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ABSTRACT
Supramolecular chemistry deals with the association of several chemical species, in an orga-
nized way and according to well defined purposes. Based on a molecular engineering approach,
supramolecular structures can be designed from pre-formed building blocks, providing a promis-
ing route from chemistry to molecular nanotechnology. New supramolecular systems have been
assembled in our laboratory with the use of bridging unities such as tetrapyridylporphyrins, por-
phyrazines and polypyrazines, connecting transition metal complexes and clusters. These systems
display a very exciting electrochemical and catalytic behavior, and interact with DNA, generating
10, and leading to efficient oxidative clivage for photodynamic terapy applications. Molecular
interfaces have been developed, exhibiting photocurrent response in the presence of visible-UVv
light, and rectifying properties in the presence of electroactive species. Successful applications
of the supramolecular species in chemical and bio-sensors have been developed.
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INTRODUCTION

In 1959, during his classic talk entitlélthere’'s plenty of room at the bottom, Richard Feynman
addressed a quite challenging question:

» Why cannot we write the entire 24 volumes of the Encyclopedia Brittanica on the head of a
pin?

By focusing on the perspectives of manipulating and controlling things on a small scale,
Feynman correctly predicted that by the year 2000 the scientists would be seriously involved in
turning this task into reality (Crandall 1997). As a matter of fact, in the last forty years, our society
has been completely modified by the technology. Machinery precision has increased by more
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than two orders of magnitude, and the progress in high technology has allowed the successive
miniaturization of components reducing the tolerances to the sub-micron level. Technology now
is entering the nano-dimensional scale (Coombs & Robinson 1996). Nano-engineered materials
are being pursued because of their superior physical properties; while smaller electronic devices
allow faster and more powerful processing.

Nanotechnology appears as an emerging field at the present time, but there is little doubt that
it will be the dominant technology in the next century. The progress in this field is being achieved
in two ways. The engineering approach to nanotechnology, also known tapttl@vn approach,
aims the progressive miniaturization of existing macro and micro-sized systems or devices. The
molecular approach, also referred as molecular nanotechnology, is tyfotty-up, aiming to
build up nanoscale devices from atoms and molecules. Molecular manufacturing is the key point
in this approach, and can be viewed as an extension of chemical synthesis, but incorporating a
great degree of positional control. In fact, supported by computer simulatiortsttbe+-up way
represents a molecular engineering approach for nanotechnology. The ultimate goal in this line,
as visualized by K. Eric Drexler (Drexler 1986), would be #ssembler, a nano-sized molecular
machine with the capability to build up any desired molecular structure, including itself. Similar
molecular machines are well known in biological systems, allowing, for instance, the replication and
repair of DNA, and the synthesis of proteins and complex biomolecules. However, the chemical
construction of a molecular assembler seems yet quite far from reality, since atoms can not be
positioned at will without combining with each other and producing a wide variety of molecules.
For this reason, the supramolecular approach starting from pre-formed molecular building blocks
seems more feasible, providing a promising route from chemistry to molecular nanotechnology.

Supramolecular systems are usually viewed as organized entities of higher complexity which
result from the association of several chemical species; however, in addition to the structural or-
ganization, well defined purposes are also implicit in the supramolecular design. Although the
chemistry involved depends on the nature of the associated species, it can go beyond the propertie
of the isolated components, as a consequence of the specific molecular interactions which con-
trol the affinity, organization and cooperation between the partners (Lehn 1988). In this way, the
supramolecular approach deals with the relevant aspects of molecular organization, recognition,
host-guest interactions, molecular communication and intelligence, translocation and transport,
replication and structural assembly. Incorporating these facts, a new conception of materials has
arisen in the present decade, as reported by Bruce and O’Hare in 1992 (Bruce & O’Hare 1992) and
more recently compiled in the impressive collection of Comprehensive Supramolecular Chemistry
(Atwoodet al. 1996). Nanosized and molecular materials can exhibit a wide diversity of electronic
and chemical properties, e.g., piezoelectricity, conductivity, ferroelectricity, ferromagnetism, sec-
ond and third order polarizabilities, molecular recognition, photophysical, photochemical, catalytic
and electrocatalytic activity. In this way, they can be employed in unlimited number of electronic
devices and technological applications, as exemplified in Figure 1.
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Fig. 1 — Properties and technological applications of supramolecular and nanomaterials.

