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Supramolecular chemistry, also known as the chemis-
try beyond the molecules, provides the best route for
molecular nanotechnology, allowing the design of ver-
satile functional nanomaterials conveying the remark-
able characteristics of the molecular centers, including
their electronic, optical and chemical properties. Syn-
thetic strategies have been successfully developed for
the assembly of supramolecular systems encompassing
porphyrins, porphyrazines, clusters and polyimine
complexes. Their many applications in nanotechnologi-
cal devices, such as amperometric sensors, smart win-
dows, photoelectrochemical cells and logic gates are
dealt with in this article.
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Introduction

SUPRAMOLECULAR™ chemistry provides a powerful tool
for assembling complex molecular systems exhibiting
functionality or mimicking biological systems in their or-
ganization, cooperative functions, energy conversion and
information storage. For this purpose, molecular entities
displaying suitable properties should be connected by ap-
propriate groups in order to transmit information and
provide adequate interaction between them'™. This can
be done by means of hydrogen bonding, dipole—dipole and
van der Waals interactions, as well as, by forming coordi-
nation bonds. Such intermolecular interactions can be rather
strong, as observed in m-stacked porphyrins and pthalo-
cyanines. Another interesting way of getting supramolecu-
lar structures is by self-assembling weakly interacting
species such as amphiphilic molecules, as observed in
membranes, vesicles and Langmuir-Blodgett (LB) films.
A supramolecular system exhibits structural and active
components. The last ones are responsible for performing
some action and promoting functionality when put to-
gether in an organized way, e.g. by forming and breaking
chemical bonds, absorbing or emitting light, transferring
electron or energy, etc. The structural components are
necessary for assembling and connecting the components
in an organized way, in order to get molecular recogni-
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tion, allosteric effects, or to provide energy gradients for
promoting directional processes.

In this way, molecular devices can be inspired on a su-
pramolecular approach in which the components are
functionally integrated to execute an action or process™.
A simple design consists of a molecular film inserted into
a pair of optical or conducting windows;, however, mo-
lecular devices can also be assembled into very complex
ways in analogy with the electronic devices™™.

In the supramolecular design, the use of metal-ligand
interactions has many advantages, since it can be guided
by the self-assembly character of the metal-ligand inter-
action, allowing the selectivity control based on simple
acid-base principles, while incorporating a variety of struc-
tural, electronic and kinetic properties from the molecular
systems. Metal complexes can be kinetically labile or inert
and their structures can exhibit many different coordina-
tion numbers and geometries (trigonal, square, pyramidal,
octahedral, capped octahedral, pentagonal bipyramidal,
etc.), depending on the element and its oxidation state. In
this way, the coordination chemistry-based approach can
be employed in metal ion induced assembly of highly or-
ganized structures, as those obtained from the direct in-
teraction between linear polypyridine polymers and
copper(I) ions'. Many transition metal complexes can be
used for this purpose, but the ruthenium™ ">, palladium
or platinum'*" compounds have been most commonly
employed.

This article will focus on the supramolecular assembly
of symmetric coordination compounds exhibiting several
strategically distributed binding sites, as illustrated in
Figure 1'%, Those molecular building blocks allow to
build up a variety of linear, planar or tridimensional systems,
incorporating or combining relevant physico-chemical
properties for application in nanotechnological devices.

In the representative examples of Figure 1, the tris-
(2,2'-bipyrazine)ruthenium(Il) complex (a) belongs to the
class of ruthenium(Il) polyimines which are among the
most extensively investigated compounds in the last dec-
ades, because of their remarkable photochemical, photo-
physical and redox properties'®=°. The available six
coordinating pyrazine N-atoms in an octahedral arrange-
ment can be directly used to build up supramolecular sys-
tems in the presence of metal ions. Additional bridging
ligands (BL) can also be added, yielding mixed com-
plexes of the type [Ru(bipy)(BL),] and [Ru(bipy).(BL)]
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(bipy = 2,2'-bipyridine) which can be useful for assem-
bling new polynuclear systems. In fact, Balzani er al.”’
have already employed this strategy focusing on ‘com-
plex as metals and complex as ligands’, for developing a
number of interesting supramolecular systems.

Another important class of complexes shown in Figure
1 b, consists of triangular u-oxo-bridged ruthenium-
acetate clusters™* 7. Their main characteristics are the
strong electronic delocalization and the occurrence of five
successive monoelectronic redox processes in the range
of =2.0 to 2.0 V. The electronic properties of the triangular
p-ORu; center are modulated by the nature of the axial
ligands, allowing the fine tuning of the redox potentials.
Since the electronic effects and the donor/acceptor char-
acteristics are strongly dependent on the oxidation state,
contrasting redox species can be readily produced by
changing the applied potentials. In fact, by applying
negative potentials the triangular clusters become stronger
n-donor species, while by reversing the potentials, they
acquire strong z-acceptor characteristics. Because of their
robust, symmetric structures, these triangular clusters
provide versatile building blocks for generating structures
connected by suitable bridging ligands such as pyrazine
(pz) and 4,4'-bipyridine (4,4'bipy).

The next relevant system shown in Figure 1 corresponds
to porphyrins, metalloporphyrins and related macrocy-
cles®®!7. Porphyrins are particularly important prosthetic
groups in biological systems, acting as the active sites in
many different biomolecules, particularly cytochromes,
electron-transfer cofactors, oxygen transport and storage
(hemoglobin and myoglobin) and photochemically active
site in the photosynthetic system. These species exhibit
planar and relatively rigid structures suitable for the
preparation of materials displaying cavities or that can
self-assemble by electrostatic and 7= interactions. They

Figure 1. Typical metal-organic building-blocks constituted by metal
polyimines (&), metal clusters (b), porphyrins (¢) and porphyrazines
(d), which can be employed in the assembly of functional supramolecu-
lar nanomaterials, based on the coordination chemistry approach.
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also provide interesting functional building-blocks be-
cause of their rich coordination, catalytic, electrocata-
lytic, photochemical and redox properties, as described
earlier™'®'*73° In addition to the extended aromatic
macrocyclic structure, there is a rich coordination chem-
istry associated with the presence of four inner ring nitro-
gen atoms. The free-base and metallated meso-tetra(4-
pyridyl)porphyrins (M-TPyP, Figure 1 d) can combine
with several metal complexes through the bridging pyri-
dine ligand at the four meso-positions of the porphyrin,
allowing to build up interesting biomimetic systems'>">.

The last system in Figure 2 d corresponds to the tetra-
pyridylporphyrazines (M-TPyPz). Because the pyridine
rings are fused to the beta-pyrrolic sites, they are more
closely related to the class of phtalocyanine compounds™ .

The multibridging complexes shown in Figure 1 can be
interconnected by using suitable transition metal ions as
linking elements. However, specific synthetic methodo-
logy should be developed to build up more complicated
architectures. An example is the convergent synthetic ap-
proach illustrated in Figure 2, for the generation of clus-
ter dendrimers'~"7°,
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Figure 2. [Illustration of a three step convergent synthetic approach,
starting from triangular building blocks for the generation of a den-
drimeric cluster encompassing 30 ruthenium atoms.
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Metal complexes can also be attached to multibridging
core species, performing as the ending elements. However,
by choosing convenient ancillary complexes, one can also
introduce functional groups for selective molecular inter-
actions or for carrying out electrochemical coupling via
electropolymerization reactions>*>*, In fact, a great va-
riety of interesting supermolecules has been obtained by
attaching transition metal complexes such as ruthenium-
polypyridines, ruthenium-edta, pentacyanoferrate and tri-
nuclear p3-ORu3(OAc)s clusters to the peripheral pyridyl
groups of metallated meso-tetra(pyridyl)porphyrins (Fig-
ure 3). In such systems, the peripheral complexes R can
play many roles’. For instance, they can modify the local
environment around the porphyrin ring and exert protec-
tion effects against radicals and other highly reactive spe-
cies. In addition, they can improve solvation and solubility
properties, or act as cofactor in redox processes. As tun-
able electron donor—acceptor groups, they can induce elec-
tronic effects on the metalloporphyrin center. Finally,
they can provide important sites for intra- and/or intermo-
lecular interactions, favouring the assembly of supra-
molecular structures and materials and the occurrence of
supramolecular interactions.

