ru(TPP)(CO)(py)] (broken line, 2x).

ear bridging ligands. In terms of structural role, PBI can be
considered analogous to a ditopic porphyrin ligand such as, e.g.,
4’ -transDPyP. At difference with the porphyrins, however, pery-
lene bisimides undergo facile electrochemical reduction and are
thus more likely to be involved in photoinduced electron transfer
processes. Moreover, the high fluorescence yield and the clear
spectroscopic signatures of the radical anion form [55,56] make
these chromophores ideally suited for photophysical studies.

In the bisporphyrin sandwich compound 6 (Fig. 12), two
ruthenium porphyrins are axially bound in a side-to-face fash-
ion to a central PBI chromophore. The photophysics have been
studied in dichloromethane (where the assembly is stable at
concentrations >2 x 107> M) [44]. As expected, the absorption
spectrum of 6 corresponds very closely to the sum of those of
its molecular components (Fig. 34). Experimentally, this implies
that selective excitation of the two types of chromophores is fea-
sible (e.g., 100% PBI at 585 nm, 62% Ru(TPP)(CO) at 530 nm).
The energy level diagram of 6 (Fig. 35) can be considered as
a simple superposition of those of the separated constituents,
with the addition of a charge transfer state in which PBI is
reduced and the Ru porphyrin is oxidized (energy estimated
from electrochemistry). Upon excitation at 585 nm, where the
light is 100% absorbed by the PBI component, the strong fluo-
rescence (Amax =620 nm) characteristic of the PBI unit is almost
completely quenched. The transient spectral changes obtained
following 585 nm excitation of 6 (Fig. 36) reveal the mecha-
nism of such quenching. The differential absorption spectrum
obtained immediately after the laser pulse corresponds to the sin-
glet state of the PBI unit. In the early timescale (# < 50 ps, Fig. 36,
top left) the spectral changes are characterized by the rise of the
typical absorption band of the PBI radical anion at ca. 780 nm,
clearly indicating a reductive photoinduced electron transfer
process. The time constant of this process is 5.6 ps (Fig. 36, top
right). On a longer timescale (50 << 1000 ps, Fig. 36, bottom
left) the spectroscopic signatures of the intercomponent elec-
tron transfer products disappear, with regeneration of a constant
baseline of zero differential absorption. This indicates that the
charge separation process is followed by charge recombination
(time constant 270 ps, Fig. 36, bottom right) to yield quantita-
tively the ground state of the system (Fig. 35) [44].
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Fig. 35. Photophysical pathways in [{Ru(TPP)(CO)}»(-PBI)] (6). Red, exci-
tation at 530 nm; blue, excitation at 585 nm.

The ultrafast spectroscopy obtained upon excitation at
530 nm, where the light is absorbed ca. 62% by Ru(TPP)(CO),
differs dramatically from that of Fig. 36. The spectral varia-
tions now show the disappearance of the Ru-porphyrin triplet
state, accompanied by depletion of ground-state and forma-
tion of triplet PBI (time constant 270 ps). This demonstrates
that, after prompt intersystem crossing within the Ru-porphyrin
units, efficient triplet energy transfer to the PBI unit takes place
(Fig. 35). The decay of the PBI triplet, as monitored in laser

flash photolysis, occurs in a much slower time scale, with a time
constant of 9.8 s [44].

In conclusion, the side-to-face assembly 6 incorporating a
perylene bisimide chromophore exhibits complex, interesting
photophysics schematically summarized in Fig. 37. 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 intramolecular electron transfer to triplet energy transfer).
The triplet state of the perylene bisimide, inaccessible in the
free chromophore due to high fluorescence quantum yields and
negligible intersystem crossing efficiency, is efficiently accessed
in 6 by means of intramolecular sensitization.

4.6. Higher order assemblies

As discussed in Section 3.3, various multiporphyrin molecu-
lar boxes can be obtained that combine both metal-mediated and
side-to-face assembling motifs. The chemical structure of the
molecular box 20, resulting from side-to-face self-assembling of
two 12Zn metallacycles and two 4’-transDPyP units, is shown
in Fig. 38 (for the X-ray structure, see Fig. 22). The pho-
tophysics of this interesting supramolecular system has been
studied in chloroform (where the system is stable at concentra-
tions >7 x 107> M) [57].