A great variety of supramolecular systems has been reported in the literature (Adtvalod
1996, Lehn 1995) from molecular engineered macrocyclic and macropolycyclic compounds, cate-
nanes, rotaxanes, and dendrimers, to self-organized structures and multicomponent self-assemble
materials. In addition, there is a special interest in intercalation chemistry, since it is related to
supramolecular organization and is frequently employed in the design of nanocomposite materi-
als and catalysts. Organized structures and self-assembly also cover a wide area, as exemplifie
by molecular films, membranes and liposomes, including polymeric supramolecular systems and
supramolecular arrays, ladders and grids based on metal-complexes.

In the present article, we will focus on the typical supramolecular systems which have been
assembled in our laboratory, with the use of multibridging metal-organic compounds as molecular
building blocks (Toma 1991). The experimental design employed resembles a self-assembly ap-
proach directed by the metal-ligand affinities and substitution properties. In the last decade, our
efforts have been devoted to three major aspects: a) synthesis of precursor complexes and build u
of supramolecular assemblies, b) investigation of relevant physico-chemical properties and reac-
tivity, ¢) development of molecular interfaces for applications in electronic and analytical devices.
Typical systems studied by our group are constituted by substituted porphyrin and phtalocya-
nines, transition metal polyimine, polypyridine and polypyrazine complexes, and on polynuclear
ruthenium-acetate clusters, as molecular building blocks (Figure 2).
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Fig. 2 — Typical metal-organic building blocks: a) [Ru(bﬁf)+ complex (bpz = 2,2-bipyrazine); b)
[RuzO(CHCOo)g(pz)s] T cluster (pz = pyrazine); c¢) ruthenium(ll) polyimine complex derived from 2,6-
diacetylpyridine and 4-methylpyridine; d)eso-tetrapyridylporphyrin; e) tetrapyridylporphyrazine.

PoLYMETALLIC BIPYRAZINE AND POLYIMINE COMPLEXES

Transition metal polypyridine complexes have been extensively investigated from the perspectives
of developing useful supramolecular devices, exploiting their remarkable chemical and photochem-
ical properties (Bignozat al. 1997, Balzanget al. 1996, Kohleet al. 1996, Sauvaget al. 1994).

A particularly interesting system, is the tris(bipyrazine)ruthenium(ll) complex, [Rugbpz)This
complex can be excited at the metal-to-ligand charge-transfer bands (MLCT), yielding a singlet
state which is rapidly converted to tABILCT state. In the excited state, the complex becomes
simultaneously a strong oxidizing and reducing species, acting as a good photocatalyst.

An important feature of the bipyrazine complex is the existence of six peripheral uncoordinated
nitrogen atoms, available for coupling substrates in energy-transfer or electron-transfer processes
In 1986 we reported that the binding of transition metal complexes to the [Ry[bp®n leads
to symmetric heptanuclear complexes (Toma & Sernaglia 1993, Toma & Lever 1986,efoma
al. 1987, Tomaet al. 1988b) of the type [Ru(bpz)ML «}¢]" as shown in Fig. 3. The metal
complexes employed were low spin,®3&pecies, e.g., [Fe(CAY,0]3~, [Ru(NHs)sH,0]*+ and
[Ru' (edta)HO]?~, exhibiting strong affinity for electron-acceptor ligands, such as pyrazine and
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bipyrazine. The self-assembly reaction can be monitored by the rise of characteristibpz*
charge-transfer bands around 700 nm, and by NMR spectroscopy.
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Fig. 3 — Structural representation of the [Ru(fER(CN)s} ]16~ complex.