An important aspect is the facility of those supramolecu-
lar species to form films, even by simple methods such as
dip-coating and drop casting, thus providing versatile in-
terfaces for many nanotechnological applications.

Among the several species shown in Figure 3, two spe-
cial classes of compounds have been systematically stud-
ied>'®, consisting of tetrasubstituted pyridylporphyrins
coordinated with four ruthenium-polypyridines (here de-
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Figure 3. Supramolecular porphyrins obtained by coordination of

transition metal complexes to the periphery of the macrocyclic ring (a
similar scheme can be extended to the 3-TPyP and analogous porphy-
razine species).
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noted tetraruthenated pyridylporphyrin, TRPyP) or trian-
gular ruthenium clusters (here denoted tetracluster
pyridylporphyrin, TCPyP), (Figure 4).

A related supramolecular species (here denoted
TRPyPz = tetraruthenated porphyrazine) is constituted by
the (3,4-pyridyl)porphyrazine center coordinated to four
peripheral [Ru(bipy),Cl]" groups (Figure 5). In this sys-
tem, the pyridyl groups are fused to the macrocycle ring,
in contrast with the related meso-tetra(pyridyl)porphyrins,
TPyP,? allowing a stronger electronic interaction between
the central and peripheral complexes.

Another relevant species is represented by [H,(4-
TPyP){Ru(5-Clphen),C1}4]*" where 5-Clphen = 5-chloro-
phenantroline. This species has been denoted electro-
polymerizable tetraruthenated porphyrin,
Ha(ETRPyP)! 475377,

The UV-vis spectra of the TRPyP species can be ex-
emplified by the H,(TRPyP) case. It exhibits the porphy-
rin Soret and the four Q bands at 414, 518, 560, 584 and
642 nm respectively;, and the bands of peripheral com-
plexes at 292 (bipy 7— #*), 356 [MLCT2 Ru"(d7n) —
bipy(7*,)] and ~ 470 nm [MLCT1 Ru'(dz) — bipy(7*))]
(MLCT = metal to ligand charge transfer). The protona-
tion of the porphyrin ring (pK,=2.0) shifts the Soret
band to 440 nm, giving rise to a new band at 690 nm™
ascribed to a Ru'(dm)—H,(4-TPyP)(z*)) charge transfer
transition.

The electronic spectra of a M(TCPyP) complex exhibit
electronic transitions in the porphyrin center very similar
to those observed in the spectra of the M(TRPyP) spe-
cies' 1788 The Soret band is typically in the range of
414-475 nm, and the Q; ¢ and Qg bands in the range of
557-584 and 611-645nm respectively. In the formal
RuRu™Ru™ oxidation state, the characteristic intraclus-
ter band is observed in the 685-707 range, while the
Rus;0O—py MLCT band is found in the 314-351 nm
range.

Typical cyclic voltammograms of the TRPyP com-
plexes can be seen in Figure 6. The Ru(III/IT) redox proc-
esses associated with the peripheral ruthenium complexes
are responsible for a reversible wave around 0.9 V, ex-
hibiting four times the intensity of those waves centered
in the metalloporphyrin moiety ™****¥2 This process is
followed by an oxidation wave of the metalloporphyrin
above 1.2 V. At negative potentials, two successive mono-
electronic waves corresponding to the reduction of the
porphyrin to the radical anion (0.7 V) and the dianion
species (—1.1 V) can be observed, followed by the first
and second reduction of the bipy-ligands at —1.4 and
1.6 V respectively. In the case of the Co(Ill), Fe(IIl) and
Mn(IIl) porphyrins, the reduction to the respective
MDTPyP species is also possible. Normally, the
Co(II/IT)TPyP wave is not observed in the cyclic voltam-
mograms because of its slow kinetics, but it is expected
around 0.1 V, by analogy with other meso-substituted co-
balt porphyrins. On the other hand, the Fe(III)TPyP de-
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Figure 4.

Structural representation of the meso-tetrapyridylporphyrin center (central protons omitted for clarity) coordinated to

four peripheral [Ru(bipy),C1]" groups, 4-TRPyP (left) and four [ps-ORus(OAc)s(py).]" clusters, 4-TCPyP (right) (a similar scheme

applies for the 3-TRPyP and 3-TCPyP analogues).
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Figure 5. Structural representation of the 3,4-pyridyl)porphyrazine

center (central protons omitted for clarity) coordinated to four periph-
eral [Ru(bipy),Cl1]" groups (TRPyPz).

rivative tends to form the p-OFe™TPyP), dimer, which
rapidly dissociates after the reduction step at —0.76 V*.
The porphyrin reduction potential is also sensitive to
the coordinated metal ion and its oxidation state. For ex-
ample, the reduction of the Co"(4-TRPyP) species is ca-
thodically shifted due to the prior formation of Co'(4-
TRPyP), while the ring oxidation potentials remain al-
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most invariant at 1.5 V. Although the M'P state has been
reported for Ni, Co and Fe porphyrins, the only case de-
tected in supramolecular porphyrins is for Co'(4-TRPyP)
and Co'(4-TCPyP), around —1.1 V*. Its formation usually
shifts the porphyrin and bipy reduction to more negative
potentials. In all cases, the spectroelectrochemistry tech-
nique has proved essential for the proper assignment of
the redox processes (a typical set is shown in Figure
)16:3839.45

The voltammograms of the M(TCPyP) species are domi-
nated by the [u3-ORu3(OAc)s(py).] reversible waves, as
shown in Figure 7. It should be noticed that in the case of
[13-ORu3(OAc)s(py)s] and analogous complexes the elec-
tronic coupling'’ is close to the strong limit, so that the
redox sites are oxidized or reduced at rather contrasting
potentials, i.e. separated from each other by AE ~1 V785,
The porphyrin waves are generally hidden, and can only
be found with the aid of spectroelectrochemistry.

In the cyclic voltammograms of Co(4-TCPyP) in Figure
7 a, the waves at 1.2 and 2.1 V have been assigned to the
consecutive monoelectronic oxidations of the peripheral
ruthenium clusters (Figure 7 ), and no evidence of Co™P
moiety oxidation has been found up to 2.0 V. Although
the wave at 0.2 V looks like a conventional cluster wave,
the spectroelectrochemistry in the 0.7-0.0 V region re-
vealed the presence of a hidden Co™™P process. By
changing the potential from 0.7 to 0.20 V, the Soret and
Q bands shift from 435 and 537 nm to 412 and 533 nm
respectively, while the ruthenium cluster bands remain
the same (Figure 7 ¢). In contrast, by changing the poten-
tial from 0.25 to 0.0 V the broad Ru-cluster band at
700 nm shifts to 913 nm, but the porphyrin bands are
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Figure 6. Cyclic voltammograms of [Cu(4-TRPyP)]** 2.5 mM (center) and the corresponding spectroelectrochemical changes in
the range: (a) 0.70 to 1.10 V, (b) 0.70 to —0.95 V, (¢) —0.95 to —1.25 V and (d) —1.25 to —1.50 V; SHE, in DMF solution.
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(a) Cyclic voltammograms a 3.0 x 10~ M Co(4-TCPyP) in the —1.5 to 2.5 V vs SHE range and the corresponding spectroelec-
trochemical changes in the (b) 0.7-1.4 V, (¢) 0.2-0.7 V, (d) 0.0-0.2 V, () —0.5 to 0.8 V and ( f) —0.8 to —1.2 V range, in CH;CN solution.