The molecular box 20 contains two types of chromophores,
zinc-porphyrin and free-base porphyrin. The behavior of the
monomeric models of these units, Zn and Fb, have been sum-
marized in Section 4.1. As expected for supramolecular species,
the absorption spectrum of the box is a good superposition of
those (Fig. 23) of the molecular components. The energy level
diagram for the molecular box, obtained as a combination of
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Fig. 36. Transient spectral changes (left) and decay kinetics (right) of 6 in CH,Cl, obtained with ultrafast spectroscopy upon excitation at 585 nm. Top, early time

scale (0.9-48 ps); bottom, longer time scale (48—805 ps).
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Fig. 37. Schematic representation of the complex, wavelength-dependent electron/energy transfer behaviors of 6.

Fig. 38. Schematic representation of the molecular box 20, phenyl groups of the pillar porphyrins are omitted for clarity, and schematic representation of its antenna
effect.
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Fig. 39. Transient spectral changes observed in the ultrafast spectroscopy of 20
(excitation at 569 nm).

those (Fig. 24) of the Fb and Zn models, shows a significant
driving force for energy transfer from the Zn-porphyrins to the
free base units.

Selective excitation of the free-base chromophores in the
molecular box can be carried out at 640 nm, yielding the typ-
ical fluorescence of this unit. When excitation is carried out
at 569 nm, on the other hand, light is predominantly absorbed
by the Zn-porphyrin units. Very weak fluorescence is obtained
from these units, however, whereas intense free-base fluores-
cence is again observed. This clearly indicates the occurrence of
singlet energy transfer in the molecular box. The energy trans-
fer process can be directly monitored by ultrafast spectroscopy
(Fig. 39), where the process is demonstrated by the disappear-
ance of the zinc-porphyrin absorption in the 450-550 nm range
and the appearance of the characteristic free-base bleachings
(see, for comparison, the spectra of the Zn and Fb models in
Fig. 25).

The singlet energy transfer is very fast. The complex kinetics
(best fit obtained with time constants of 2.4 and 32 ps) can be
attributed to an appreciable degree of conformational freedom
in the molecular box. A quantitative estimate of the sensitization
efficiency, performed by comparing the intensity of the free-base
emission upon free-base or zinc porphyrin excitation, yields a
value of 0.5, indicating that some additional fast process com-
petes with energy transfer for deactivation of the zinc-porphyrin
singlet excited state. Oxidative electron transfer quenching can
be considered as a plausible competing deactivation channel
[57].

In conclusion, the molecular box 20 provides a good exam-
ple of antenna effect, whereby the light energy absorbed by the
four Zn-porphyrin units is funneled by means of singlet—singlet
energy transfer to the pillar free-base units (Fig. 38). Of partic-
ular interest in this regard is the fact that the molecular box has
a central cavity that could, in principle, be used to host a vari-
ety of species capable of establishing  stacking interactions
with the free-base units (e.g., aromatic hydrocarbons, aromatic
bisimides, fullerenes). This could open the way towards more
complex functional systems.

5. Conclusions and perspectives

The formation of coordination bonds between the peripheral
donor sites of pyridylporphyrins and external metal centers has
proved to be a very versatile and powerful synthetic approach for
the construction of discrete, ordered multiporphyrin assemblies.

When the metal centers belong to metalloporphyrins, side-to-
face assemblies of axially ligated porphyrins, either orthogonal
(with 4'PyP’s) or tilted (with 3'PyP’s), are obtained. In the
absence of additional cooperative bonding, adducts of suffi-
cient thermodynamic and kinetic stability to allow photophysical
investigations are obtained with Ru(CO)-porphyrins, but not
with the corresponding Zn-porphyrins.

‘When the metal centers belong to external coordination com-
pounds, robust and shape-persistent three-dimensional struc-
tures with precise size and shape can be efficiently obtained.

Despite the increasing structural complexity and beauty of
the metal-mediated assemblies of porphyrins prepared in recent
years, the number of multitopic metal fragments used so far
is still limited. Thus, we believe that in future the exploitation
of a larger variety of metal connectors, in terms of geometries
and coordination numbers, will provide even more structurally
sophisticated assemblies. For this reason, while we have already
exploited the coordination chemistry of octahedral complexes
that are precursors of 90° cis bis-acceptor neutral fragments,
we are currently investigating Ru(Il) and Re(I) compounds that
might allow coordination of three pyridylporphyrins in a facial
geometry.