In the polymetallic system, the MLgroups can be reversibly oxidized in aqueous solution, at
E°=0.70, 0.69, and 0.38V, respectively, for the
[Fe(CNX]>~/3~, [Ru(NHs)s]3*/?*, and [Ru(edta)]/?~

species. In contrast, the central [Ru(bp2)species exhibits BERuU'!' ) = 2.08 V, and its oxidation
is not feasible in aqueous solution. Photoexcitation in aqueous and organic solvents leads to a
complete quenching of the luminescence of the [Ru@#}pz)chromophore by the peripheral metal
complexes, via intramolecular electron transfer in the excited state:
[Ruc" (bpz)s{M p”Lx} nl +hv = [Ruc" (bpz)a{M pII L}nl*
[Ruc" (bpz™)s{M p” Ly}nl* = [Ru (bpz)s{M p”| Lx}n]
[Ruc" (bpz)a{M p"' L} n] — [Ruc" (bpz)s{M p'' Ly} n] + heat
Resonance Raman measurements (Tenah 1988b, Toma & Sernaglia 1993) for the

[Ruc" (bpzh{Ru" (NHz)s}e]***  and  [Ru' (bpzh{Ru'" (edta}]™*
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species have indicated a selective enhancement of e lipyrazine vibrational peaks according

to two distinct patterns for the MLCT bands around 670 and 490 nm. Excitation at the 670 nm band
leads to the enhancement of the totally symmetric vibrational modes of bipyrazine, while only a
few vibrational peaks, e.g. at 1470 and 1305 ¢pof b, symmetry, are selectively enhanced at
490 nm. A vibronic coupling mechanism involving two excited states has been suggested for the
excitation at 490 nm.

Recently, we reported the synthesis and characterization of a novel polymetallic supermolecule
containing four ruthenium(ll)-bipyridine complexes attached to the pendant pyridine residues of
an iron(ll) polyimine compound (Fig. 4) (Toma & ChavezGil 1997). This species exhibits the
characteristic MLCT bands of the iron(ll)-polyimine and Ru(ll)-bipy chromophores at 584 and
486 nm, respectively, and an emission band at 614 nm ascribed to the decay of thé \oh@Ft
state in the [Ru(bipyCI]* group. Based on cyclic voltammetry and spectroelectrochemical mea-
surements, the potentials of the'RY and F&"" redox couples have been estimated at 1.0 and
1.3V, respectively. A series of reduction waves has been observed below -0.8 V, and ascribed to
the successive reduction of the polyimine ligand, generating an iron(ll)-diimine product.

Fig. 4 — Structural representation of the [Fe(polyimine){Ru(bi@}) 4]®+complex.
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PoLYMETALLIC CLUSTERS

Ruthenium clusters of the type [RD(OOCCH)sL3] are of great interest because of their ex-
tensive redox and mixed valence properties (Spencer & Wilkinson 1972, Bauehahn1978,
Tomaet al. 1988a, Toma & Cipriano 1989a,b, Toma & Cunha 1989). These clusters exhibit a
triangular structure strongly held by acetate andxo-bridges, as well as by metal-metal bonds.
The electronic spectra of the trinuclear clusters consist of a broad absorption band in the visible
near-infrared region, ascribed to metal-metal transitions within th@®Rihromophore, and of a
ligand sensitive band in the visible-uV region, associated with a metal-to-ligand charge transfer
transition. The electronic structure of the cluster is strongly based on t§@ &hity, where the
central oxygen atom is $fybridized, leaving a single p orbital to interact with the drbitals of
the three ruthenium ions. Metal-metal interactions involving the (e Ru(d,») and Ru(d,)
— Ru(dz) orbitals also play a relevant role in the electronic structure of this type of cluster.
Supramolecular clusters can be assembled by the use of bridging ligands such as pyrazine ant
4,4'bipiridine. The binding of transition metal complexes, such as [Ruj|H , [Ru(edta)f~
and [Fe(CNy]3~, to the pyrazine bridging ligand proceeds readily in aqueous solution, leading to
bathochromic shifts in the intra-cluster and MLCT bands (Tetra. 1993, Toma & Olive 1994).
Recently, extended clusters (Figure 5) have been obtained by the reaction of a symmetric
[RusO(OOCCH)eLs]™ cluster containing a bridging ligand (L = pyrazine, or 4,4’bipyridine) with
[RusO(OOCCH)s(py)2(MeOH)]" as terminal groups (py = pyridine)(Toma & Alexiou 1995a,b).
The electronic properties of the extended clusters are similar to those of the isolated unities, reflect-
ing a relatively weak coupling of the metal centers through the bridging ligand. However, the NMR
spectra are quite sensitive to the changes of symmetry, as well as in the molecular environment,
being a suitable technique for the investigation of this type of extended cluster.