only slightly perturbed (Figure 7 d). The redox potential
of the Rus™™ ™ /Rus™ ™ couple (0.16 V) has been ob-
tained from the spectroelectrochemistry data at 913 nm.
The Co™™p potential (0.31 V) has been determined in a
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similar way by monitoring the Soret band at 412 nm®.
Moving to a more negative region, the weak waves at
—0.65 V reveal an enhancement of the 913 nm band and
of the absorbance below 550 nm, and in addition, new
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bands appear at 366 and 300 nm while the Soret band is
broadened and shifted from 412 to 421 nm (Figure 7 e).
This behaviour is completely different from that expected
for the reduction of the porphyrin ring or the peripheral
ruthenium clusters and has been assigned to the Co™P
process. The double Soret band of the Co'P species
becomes more evident when the ruthenium clusters
are further reduced to the Rus™™! species (0.8 to
—1.2 V range), shifting the MLCT band from 400 nm to
502 nm and the intracluster band from 913 to 938 nm
(Figure 7 f).

An interesting property of Co—4TPyP is its ability to
self-adjust its chemical potential to that of the environment,
as illustrated in Figure 8. In this way, it behaves as reducing
agent capable of performing, at suitable negative potentials,
the electrocatalytical four electrons reduction of dioxygen
to water, mimetizing the cytochrome-¢ oxidase enzyme™ .
Under oxidizing conditions, it promotes efficient and
selective oxidation of cycloalkanes and other organic
substrates, thus mimetizing cytochrome P-450 (refs 12,
52). The peripheral complexes can also act as catalyst
cofactors, storing redox equivalents and acting as electron
transfer relays in multi-electronic redox processes’.
Those characteristics are not found in conventional
catalysts.

Supramolecular films
Direct assembly

One of the most interesting properties of the M(TRPyP)
and M(TCPyP) compounds is their ability to form homo-
geneous thin films by direct self-assembly based on dip-
coating, spray coating, drop-casting or electrostatic as-
sembly procedures™ """ 8386 In addition, the films
exhibit an important peculiarity: they preserve most of

F

hy
¢

Figure 8. Redox modulation of the M(TCPyP) catalytic activity by
changing the oxidation state of the [u-ORuz(CH;CO,)s(py):]"
complexes in order to perform cytochrome C-oxidase and cytochrome
P-450 reactions.
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the characteristics of the supramolecular species. For this
reason, they provide interesting interfaces for applica-
tions in molecular devices. This remarkable point exhib-
ited by M(TRPyP) and M(TCPyP) allows to extend their
usefulness as functional materials encompassing a broad
range of possibilities not found in most supramolecular
systems.

In general, porphyrins exhibit a self-association tendency
due to the n—= stacking interactions. This is also observed
in the supramolecular species, contributing to the forma-
tion of very stable thin films. It should be noticed that the
films exhibit excellent optical and electrochemical per-
formance. Even rough films obtained by drop casting
[M(TRPyP)]X,4 or [M(TCPyP)]X4(X =PF¢, ClO,4, CF350;5)
solutions onto glass, exhibit good transparency. Another
important point is their strong adherence to most sur-
faces, including glass, oxides, glassy carbon, graphite,
silicon and metals. Although some of the films are slightly
soluble in water, their dissolution can be prevented by
adding some excess of X~ counter ions into the solution.

The [M(TRPyP)]|X, films exhibit a characteristic pair
of sine-shaped waves at E,;=0.92 and E,, =099V
(20 Mv s 1818 gag50ciated with the Ru™™ redox couple,
as shown in Figure 9. At this potential, their conductivity
becomes very high. The charge-diffusion constant has
been estimated to be DCT”ZC =1.0x 10 mol em2s7?
from the Cottrell plots.

In the presence of ferrocyanide ions®**, as one can see
in Figure 9, there is no evidence for its characteristic
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Figure 9. a, Cyclic voltamograms of a platinum electrode coated with
a [Ni(4-TRPyP)][PFs], film, recorded in aqueous solution at several po-
tential scan rates. b, Comparison of the voltammetric response for
[Fe(CN)s]* ions, using a bare (middle) and a coated electrode (bottom).
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Figure 10. Molecular simulation of the electrostatic assembly of [TRPyP]*"/[TPPS]* species.

electrochemical wave around 0.36 V, when the electrode
surface is coated with the supramolecular species. As a
matter of fact, the [M(TRPyP)]X, films are not conduct-
ing within the potential interval between two successive
redox waves, e.g. from —0.5 to 0.6 V in aqueous solution.
However, at the onset of the Ru™" redox wave (e.g.
~0.7 V), there is a sharp increase of the current (Figure
9). At this potential, the Ru™" redox pair opens the elec-
trochemical gate for the discharge of the ferrocyanide
ions, by means of an electron-hopping mechanism.

The lack of the characteristic ferrocyanide wave at 0.36
V, is a good indicator of the absence of holes, cracks and
other types of imperfections, which otherwise would al-
low the diffusion of electroactive species and their direct
electron exchange with the electrode surface. Similar re-
sults have also been reported using [Ru"(edta)(H,0)]*,
ascorbic acid and NADH as substrates, indicating that the
existing channels for electrolyte migration in the films
should be relatively narrow to prevent the diffusion of
molecular species ™! 548758

Electrostatic assembly

Another strategy, involving electrostatic assembly, has
been developed to build-up more stable films, preserving
the conduction and electrochemical properties. Such al-
ternative is based on the strong interaction between the
tetracationic species [M(TRPyP)]" and the tetraanionic
[M'(TPPS)]* molecules, by means of electrostatic and 7
interactions. The ion—pairing process is directed by mo-
lecular recognition because the structural and electric
charge of those species is complementary, as one can see
in Figure 10. In fact, a face-to-face dimer is initially
formed when they are mixed together in dilute methanol
solution, as confirmed by the sharp and blue-shifted Soret
band indicative of a strong exciton coupling between par-
allel transition dipole moments. In more concentrated so-
lutions, the aggregation of the ion-pairs leads to
deposition of an insoluble material. Interestingly, this ma-
terial can be assembled, in a controlled way, layer-by-
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layer, generating ultrathin films on substrates such
as silicon wafers and ITO plates®>***¢*¥ A similar appro-
ach has been successfully employed for generating ele-
ctrostatically self-assembled polymeric films, as ele-
ctrode modifiers, displaying outstanding catalytic acti-
vity®-%

The electrochemical behaviour of the electrostatic as-
sembled films has been observed to be very similar to
that of pure M(TRPyP) modified electrodes, exhibiting a
pair of sine-shaped waves at £, =0.90 and E,, =0.98 V
for the Ru™" redox couple. The surface concentration per
bilayer has been estimated as 7.5 x 107! mol em™ and
the charge diffusion through the film is rather fast (Der =
3 x 10" em?s ™)™ Four conduction mechanisms are
possible: (1) electron hopping through the peripheral ru-
thentum complexes, (ii) electron hopping through the
stacked metalloporphyrin rings, (iii) electronic conduc-
tion through the porphyrin 7z-stacks and (iv) hole-transfer
from the electrode to a ruthenium complex and propaga-
tion through the porphyrin z-stacks. The impedance spec-
tra have shown that the conductivity increases as the
potential approaches the E;, of the Ru(IIl/II) process, as
expected for a redox conduction mechanism involving the
peripheral ruthenium complexes®”.