It is also remarkable how, by changing the position of
the ligating N atom of PyP’s from 4’ to 3’, we obtained
and structurally characterized assemblies with equal nucle-
arities, but very different geometries: see for example the
orthogonal and tilted pentamers [(4'TPyP){Ru(TPP)(CO)}4]
(2) and [(3'TPyP){Ru(TPP)(CO)}4] (3), respectively, or the
flat bidimensional and the staggered tridimensional met-
allacycles [trans,cis,cis-RuCly(CO),(4'-cisDPyP)], (12) and
[trans,cis,cis-RuCly(CO),(3'-cisDPyP)], (13), respectively.

When the coordination bonds that hold these assemblies
together are both stable and inert, their formation from the
components occurs under kinetic rather than thermodynamic
control. By virtue of their thermodynamic and kinetic stabil-
ity, some of these species can be further exploited as building
blocks in the construction of higher order architectures through
a hierarchical self-assembly approach (see for example the
molecular sandwiches 19-21). Through this modular approach,
multi-chromophore assemblies become easily accessible with a
relatively limited synthetic effort.

Even though solution spectroscopic measurements provide a
wealth of information about the nature of the metal-mediated
products, very often solid state X-ray structural determinations
have proved to be essential for establishing the real composition
and geometry of the multi-porphyrin assemblies. This is par-
ticularly true for highly symmetrical adducts. Indeed, we have
contributed a remarkable number of X-ray structures to the still
limited database of metal-mediated multi-porphyrin assemblies.

Some of the porphyrin assemblies, in particular those defining
a cavity with specific shape and size, might behave as selective
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hosts in molecular recognition reactions. Sensing properties,
eventually leading to practical applications, may be found for
the multi-porphyrins adducts in case their photophysical prop-
erties (e.g. their fluorescence) change as a result of molecular
recognition. For example, molecular boxes 20 and 21 are partic-
ularly stimulating for further investigation, as they feature two
cofacial porphyrins at a distance of about 11.4 A (the bridging
ligands) that might induce the inclusion of guest molecules of
appropriate shape and size through m—m stacking interactions
(e.g. aromatic hydrocarbons, aromatic bisimides, fullerenes).

Besides from the viewpoint of molecular architecture, the
metal-mediated assemblies of porphyrins described in this
review are of considerable interest in terms of their photo-
physical properties. Generally speaking, the assemblies are
characterized by the occurrence of efficient intercomponent
energy transfer processes. In the assemblies, the direction of
energy flow is determined by the energy gradient between
the excited states of the various chromophores. This can be
conveniently programmed at the synthetic level by selective
metalation of the various chromophoric units, as the energy
levels of metal porphyrins are always higher than those of free-
base porphyrins. The type of energy transfer can be further
controlled by the metal used: with light metals such as Zn,
singlet-singlet energy transfer is obtained; with heavy metals
such as Ru, the energy transfer takes place at the triplet level.
All these features make the metal-mediated assemblies of por-
phyrins interesting candidates for the design of artificial antenna
systems.

A further dimension in the photophysics of metal-mediated
assemblies can be added by substituting some of the porphyrin
units with iso-structural perylene bisimide derivatives (e.g., 4'-
transDPyP with DPyPBI). Given the easy reduction of these
units, new electron transfer pathways become available to the
assemblies, in addition to the energy transfer ones. In perspec-
tive, this may permit the design of assemblies coupling both the
antenna and charge separating functions.

In all cases, the intercomponent processes taking place in the
metal-mediated assemblies are extremely fast, with time con-
stants in the picosecond time domain. Therefore, extensive use
of ultrafast techniques such as femtosecond pump-probe spec-
troscopy are required in the photophysical characterization of
these systems. Thanks to the highly structured, specific spec-
tra of the chromophores, not only kinetic information but also
unambiguous qualitative identification of the intercomponent
transfer processes is usually obtained.

Finally, despite the increased structural complexity, the
photo-induced functions of elaborated artificial assemblies of
chromophores are most often still far from those of natural sys-
tems. Nevertheless, a deep understanding of the construction and
photophysical principles is crucial for a more appropriate choice
of the building units for improving the photo-induced response
of the assemblies. In addition, towards practical utilization, it
would be appropriate to further organize a large number of func-
tional systems into ordered structures. For example, functional
multiporphyrin arrays might be anchored on solid surfaces, such
as metals or wide band gap semiconductors, or on metal nanopar-
ticles.
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