POLYMETALLIC PORPHYRINS AND PORPHYRAZINES

Porphyrins are important prostetic groups of a number of metalloproteins and enzymes, and their
function depend on the nature of the axial ligands as well as on the specific environment provided
by the polypeptide chain. They are very interesting species for the assembly of supramolecular
structures, because of their symmetric structure and suitable chemical, photochemical and pho-
tophysical properties for applications in catalysis, artificial photosynthesis and molecular devices
(Krishnamohan-Sharmet al. 1999, Nakanat al. 1998, Guskt al. 1994).

Modified porphyrins containing transition metal complexes attached to peripheral pyridine
groups have been extensively investigated in our laboratory in the last ten years. In 1988 we reported
a new type of modified porphyrin containing [Ru(i]>" groups attached to the peripheral
pyridine residues ofeso-tetrapyridylporphyrin (TPyP) (Toma & Araki 1988). A similar species,
containing four [RY' (edta)]” groups was reported later, i.e., [MTPyP{R(edta),]*~, (Figure 6)
exhibiting enhanced electrocatalytical activity in the four electron reduction of molecular oxygen
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Fig. 5 — Structural representation of a supramolecular cluster.

(Toma & Araki 1990, Araki & Toma 1991a,b). Ansaat al., observed that the [Ru(NHk]>*-
modified cobaltporphyrin, exhibit pronounced electrocatalytical activity4imeduction (Ansoret
al. 1997).

A particularly interesting series of supramolecular metalloporphyrins has been obtained from
meso-tetrapyridylporphyrin by using [Ru(bipyTI]* groups as modifiers (Araki & Toma 1993,
Araki et al. 1993, Araki & Toma 1994a, Araldt al. 1995a,b,c). The

u-(meso-5,10,15,20-tetra(pyridyl)porphyrin}tetrakis(bis(bipyridine) (chloride) ruthenium(ll)}

complex, [TPyP{Ru(bipy)Cl} 4]** (Figure 7) is a prototype of a series, containing photochemically
and electrochemically active groups directly attached to the porphyrin system.

The electronic spectra show the characteristic Soret band at 418 nm ghdrlle: doublets
of the porphyrin at 518, 558 and 594, 650 nm, respectively, in addition to the absorption bands
of the [Ru(bipy}Cl]* moieties at 298 nm (bipyr — 7*) and 470 nm (RU — bipy charge-
transfer). The complex emits at 655 and 700 nm (shoulder), when excited at the porphyrin or
[Ru(bipy),CI]* absorption bands. The emission energies are similar to those observed for (tetra-
N-methylpyridinium)porphyrin and can be ascribed to the decay of the low lying sintfexcited
states of the porphyrin center. The excitation spectrum reproduces the absorption spectrum of the
tetraruthenated porphyrin, even in the region of the [Ru(bBiplf) chromophore. Therefore, the
m* emitting state can be pumped either from a direct excitation at the porphyrin center, or by
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Fig. 6 — Structural representation of the polymetallic porphyrin [MTPyP{Ru(gHt&)

an intramolecular mechanism involving the peripheral ruthenium complexes. Below pH 3, the
modified porphyrin can be reversibly protonated at the pyrrole N-atoms, shifting the Soret band
from 414 nm to 440 nm. The electronic bands of the peripheral ruthenium complexes remain
practically unchanged; however, a new intense band appears around 690 nm. This band decay
when the metal ions are oxidized, or when the porphyrin is reduced, indicating a ruthenium(ll)-to-
protonated porphyrin charge-transfer transition.

Cyclic voltammograms of the tetraruthenated porphyrin [TPyP{Ru(b(Ply)]* species ex-
hibit reversible waves at 0.92, -0.68 and -0.93V, the first one being four times more intense than
the other two. According to the spectroelectrochemical measurements, the redox process at 0.9:
V leads to reversible changes in the absorption bands at 470 nm and 298 nm, associated with the
MLCT andz — z* bands in the [Ru(bipgCl]"™ chromophore. The oxidation of the ruthenium
complexes leads to a 30% decay in the intensity of the Soret band, which is shifted from 418 to
424 nm, reflecting the perturbation of the electronic levels of TPyP by the ruthenium complexes.
The spectroelectrochemical behavior at -0.68 and -0.93 V is similar to that observed for the tetram-
ethylated porphyrin, showing a complete decay of the Soret band, consistent with two successive
monoelectronic redox processes at the porphyrin ring.