Electropolymerized films of tetraruthenated
porphyrins

Eletropolymerization is specially interesting for providing a
better control of the local and amount of the deposited
film*?*™M It can be carried out by introducing electro-
polymerizable groups, such as 5-chlorophenanthroline (5-
ClPhen). A reductive dimerization of 5-CIPhen has al-
ready been reported by Fussa-Rydel ez al'"”. and provides
an interesting strategy for the electropolymerization of
meso-tetra(pyridyporphyrins attached to four [Ru(5-
ClIPhen),Cl]" groups. Two methods have been applied for
generating such species, called ETRPyP (electropoly-
merizable tetraruthenated porphyrins)”: a) the direct
electropolymerization from a dimethylformamide solu-
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tion and b) the electropolymerization of a preformed film
by dip coating, in acetonitrile solution, as shown in Fig-
ure 11.

The voltammograms of ETRPyP exhibit reversible
waves at E;»=1.00 and —-0.65 V in DMF solution, which
have been assigned to the Ru(III/II) redox pair and to the
monoelectronic reduction of the porphyrin ring to the 7~
radical anion respectively, and a shoulder at £, =-1.04 V
ascribed to the formation of the respective porphyrin
dianion (Figure 11). The monoelectronic reduction of a 5-
Clphen ligand of each peripheral ruthenium complexes
occurs at £, =—1.11 V. Its anodic wave is broad, more
intense and is shifted to positive potentials because of the
overlap with the anodic wave corresponding to the reoxi-
dation of the porphyrin dianion. The reduction of 5-
ClPhen induces the elimination of chloride and formation
of phenanthroline radicals'" that react promptly with
each other forming a C-C bond (Figure 11). The
H,(ETRPyP) species has two of such ligand for each of
the four peripheral ruthenium complexes, in a suitable ar-
rangement to generate a polymeric film. Typical voltam-
mograms in DMF (=1.3 to 1.2 V range) using platinum
disk electrodes are shown in Figure 11. The stepwise in-
crease of the Ru(IIl/IT) wave along the successive scans
results from electropolymerization process® 71104106108
However, this procedure leads to poor quality films, due
to the looseness of the presumably low molecular weight
polymeric chain.

A Dbetter alternative procedure is to carry out electro-
polymerization directly on the films previously formed by
dip-coating™" "> 7040 %% The high concentration of
the monomer on the electrode surface and the presence of
suitably pre-oriented molecules improve the electropoly-
merization, requiring only one or two scans in the 0.0 V

-0 05 00 0.5 1.0
Potential / V (vs SHE)

Figure 11. (Left) Structural representation of ETRPyP and the elec-
tropolymerization reaction; (Right) @, Successive cyclic voltammo-
grams of 5.2 x 10™* ETRPyP in 0.2 M TEACIO, DMF solution, scan
rate = 100 mV/s, Pt disk electrode. b, Cyclic voltammogram of a Pt
electrode modified with a polymeric ETRPyP film obtained by electro-
polymerization*” of a dip-coated film, in 0.2 M TEACIO, acetonitrile
solution, scan rate = 100 mV/s.
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to —1.3 V range for completion, yielding a more compact
and reticulated structure. A typical bell-shaped voltam-
mogram has been obtained for a platinum electrode modi-
fied with a thin polymeric Hy(ETRPyP) film in acetonitrile
electrolyte solution, as shown in Figure 11. The ITO elec-
trodes modified by dip-coating have also been examined
by AFM microscopy, before and after the electropoly-
merization process. The AFM images (Figure 12) show
that the dip-coated samples consist of small aggregates
more or less uniformly distributed onto the ITO surface,
while the electropolymerized films exhibit larger fea-
tures, reflecting the occurrence of structural changes and
molecular reorganization.

The conduction properties of the electropolymerized
supermolecular porphyrin films (0.65-1.25 V range) have
also been probed by impedance spectroscopy. The Ny-
quist plots of the data obtained at different equilibrium
potentials for a surface coverage of I' =4 x 10~ mol cm ™
show that the charge-transfer resistance decreases sharply
as the applied potential approaches the Ru(IIl/I) redox
potential®>. When the potential is increased further, the
observed profile of conductance vs potential plot be-
comes very similar to the voltammetric profile, confirm-
ing a redox mechanism of conduction®>?>11711%,

Supramolecular devices

Molecular machines and devices represent an innovation
front in nanotechnology and are being pursued for energy
conversion, sensors, displays and as nanosize version of
the microscale components of MEMS and microelectro-
nics™PP 13 Ag a matter of fact, a molecule can effi-
ciently capture light or electrons and respond to electric
or magnetic impulses, thus being able to process informa-
tion. Specialized molecules can conduct electron (molecular
wires), or pump electrons/photons (photonic pumps).
Molecules can also be effective probes for molecular rec-
ognition. Combining such many abilities and properties,
molecules can be designed to communicate with each
other, signalizing this by means of color changes, emis-
sion of light and/or sound, release or uptake of protons
and ions, etc. They can also be interfaced to a metal wire
or fiber optics, transducing their response into measurable
electrical or optical signals.

In general, a functional device is based on electrical
and optical elements. In a simplified way it can be pic-
tured by two conducting windows or electrodes as shown
in Figure 13; one of them being coated with a thin film of
the active molecular material. The electric contact be-
tween the electrodes is usually made with a suitable lig-
uid or polymeric electrolyte containing a charge-transport
mediator. This description applies relatively well for a
number of devices, such as the LCDs (liquid crystal dis-
plays), OLEDs (organic light emitting devices), DSC
(dye solar cells), smart electrochromic windows, ampero-
metric sensors and logic gates.
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Figure 13. Pictorial representation of a molecular device activated by
photons or electrons, showing the conducting windows/electrodes, the
semiconducting and/or functional molecular film and the mediator/
electrolyte.

In this scheme, additional layers of semiconducting
materiais, such as TiO,, can also be employed, in combi-
nation with the molecular materials. The molecular inter-
faces play a major role in such devices, making contact
with the active films and providing efficient directional
access and transport of electrons and photons. For this
reason, the nature and quality of the molecular films is a
critical point. Such films can be prepared by several
methods, e.g. thermoevaporation, dip-coating, spin-coating,
drop-casting and Languir-Blodgett. Thermoevaporated
supramolecular calixarene films have been successfully
empolyed in OLEDs, displaying a tunable electrolumi-
nescent emission between 470 and 510 nm by changing
the applied voltage bias from 4.3 to 5.4 V", Another
strategy for generating molecular films is based on elec-
tropolymerization of suitable oligomeric species'”, as
well as on the layer-by-layer deposition of opposite elec-
trostatically charged species (electrostatic assembly) as
described in the previous section®' !,
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Morphology of a dip-coated film before and after electropolymerization (2 scans) in acetonitrile solution, in the —1.3 to 1.2 V range.

Amperometric sensors with supramolecular interfaces

Sensors can be viewed as special interfaces for communi-
cating with the molecular world, since they involve some
kind of transduction process for expressing the inter-
action/reaction of the molecular species with the sensing
elements. For instance, the impedance changes of con-
ducting polymers such as polypyrrol, polythiophene and
polyaniline when in contact with different types of ana-
lytes, can be used to sense the quality and origin of wines
and coffee!? '3 However, in this particular case, the
sensors rely on non-specific interactions of multiple
compounds with the active materials, thus giving an aver-
age response.