The [ZnTPyP{Ru(bipy)Cl]4]*" complex (Araki & Toma 1994b) exhibits the characteristic
absorption bands of ZTPyP at 430 nm (Soret band), 562 and 606 nm (Q bands), and of the
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Fig. 7 — Structural representation of [TPyP{Ru(big®)} 4]**.

[Ru' (bipy),CI] ™ moities at 298 nm (bipyx — 7*), 450-490 nm (Rli-to-bipy charge transfer
envelope) and 358 nm. The complex exhibits two well-defined fluorescence bands at 606 and
655 nm, corresponding to the singlet-singlejy@nd Qg transitions of the ZnTPyP group. It
should be noted that the excitation spectrum obtained by monitoring the intensity of these two
fluorescence bands does not coincide with the absorption spectrum of the tetraruthenated complex
but reproduces very closely the absorption profile of the zinc porphyrin group, represented by the
Soret, Qo and Qo bands at 417, 554 and 601 nm, respectively. At low temperatures (77 K),
the emission spectrum of the corresponding ethanol glass exhibits narrggwan@Q: bands

at 597 and 652 nm, and another band at 770 nm. This new band can be ascribed to the triplet
state emission (gb) by comparison with the phosphorescence spectrum of similar porphyrins. The
excitation spectrum obtained by monitoring the 652 nm porphyrin triplet emission is similar to that
recorded at room temperature; but when the 770 nm porphyrin triplet emission is monitored, a quite
different excitation profile results. In this case, the charge transfer absorptions associated with the
peripheral ruthenium complexes also appear around 500 and 450 nm, indicating the occurrence
of energy transfer from the [Ru(bipy@I]™ triplet states to the lowest energy triplet state of the
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porphyrin. This conclusion is corroborated by the fact that the emission spectrum obtained on
excitation at 450 nm, i. e., in the MLCT band of the ruthenium complexes, exhibits essentially the
porphyrin phosphorescence emission.

The [NiTPyP{Ru(bipy}Cl}s]*t complex exhibits a low spin configuration (Araki & Toma
19944, Arakiet al. 1995a), and its electronic spectrum composed by the characteristic absorption
bands of the ruthenium(Il) polypyridine groups at 298, 354 and 490 nm, and by the Sgrahd)

Qoo bands of the Ni(ll) porphyrin moiety at 414, 530 and 580 nm. The cyclic voltammograms of this
complex in acetonitrile solutions exhibit a reversible pair of waves at 0.92V, four times more intense
than for a complex exhibiting a single monoelectronic redox center. The voltammetric response is
consistent with a polynuclear complex possessing four equivalent, weakly interacting redox sites.
A second, irreversible wave is observed at 1.57 V, corresponding to the oxidation of the porphyrin
ring. In the cathodic region, two reversible waves are observed at -0.80 and -0.97 V, associated
with the reduction of the porphyrin. At -1.5V, an intense wave is observed, consistent with four
electron equivalents, involving the reduction of the bipyridine ligand. It should be noticed that
the tetraruthenated nickelporphyrin is more difficult to reduce than [NiTMPyRD.37, -0.73),
reflecting the influence of the -backbonding interactions from the attachegRups.

In order to evaluate the existence of Ni(l) character in the reduced complexes generated at -0.80
V, the electrochemical behavior in the presence of methyl iodide was investigated. Ni(l) species,
exhibiting a d configuration, and Cilradical are isolobal species, and should react readily, in
contrast to the Ni(ll) species. As a matter of fact, methyl iodide enhances by a factor of 2, the
cathodic current at -0.80 V. No effect is observed when the porphyrin anion presents essentially
am-radical character. Therefore, the results indicate a significant Ni(lI) character for the reduced
tetraruthenated porphyrin species. In the presence ef tb€re is a small increase in the reduction
wave at-0.80V, and a greatincrease at-1.30V, just preceding the reduction wave of the coordinated
bipyridine ligands at -1.4 V. According to the voltammograms, the major products of the reduction
of CO, are electrochemically inactive in the range of -1.5 to 1.0 V, and the most probable species
is CO, in analogy to several related studies in non-aqueous media. The peripheral [R@pipy)
groups probably enhance the catalytic activity of the nickel porphyrin center, by improving the
electron donor properties and the Ni(l) character of the reduced species.