Specially engineered thin films can provide selective
molecular interfaces for many substrates but the require-
ments and characteristics will depend on the measurement
techniques employed. A very useful one is the amperomet-
ric technique. In this case, the detection method is based
on the measurement of faradaic currents, produced by the
oxidation/reduction of a given analyte at the electrode
surface. Suitable materials for amperometric sensors should
exhibit (a) electron conducting (redox or electronic) and
electrocatalytic sites, (b) size controlled pores through
which the cations and/or anions from the electrolyte can
diffuse rapidly, (¢) good chemical and mechanical stabil-
ity, (d) selective/specific response to substrates, and (e)
resistance to surface poisoning. These requirements are
important for analytical applications, but other aspects can
also be relevant. In fact, the sensibility will depend on the
electron transfer rates and diffusion of electrons/ions
through the molecular material, as well as on electrocata-
lysis efficiency.

The M(TRPyP) and M(TCPyP) films provide conduction
gates represented Ru™" sites at 0.92 V, or by the metal-
loporphyrin center, which can be tuned by the applied po-
tentials as they approach the corresponding redox
potentials. The last one can be localized at the transition
metal center (Co(III/II/T), Mn(III/II) and Fe(III/II)) or at
the porphyrin z-ring system. The activation of the redox
centers 1s susceptible to synergistic and induced elec-
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- 45,51
tronic effects™ . In some cases, a reduced metallopor-

phyrin center, probably with M'P character is responsible
for the electrocatalytic activity, as observed in M(3-
TRPyP), where M =Ni, Co and Mn'** 1 On the other
hand, the oxidation of substrates such as ascorbic acid,
NADH, dopamine, acetaminophen, phenol, nitrite and
sulphite occurs by an outer-sphere mechanism involving
the peripheral ruthenium complexes'® 875% 93133,

An interesting application of such supramolecular films
is in the detection of sulfur dioxide and its source com-
pounds, such as the sulfite salts, which are added to foods
and beverages in order to inhibit bacterial growth, to pre-
vent oxidation and inhibit discoloration, thus improving
the final appearance of the products'>*!#71°=1¢158 "oply
SO, exhibits antiseptic properties’* " but, at high levels
it produces an unpleasant aroma and taste, besides being
hazardous to human health. The analysis of free and total
sulfur dioxide in wine has been carried out using a diffu-
sion cell on line with the FIA (flow injection analysis)
amperometric detector based on the M(TRPyP) and
M(TCPyP) films (Figure 14). A gas diffusion cell is nec-
essary for the transference of the gaseous compounds
from the donor stream to the acceptor one, through a
semipermeable membrane.

As a matter of fact, the CoTRPyP films provide a consid-
erable enhancement of the sulphite response and decrease
of the overpotential, shifting the oxidation wave to the
onset of the Ru™™ redox wave. A similar behaviour has
been observed for the electrostatically assembled
CoTRPyP/ZnTPPS films*®*’. The consistency of the
FIA method using modified electrodes is quite good, and
the method can be scaled up to a large number of sam-
ples.

Nitrite ion is another interesting analytical substrate
because of its prevalence in industrialized meats as pre
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Figure 14. Cyclic voltammograms of SO} ions using (a) bare glassy
carbon electrode and (b) the CoTRP/ZnTPPS coated electrode, (¢) and
its corresponding FIA response for free SO, concentrations in white
wine (sample a, Forestier); the FIA cell is shown above.
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serving agent and appearance builder, also. But, when in-
gested it can react with hemoglobin oxidizing it to meta-
hemoglobin, and with amines converting them to
nitrosamines, which are well-known carcinogenic sub-
stances'” "’ The environmental impact caused by high
concentrations of nitrite and nitrate ions from the inade-
quate use of fertilizers, and the contamination of water
sources for human consumption are also big con-
cerns' 7% Interesting results have been obtained using
glassy carbon electrodes modified with layer-by-layer
electrostatic assembled films of Ni(TRPyP)/CuTSPc and
Co(TRPyP)/CuTSPc, in the presence NO, and SO3
species. Both modified electrodes exhibit enhanced cata-
lytic current at the onset of the Ru™ wave (0.9 V), in-
cluding significant decrease of the overpotentials for the
sulphite ions. Because of the distinct electrochemical sig-
nals, the two species can be simultaneously analysed in a
mixture.

Electropolymerization makes the [H,(4TPyP){Ru(5-
Clphen),Cl},4], or Hy(ETRPyP) films rather interesting
for application in amperometric analysis, specially for
the preparation of microelectrode arrays. Analogously to
the M(TRPyP) films, a catalytic current has been ob-
served for the electropolymerized films in the oxidation
of nitrite to nitrate, mediated by the Ru(Il) spe-
cies™ T . The kinetics of oxidation of
nitrite to nitrate have been studied by RDE voltammetry,
from 200 to 8000 rotations per minute, and in the 1 x 107
to 1x 10° M concentration range. A typical sigmoidal

FTO TiO,
nano+dye

Pt FTO

Figure 15. Representation of a dye solar cell (DSC) incorporating the
sensitizer (S) adsorbed at the nanocrystalline semiconductor interface
(TiOy).
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shaped profile has been observed, characteristic of a rapid
reaction. The corresponding rate constant has been ob-
tained from the linear coefficients of the Koutech-Levich
plots as kr=3.7 x 10" M s™ This value is one order of
magnitude higher than that previously obtained'*" for the
Co(TRPyP)/Zn(TPPS) electrostatic assembled bilayer
films.

Another important application of the supramolecular
porphyrin films is in the determination of drugs such as
acetaminophen in pharmaceutical formulations. This
work has been recently performed®®, by means of batch
injection analysis (BIA) based on amperometric detection
with glassy carbon electrodes modified with [Co(4-
TRPyP)](CF3S03)5 films. This sensor exhibits sharp cur-
rent response, rapid washout and excellent reproducibility
for BIA-amperometric quantification of acetaminophen.
The proposed method permits the direct and selective
quantification of acetaminophen in many pharmaceutical
products, avoiding cumbersome processes as previous
separations, solvent extraction or sample filtration.

Supramolecular photoelectrochemical devices

Photoeletrochemical cells employ a conducting glass
electrode coated with a thin film of a semiconducting ma-
terial placed in contact with a suitable redox couple, e.g.
I37/T", responsible for mediating the electron transfer to a
second electrode, as illustrated in Figure 16. The most
commonly used semiconductors are based on ZnO, WO;,
SnO, and TiO,, which are typically wide band gap mate-
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Figure 16. Ruthenium bipyridine dyes incorporating the conjugate
BPEB ligand.
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Light absorbed by the semiconducting material pro-
motes electrons to the conduction band (CB), generating
holes at the valence band (VB). The redox mediator sup-
plies the electrons to the valence band, undergoing oxida-
tion, and is regenerated at the cathode, closing the electric
circuit. The amount of electrons produced by absorbed
photon of a given wavelength is expressed by the IPCE
value. In order to evaluate the overall efficiency (77) of
the solar cell, it is necessary to obtain a current vs poten-
tial (I-V) curve, and calculate the filling factor (FF)
comprising the maximum rectangular area which can
be inserted in this plot, corresponding to Pax = linax Vinex:
The cell efficiency is given by #7(%) = P../(irradiance
area).

Conventional semiconductor photoelectrochemical cells
usually exhibit a rather small efficiency, in part because
the optical absorption of the wide band gap semiconduct-
ing films requires UV light excitation, thus making poor
use of the available visible near-infrared radiation of the
sunlight. In order to overcome this limitation, the use of
dye-sensitizers in association with wide band gap semi-
conductors has been pursued with great interest, since
1970 decade.

The ideal dye should absorb a broad spectrum of light
from the near UV to the NIR region encompassed by the
distribution of the spectral radiation of the sun (also re-
ferred as AM 1.5). Its excited state should be located
above the conduction band (i.e. at more negative poten-
tials) in order to allow efficient photoinjection of elec-
trons to the TiO, layer. In the case of a good TiO,/dye
interface this process is usually very fast (107'% s), com-
peting favourably with the radiative decay processes (k;)
or any possible photochemical reaction. The ground state
should exhibit a redox potential more positive than that of
the redox couple mediator (e.g. E°(05/17) =0.4 V), in or-
der to undergo a rapid regeneration (<1 ps), and should
also be electrochemically stable, in order to allow a very
large number of cycles without undergoing decomposi-
tion reactions. A fast electron transfer kinetics involving
the mediator/electrode interface is also important. Surface
activation with platinum catalytic particles can strongly
improve the electrode kinetics. Recombination processes
(k, and k3) involving the semiconductor Fermi levels and
the oxidized dye (D) or mediator (Iz”) can decrease the
photocurrent yield, and should be minimized by improv-
ing the conductivity and the interface design. The open
circuit voltage (V,.) is established by the Fermi levels of
the semiconductor layer and the redox potentials of the
mediator.

The most extensively investigated dyes were derived
from ruthenium(Il) polypyridine complexes, and the
standard dye currently used in DSC experiments is the
[Ru(debipy)o,(NCS),] complex, also referred as N3. The
use of dyes has allowed to extend the photoinjection re-
sponse to the visible region; however, in spite of this, the
efficiency of such dye-sensitized solar cells (DSC) in
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terms of the irradiated area remained quite small (IPCE <
0.15%) until 1991. In this year, a great improvement has
been achieved by Gratzel and O’Reagan'” by using
nanocrystalline TiO; films exhibiting high surface-to-area
ratio, in addition to good light transparency, charge-
separating properties and electronic conductivity (Figure
15). The IPCE in this case, increased by three orders of
magnitude in relation to the previous dye cells, jumping
from 0.12% to 90%. for an active area of 1.3 cm?.

The work of Gritzel and O’Reagan has stimulated the
use of the nanotechnological approach in DSC, and cul-
minated in a recent overview on the state-of-art of the
subject'’®. Their activities from 2002 until 2004, were fo-
cused on demonstrating new strategies for DSC concepts,
including co-sensitization, cell materials and fabrication
protocols for TiO, pursuing an increase of efficiency to
>12% under Standard Test Conditions (AMI.5,
1000 W/m?), and a long term stability!’**% Cost analy-
ses have been made to demonstrate the potential of DSC
as a low cost thin film photovoltaic technology, exhibit-
ing a maximum efficient under full sunlight of 11% for a
cell with an active area <0.2 ¢cm?, and 10% for an active
area of 1.3 cm”.

T10, surface modification has been attempted by using
very thin tunneling barrier layers and co-sensitization
strategies employing dye multilayers. The use of other
metal oxides such as Nb,Os;, ZnO and SnO, replacing
T10, has also been investigatedl76’193; however, to date,
no one has been able to improve on the efficiencies ob-
tained using TiO,.

The electrolyte used in high-efficiency cells consist of
alkylimidazolium iodides or tetra-alkyl ammonium io-
dides, lithium 1odide/I, in solvents such as acetonitrile,
propionitrile or mixtures of acetonitrile and valeronitrile.
In addition to tert-butylpyridine and benzimidazole, new
surface additives based on carboxylic and phosphonic or-
ganic acids have been employed to facilitate the self-
assembly of the dye molecules at the Ti0; electrode sur-
face, rendering it more impermeable, and reducing the
dark current of the cell.

Innovative strategies, such as the use of supramolecular
dyes?®40TBI (an reduce the dispersive kinetics,
improving the device efficiencies. Haque et al.'®’ have
proposed the dye chromophore modification by the cova-
lent attachment of secondary electron donors. The elec-
tron-transfer cascades in such supramolecular structure
can retard the charge-recombination dynamics by increas-
ing the physical separation between the dye-cation moiety
and the TiO, surface. By means of transient absorption
spectroscopy, they have shown that charge-recombination
dynamics in the [Ru"(debpy).(RBpy)] dyes containing
aryl-amine (R) based electron donor groups decrease
linearly by 5 orders of magnitude, as a function of the
spatial separation from the TiO, surface, of the dye cation
generated after the photoinjection process.
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Another interesting case has been reported for ruthe-
nium(II) bipyridine and dicarboxybipyridine (debpy) com-
plexes containing the frans-1,4-bis[2-(4-pyridyl)ethenyl]-
benzene (BPEB) ligand (Figure 16). The BPEB ligand
is a typically conjugated bridging ligand which can allow
intramolecular photoinduced electron-transfer or energy-
transfer processes between the two ruthenium moieties.

The absorption spectrum of the BPEB bridged species,
[{Ru(debpy),Cl}2(u-BPEB)]" in aqueous solution is
shown in Figure 17, together with the incident photon-to-
current conversion efficiency (IPCE) curves as function
of wavelength.

The IPCE curve of such species exhibits a broad band
from 400 to 600 nm with a maximum centerd at 520 nm.
The observed IPCE values are comparable to those exhib-
ited by the N3 reference complex'**>*. The bathocromic
shift of the absorption bands (~40nm) of the
[{Ru"(dcbpy).Cl}(BPEB)|® dye anchored on TiO, re-
flects the binding of the carboxylate groups to the sur-
face. The binuclear species can make use of one or two
dcbpy ligands in the anchoring process to TiO,, generat-
ing a linear or a flat arrangement at the surface. As illus-
trated in Figure 16, the linear arrangement leads to a less
symmetric configuration in which the TiO; binding side
has a lower energy. This facilitates a vectorial electron
transfer from the other extremity, resulting in a more ef-
fective charge-separation, and a higher IPCE value.

A comparison of [{Ru(debpy).Cl}2(BPEB)]® with the
related  [{Ru(bpy)-Cl},(BPEB)]*" and [Ru(bpy),Cl-
(BPEB)]" species containing a non-carboxylate bpy
ligand, and pristine TiO,, can also be seen in Figure 17.
Such species exhibit much lower IPCE, as a consequence
of the lack of effective anchoring groups. Surprisingly,
the mononuclear [Ru(bpy),CI(BPEB)]" species presents

IPCE (%)

A (nm)

Figure 17. Incident photon-to-current conversion efficiency (IPCE)
curves as a function of wavelength for the sensitizers: (—A-)
[{Ru"(debpy):C1}(BPEB)|*(1); (~#-) [{Ru(bpy):Cl}:(BPEB)]*'(2)
and (—*—)[Ru(bpy).CI(BPEB)]"(3), and for bare TiO,(—8-). The ab-
sorption spectrum of the binuclear species [{Ru"(dcbpy),Cl1},(BPEB)|®
in aqueous solution is also shown in full line.
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IPCE wvalues reaching 50 and 20% around 400 and
500 nm, respectively, while the IPCE values for the binu-
clear [{Ru(bpy),Cl},(BPEB)]*" are almost negligible.
These results show the dramatic importance of the an-
choring groups. Even in the case of the mononuclear spe-
cies, the comparison with the corresponding binuclear
species reveals the important role of the free pyridyl
group on the BPEB ligand, in promoting the chromo-
phore binding to the TiO, surface.