In order to exploit the redox catalytic properties of the porphyrins, a novel supramolecular
species has been designed (Tagnal. 1998), incorporating four trinuclear ruthenium clusters, as
shown in Figure 8.

In this prototype species, the characteristic electronic and redox properties of the porphyrin and
cluster moieties are preserved, allowing the selective tuning of five redox states of the trinuclear
ruthenium centers in addition to the porphyrin oxidized and reduced states. The inclusion of
manganese ions into the porphyrin ring gives rise to a powerful cytochrome P-450 type catalyst,
enabling the selective oxidation of cyclohexane to the corresponding alcohol species.

Another related family of supramolecular species is based on the polymetallation of tetra-

An. Acad. Bras. Ci., (2000)72 (1)



SUPRAMOLECULAR CHEMISTRY AND TECHNOLOGY 16

Fig. 8 — Structural representation of a dodecanuclear cluster-porphyrin supermolecule.

pyridylporphyrazine species, which belong to the phtalocyanine series (Tostaaha 1998a,

b). Tetra(3-pyridyl)porphyrazine has been modified with four peripheral [Ru@@ly) groups,
yielding a dark green tetraruthenated species (Figure 9). In contrast to the porphyrin analogues,
the spectroscopic and electrochemical properties of the tetraruthenated porphyrazine center hav
indicated a significant electronic interaction between the central and peripheral groups. In addition,
fluorescence emission from the porphyrazine core has been observed at room temperature, either b
direct excitation at the Soret and Q bands, or by excitation at the peripheral ruthenium-bipyridine
complexes, evidencing an efficientantenna effect. The efficient generation of singlet oxygen species
from the porphyrazine excited triplet states has also been reported.

DNA INTERACTION AND PHOTOINDUCED OXIDATIONS MEDIATED BY
SUPRAMOLECULAR PORPHYRINS

The interaction of photosensitizing compounds with biological macromolecules has been exten-
sively investigated in recent years in connection with relevant photodynamic therapy (PDT) ap-
plications (Doughertgt al. 1998). PDT involves the use of light to sensitize photoactive species
in order to promote electron transfer or hydrogen abstraction reactions, or to induce oxidation
reactionsvia the formation of singlet oxygen species.

A systematic study involving tetraruthenated porphyrin and DNA or 2’-deoxyguanosine bases
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Fig. 9 — Structural representation of a tetraruthenated porphyrazine species.

has been carried out in our laboratory (Ravaat. 1998, Onukit al. 1996). Direct fluorescence

and electronic absorption measurements after incubation of the modified porphyrin and DNA have
indicated strong binding between pBR322 DNA or calf thymus DNA with the modified porphyrin.

It has been shown that the exposure of pBr322 DNA to light, in the presence of the tetraruthenated
porphyrin leads to single-strand break formation, as determined by the conversion of the supercoiled
form of the plasmid into the circular form. In addition, oxidative DNA base damage has been
evaluated by the detection of 8-oxo-7,8-dihydro-2'deoxyguanosine, after irradiation of calf thymus
DNA in the presence of the modified porphyrin. The results are consistent with the specificity
of the binding mode, and the predominance of the mechanism involving singlet oxygen in the
photooxidation mediated by the tetraruthenated porphyrins. Indeed, singlet molecular oxygen
formation, after TRP excitation, has been confirmed by monitoring its characteristic near-infrared
emission.

DEVELOPING MOLECULAR INTERFACES

Technological applications of molecular and supramolecular systems will depend on their efficient
communication with the interfaces employed in the instruments and devices; e.g. conducting
surfaces, optical fibers, membranes, etc. For instance, redox enzymes have been successfull
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employed in sensor devices, after the discovery of suitable molecular wires which act as interfaces,
conducting the electrons to the detector (Aizawa 1994). On the other hand, immobilization of
redox active species onto electrodes allow their modification, giving rise to a new type of sensorial
system incorporating the characteristic properties of the molecular species. Analogously, optodes,
i.e. optical sensorial devices, can be obtained by the immobilization of chromophore or luminescent
species onto the surface of optical fibers or windows. A number of electrochemical, electronic and
photonic devices can be devised, based on the molecular interfaces acting as sensorial elements ¢
tranduscers (Mallouk & Gavin 1998, Wong 1994) as exemplified in Figure 1.