It is interesting to note that zinc tetrapyridylporphyrins
(TPyP) coordinated to four [Ru(bipy),Cl]" and [Ru
(phen),C1]" complexes, ie. Zn(TRPyP) and Zn
(TRpPyP)'*!'" adsorb onto TiO, even without the car-
boxylate anchoring groups, producing photoelectro-
chemically active red-brown films'®*>>*"  Typical
photoaction spectra (IPCE curve vs 1) of the photoelec-
trochemical devices assembled with TiO,/TRuphen-
ZnTPyP films exhibit strong photoaction response at 350
nm from the direct excitation of the TiO,, but the IPCE
curves resemble the absorption spectrum of the su-
pramolecular dye, displaying the characteristic Soret,
MLCT, and two Q bands at 440-450, 480-530, 575 and
620 nm respectively>> ", The similarity between the ab-
sorption and photoaction spectra indicates that the por-
phyrin  and peripheral ruthenium complexes are
contributing to the photocurrent. Analogously to the
Zn(4-TRpPyP) species, the IPCE wvalues for Zn(4-
TRTPyP) reach 13% at the maximum absorption (Soret
band) of the supramolecular dye, much higher than those
observed for bare TiO, and free base TRpPyP and TRPyP
(both without Zn). The porphyrin bands are red-shifted
with respect to the species in solution, indicating that the
supramolecular species are interacting with the TiO; sur-
face via porphyrin core. In contrast, the free base su-
pramolecules, TRPyP and TRpPyP, practically do not
adsorb onto TiO,. As a consequence, no photocurrent has
been detected. This result is clear evidence that the at-
tachment of supramolecular metalloporphyrins involve
the central Zn(Il) ion and the hydroxyl groups of the TiO,
surface, as previously reported in the literature for an-
other zin¢ porphyrin system'>*>%82%

Photoelectrochromic devices

Electrochromism represents the reversible color changes
exhibited by a material or system upon inducing oxida-
tion/reduction processes by means of an applied potential.
It has been successfully employed in automotive rearview
mirrors, and is expected to evolve considerably in the
next years. There are at least four types of electrochromic
devices®™. One is based on the color change of a layer of
a transition metal oxide, such as WO;, Ni1O, MoOs3, IrO,
and Co,0;, deposited on a transparent conducting elec-
trode. Such systems seem to be stable enough to allow their
incorporation in architectural windows; however, they
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suffer from the drawback of slowness or insufficient
color change. Another type of device employs Prussian
blue complexes as electrochromic materials. The third type
is based on the electrochromism of conducting organic
polymers, such as polyaniline, polypyrrole and polythio-
phene. The fourth type of electrochromic devices exploits
the use of wide band-gap nanocrystalline semiconductors
functionalized with charge-transfer compounds™’ =",

The attachment of a redox chromophore to a semicon-
ducting nanoparticle surface, allows to increase the colora-
tion of the films due to a high concentration of chromo-
phores and to achieve fast switching times. Several redox
molecules containing a surface anchoring group have al-
ready been investigated, including the well-established
viologens' ™13 and several metal complexes with dif-
ferent ligands™*?'®. The basic arrangement is similar to
that for a typical photoelectrochemical dye cell (Figure
15), however, in this case the electrons are injected from
the conducting substrate into the conduction band of the
semiconductor and from there, to the adsorbed electroac-
tive dye. If the redox potential of the dye lies below the
conduction band, the electrochromic process can be re-
versed by the application of a positive potential to the
conducting substrate.

The trans-1,4-bis[2-(4-pyridyl)ethenyl|benzene (BPEB)
complexes exhibit an interesting electrochromic behavior,
resembling that of viologen compounds. The ligand first
reduction generates the radical (BPEB'™), giving rise to
two strong near infrared bands centered at 718 and
781 nm, turning the electrode blue. These bands corre-
spond to 7 — #* transitions in the radical cation. In con-
trast, the second reduction gives rise to BPEB*'!™ species,
which are almost colorless.

The electrochromic behavior of BPEB has also been
explored in the TiO./[{Ru”(debpy),Cl}-(BPEB)]}® sys-
tem. The complex molecules chemisorbed on the nanos-
tructured TiO, electrode undergo a single electron
reduction in the potential range from —0.7 V to —1.0 V vs
SHE, corresponding to the formation of the radical anion
in the BPEB ligand, coloring the electrode blue. This re-
duction process is accompanied by a change of 42% in
the film transmittance, from almost transparent to deep
blue. The electrode color is completely recovered after
each oxidation-reduction process. The coloration effi-
ciency CE(A) at 633 nm can be defined in terms of ab-
sorbance changes (A4) and charge involved (AQ), by
CE(A) = AA(A/AQ =109 cm* C™. This value is quite
high if compared to TiO; itself (8 cm* C™ at 633 nm) and
to other electrochromic transition metal oxides, e.g. NiO,
(40 em® C), CoO, (50 cm? C™), being similar to WO;
(70-100 cm® C ™).

Another interesting electrochromic system is based on
the TiO./[RusO(CH;COO)s(py)(BPEB)|" system. The
electronic spectrum of this complex consists of the BPEB
intra-ligand (IL) z— #* transitions centered at 370 nm,
the cluster-to-ligand charge transfer (CLCT) around
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400 nm and the characteristic internal transitions (IC) of
the [Rus;O] core between 600 and 800 nm. It should be
noted that the [RusO(OOCCH3)s(py)-(BPEB)]|" cluster
exhibits a free pyridine group, facilitating its adsorption
to mesoporous TiO, films. Its reversible electrochemical
response is preserved when anchored on the T10, surface.

In the case of the mesoporous TiO, films modified with
the triruthenium cluster, the electrochromic behavior ob-
served from —0.2 to 0.5 V, in the presence of ferrocene
(Fc) ions as mediator, is related to the redox process of
the [Ru30] core, as shown in Figure 18. Analogously to
the behavior in solution, a reversible electrochromic
process is observed, changing the colors from yellowish-
green to violet. The spectral changes between 0.5 and —1.0
V are related to the first reduction process of the Ru;O
core in the {[RusO(OO0CCH;3)(py)(BPEB)]}PFs com-
plex, i.e. Ru;0™ ? showing a decrease of the intracluster
band at 680 nm and the rise of the cluster-to-ligand
charge transfer and intracluster bands at 522 and 918 nm
respectively.

The chronoamperometric behavior recorded, succes-
sively, after 5 s intervals between —1.0 and +0.5 V, can be
seen in Figure 18 h. At —1.0 V the sharp initial electro-
chemical response is associated with the cluster reduction
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Figure 18. (a) Spectroelectrochemistry and (b) chronoamperometry

of the TiO/[RusO(CH;COO)(py)(BPEB)]" electrochromic device be-
tween 0.5 and —-1.0 V.
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process onto the TiO, surface, leading to a drastic color
change. This process is followed by a fast current de-
crease, up to a steady state condition (parasitic current).
In the electrochromic device, this process is concomitant
with the oxidation of the ferrocene (Fc¢) to ferrocenium
ion (Fc") on the counter-electrode. This observation sug-
gest that the steady-state currents arise from the continu-
ous re-oxidation of the reduced cluster species, presumably
by Fc' formed at the counter electrode.

The coloration time, which is the time to produce 75%
change in the optical density, is smaller than 0.5 s. Com-
pletely reversible electrochemical and optical changes
have been observed for many hundred cycles. The re-
ported coloration efficiencies are 50 and 190 cm® C™' at
692 and 920 nm respectively, which is quite high if com-
pared with TiO, itself (8 cm* C™ at 633 nm) and other
electrochromic transition metal oxides® ' >'°.