In our laboratory, the development of molecular interfaces has been conducted in three different
ways: a) generation of Prussian blue films, b) self-assembly of molecular films and layers and c)
intercalation of molecular species into lamellar, conducting metal-oxide films.

Prussian Blue Films

Prussian blue, the classical coordination compounfHe¢CN)]3, exhibits an outstanding perfor-
mance as electrode modifiers in electrochromic devices (Hartmann & Grabner 1991). This material
form high quality, thin conducting films, exhibiting reversible electrochemical response in addition
to a cation selective response (ltagtal. 1986).

The Prussian blue strategy can be applied to the immobilization of molecular species, after
the incorporation of [Fe(CN)®~ residues, using bridging ligands. In this way, the immobilization
of the [Ru" (bpz:{Fe(CN)s},]”~ species at electrode surfaces has been carried out successfully
(Hidalgo-Luangdilok & Bocarsly 1990). This film exhibits photocurrent response in the presence
of light, following an excitation profile coinciding with the absorption bands of thé' [Rpz)]?t
center. The presence of electron donor species, such as dioxygen, is required in order to sustair
the photoaction response. A similar strategy has been employed for the immobilization of the
trinuclear cluster species onto metallic surfaces (Tehah 1993).

Molecular Films

The [MTPyP{Ru(bipy}Cl},}] "+ complexes in the presence of a suitable counter ion, e.g. tri-
fluomethanesulfonate, TFMS, form very homogeneous films onto solid surfaces. The nature of
the polymetallic complex is preserved in the adsorbed films, as can be inferred from its charac-
teristic electronic spectrum, resonance Raman and electrochemical response. In the case of th
[ZnTPyP{Ru(bipy}Cl} 4]*" complex (Araki & Toma 1994b), in contrast with the fluorescence
emission observed in solution, the films exhibit only a narrow emission band at 730 nm (Figure
9), as found in the phosphorescence spectrum in ethanol glass at 77 K. A remarkable point is that
no fluorescence emission (only phosphorescence) is observed for the films at room temperature
The excitation profiles parallel the absorption profiles of ZnTPyP and [Ru@bly)moieties,
indicating that the peripheral groups are effectively acting as antennae in the complex. This means
that, in contrast with the photophysical behaviour in solution, there is an efficient electronic cou-
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pling between the peripheral and central groups in the films. The electronic coupling facilitates
the singlet-triplet conversion, decreasing the fluorescence emission, and promoting a rapid energy
transfer from the [Ru*(bipy)CI]™ groups towards the zinc porphyrin moiety, competing with the
thermal deactivation processes. Another remarkable aspect associated with the photoactivity of
the ZnTPyP and [Ru(bipyLI]* moieties in the films is illustrated by their photoelectrochemical
properties. When the films are illuminated in an aqueous solution containing dissolved oxygen and
the electrolyte, LITFMS, a stable photocurrent response is generated, reproducing the absorption
profile of the solid tetraruthenated complex. This result confirms that the [Rugtiy)groups
can effectively act as antennae, absorbing light and transferring energy or electrons within the
molecular framework at the electrode surface. The starting species is regenerated in the presenc
of dissolved oxygen, in a catalytic manner, so that the process can be repeated indefinitely as long
as dioxygen is supplied to the solution.

The electronic spectra of the films of the [NiPyP{RU' (bipy).CI} 4J(TFMS), species are
very similar to those of the molecular species in solution (Aeaki. 1995c¢) The films deposited
on glassy carbon exhibit a well behaved electrochemical response in aqueous solution, displaying
reversible waves at®E= 0.95 V, associated with the peripheral ruthenium groups (Fig. 10). The
peak currents increase linearly as a function of the scan rate, with a small difference in the slopes
arising from the non-equivalent FWHM values. These results are consistent with a fastion diffusion
and electron transfer within the film, with a minor repulsive site-to-site interaction, or differences
in redox species environment. Because of their bulkiness, the mobility of the molecules within
the film should be hindered, and molecular diffusion can not support a direct electron transfer to
the electrode. Therefore, the electron transport within the film should occur by self-exchange or
electronic conduction mechanisms. In the presence of ferrocyanide ions, no current is observed af
the normal oxidation potential, e.g. 0.37 V, during the anodic scan; however, a sharp wave appears
at the beginning of the B/ " anodic wave (0.7 V) so that the electronic conduction mechanism
can definitely be ruled out. This behavior is identical to that observed in redox polymers bilayers
in which the outer film electroactive species have a more negative potential than the inner one, but
the electron transfer is mediated by the inner film redox species. Since the outer redox speciesis ir
solution, the solvated ferrocyanide ions can neither diffuse through nor exchange with the anions
present in the film, because of the compact arrangement of the tetraruthenated nickelporphyrin
molecules. Therefore, the electrochemical processes should be mediated by the film, which acts
as a conduction gate, allowing an unidirectional electron flow from the solution to the electrode.

The [CoTPyP{Ru(bipyyCl} 4]J(TFMS)s films are particularly suitable electrode modifiers
(Araki etal. 1995a, b, Angneat al. 1996), possessing good homogeneity, stability and adherence.
Analogously to the Ni films, the modified electrodes exhibit only one well defined pair of waves at
0.95V, in aqueous solution, ascribed to thé'®uredox couple. The Cb films were successfully
employed in the determination of nitrite, sulfite, NADH and dopamine, in flow analysis (&taki
al. 1995b, Angnet al. 1996, Azevedat al. 1999, Azevedeet al. 1998). The glassy carbon
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electrodes coated with molecular films of the tetraruthenated cobaltporphyrin exhibited enhanced
electrochemical response, leading to sharp signals at the onset of'tfie ledox wave (0.70 V).

In addition to a higher selectivity for the reduced species in solution, the modified electrodes were
not susceptible to surface poisoning, as observed in the case of bare electrodes (for NADH and
dopamine).

Vanadium(V) Oxide and Bentonite Intercalated Films

Vanadium(V) pentoxide films have been extensively investigated in the last decades due to their
applications in batteries, as well as, in optical, analytical and electrochromic devices (Livage 1991,
Livage 1996) (Anaissét al. 1999). This type of film admits a number of variations, depending

on the starting materials and the treatment applied. A layered material is obtained by the slow
evaporation of the vanadium(V) oxide xerogels, atroom temperature. The resulting solid is made up
of layers of polyvanadate ribbons linked by water molecules and exhibits very interesting electronic
and electrochemical properties associated with the occurrence of mixed valence interactions and
ionic transport. As a matter of fact, according to Livage (Livage 1996) the layered xerogels exhibit
an improved electrochemical behavior in terms of faradaic yields and reversibility.

Intercalation of porphyrin species into vanadium(V) oxide xerogel films has been successfully
carried outin our laboratory (Tonghal. 1994) for the preparation of modified electrodes exhibiting
selective electrocatalytical behavior. We are now extending the approach to the intercalation of
supramolecular species and conducting polymeric films, in order to exploit their possible use
in electrochemical and electronic devices. Exciting results are being obtained with a combined
material resulting from the interaction of colloidal bentonite and vanadium(V) oxide xerogels
(Anaissiet al. 1999). This novel material exhibits a lamellar structure containing vanadium(V)
oxide and silicate layers. In contrast to the vanadium-oxide films, the composite xerogels are
not soluble in water, displaying enhanced electrochemical signals in the presence of electroactive
species such as the hexaammineruthenium(ll) complex, as a consequence of their intercalation intc
the interlamellar space.

FINAL REMARKS

At the end of this century, supramolecular chemistry appears as a revolutionary way of dealing with
chemical compounds and concepts, exploiting the properties beyond the frontiers of the isolated
molecules, and combining a wide diversity of chemical species in unusual molecular arrangements.
Supramolecular chemistry has already discovered the great possibilities of semiotics and molecular
recognition for the design of intelligent molecules and devices. Molecular electronics and photonics
are being expected as the next generation of advanced machines, in the same way as supramolecul
assembly can allow the production of nanofunctional devices and materials for the outcoming
nanotechnological age.
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