Electrochemical and photoelectrochemical logic
gates

Current information technology involves processing of
input signals by means of the so-called logic gates'> =%,
Data processing based on silicon circuitry requires the bi-
nary encoding of information contained in electrical sig-
nals; for each signal a threshold value and a logic
convention are defined, according to the so-called Truth
Tables describing the several logic gates: AND, OR,
NOR, NAND, XOR, etc. For instance, a logic convention
can relate to O for a signal value below the threshold, and
to 1 for a value above the threshold. However, the binary
logic is a rather general concept which can be applied to
any type of signal, including chemical, optical and elec-
trochemical ones.

Molecular systems can be employed for the implemen-
tation of logic functions, addressed by external stimuli
input (for example, photons, electrons, chemical entities)
in order to generate one or more answer signals as out-
puts®® =¥ (for example, chemical reactions, light
emission, changes in electronic and electrochemical
properties). Recently, several examples of molecules
have been reported emulating the functions of memo-
ries™0 2 gwitchesOB 152 (e BB L piper 242
and logic gates® 12221222224 2620823244 A |ooic sate can
enable information processing and computation at the
molecular level. Examples of molecular logic gates have
already been described” but are based on reactions in so-
lution. Zauner and Conrad®® have proposed an enzyme
based XOR gate, where the signals were generated by
monitoring the malate dehydrogenase absorbance as a
function of Ca®" and Mg*" co-factors (inputs). Stoddart
and co-workers™' have demonstrated the capability of ro-
taxane based molecular shuttles to promote logic functions
and recently they described electronic devices operating
in a molecular level®*. Heinrich ez al.*" explored spon-
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taneous molecular arrangements called ‘molecular cas-
cades’ to construct logic gates. Alternative computation
schemes have been proposed on electron confined sys-
tems, such as ‘quantum dot cellular automata’>*® or
‘magnetic dot cellular automata’** 2, Miyashita er al.*>
also described an AND logic gate based on optical prop-
erties of a polymer film. A remarkable series of all-
photonic molecular logic gates has been recently reported
by Moore and co-workers™*2°°. Another interesting fluo-
rescent AND logic gate has been reported by Magri et
al.®" and Uchiyama et al.*>® involving 3 nm tetramethyl-
ammonium dodecyl sulphate (TMADS) micelles, con-
taining a three-component molecular system.

The idea of using molecular films as interface is attrac-
tive because they provide intrinsic nanoelectrodes®’, al-
lowing the miniaturization down to the molecular level. It
has already been shown that the ultrathin supramolecular
porphyrin films behave as excellent transducer elements,
capable of converting chemical inputs into electrical sig-
nals. The heterogencous electron-transfer at the
film/solution interface and the photochemical reactions
used as base of the molecular logic gates are rapid and
the operation is relatively simple, requiring only small
amounts of the molecular species solution (<100 pl per
injection). In fact, the processes based on electron-
transfer reactions can be faster than the mechanical work
at molecular level?®®?'. However, on the other hand, it is
necessary to overcome the difficulties associated with the
transport of the molecular species (inputs) through the
film/solution interface, for exploiting simultaneously
their different properties, as genuine transducer elements,
in order to generate controlled signal inputs and outputs

For this purpose, a flow injection analysis (FIA) cell
using a tetraruthenated porphyrin film modified electrode
has been designed for the realization of hybrid molecular
logic gates. Such a device has the advantage of incorporat-
ing an amplifying function, resulting from its electrocata-
lytic and photoelectrochemical properties'*. Reproducible
analytical signals have been obtained in generating the
FIA patterns after injecting consecutively a solution of
ferrocyanide, keeping the potential of the modified elec-
trode fixed at 0.0 V and then stepping to 0.8 V, as shown
in Figure 19. Only when the potential is set to 0.8 V and
the ferrocyanide solution is injected, a characteristic an-
odic peak is generated. Otherwise no current flows. A
similar result is expected when ascorbic acid is used in-
stead of ferrocyanide in the setup described above. How-
ever, one can use both of them as inputs keeping the
potential constant at 0.8 V. In this case, an anodic peak is
always observed when any or both of the solutions are in-
jected (Figure 19 b). It should be noted that the current
intensity obtained for the injection of solutions of ascor-
bic acid and ferrocyanide with the same concentration
(1.0 x 107 M) generate peaks of roughly the double of
the intensity for the first one because, respectively, two
and one electrons are involved in the oxidation reactions.
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By taking the electrochemical potential and the presence
of ferrocyanide as inputs, one can set them in such a way
that only when two affirmative inputs are simultaneously
applied an affirmative response is generated as output
(anodic peaks in Figure 19). Accordingly, the bit configu-
rations are: input 1 is a chemical input and the ‘0” or 1’
means absence or presence of [Fe(CN)s]*, while input 2
is ‘0" or “1” for applied potential of 0.0 or 0.8 V. Consid-
ering these settings, the truth table shown in Figure 19 is
obtained, which is equivalent to that of an AND gate.

The OR operation has two inputs and one output, just
like the AND operation, but in this case only one affirma-
tive input should be enough to generate an affirmative
output. The OR operation can be obtained in a flow injec-
tion device by using two chemical inputs: ascorbic acid
and ferrocyanide. They are set as ‘0’ or ‘1’ when
[Fe(CN)s"] = [ascorbic ac.] = 0 or [Fe(CN)s"] = [ascor-
bic ac.] =1 x 107" M, respectively, keeping the potential
applied to the modified electrode fixed at 0.8 V. In this
case, the injection of any of those two chemical species
will generate an anodic current as response (Figure 19).

In addition to the amperometric response, one can also
exploit the photoaction response observed when elec-
trodes coated with polymetallated porphyrin films are ir-
radiated with visible light in the presence of O,, or another
suitable as electron receptor agent. This characteristic
is exhibited by pure M(TRPyP) films, as well as by the
electrostatic assembled M(TRPyP)/M’(TPPS)
ones’ B3FLIRIEIT and the electropolymerized ETRPyP
modified electrodes'"’. When the porphyrin material is
irradiated, the lowest energy excited state is rapidly ac-
cessed. This species is a better reductant than the ground
state species roughly by a factor corresponding to the ex-
citation energy (Eqo) and can transfer electrons to receptor
agents, such as dioxygen molecules, in the electrolyte so-
lution. The transferred electrons can be supplied by the
electrode, if the potential is set more negative than the
flat band potential, generating a cathodic photocurrent. In
this way, light and the photoactivity of the supramolecu-
lar films'® can be used in combination with their electro-
catalytic properties to generate electric signals.

This photoaction-based logic gate can be implemented
in a typical FIA cell, but using transparent electrodes. A
cathodic photocurrent is generated when the ETRPyP
modified electrode is irradiated in the presence of O, so-
lution and the electrochemical potential is set more nega-
tive than 0.28 V', which corresponds to the flat band
potential (Eg). A sequence of photo-chronoamperometry
signals can be registered employing an O, saturated solu-
tion and turning on and off the light source, while setting
the potential at 0.0 or 0.8 V. Very reproducible cathodic
plateaus are obtained when the incident light is turned on
and the electrochemical potential fixed at 0.0 V, which is
below the flat band potential. However, when the electro-
chemical potential is shifted to 0.8 V the photocurrent is
completely suppressed. By using the electrochemical po-
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Figure 19. Truth tables for the logic gates using a FIA cell containing a TRPyP modified electrode, and FIA
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Figure 20. Photoaction response (solid line) of the device, and reflec-
tance spectra (dotted lines) of a nanocrystalline TiO, film on FTO (a)
without and (b) with cluster sensitizer.

tential as input (0 V =1input O, and 0.8 V =input 1) and
the photocurrent signal as output (0 and 1), a typical NOT
gate is obtained. On the other hand, by using both, light
(off = input 0, on = input 1) and the electrochemical po-
tential (O V =1input 0, 0.8 V =input 1) as inputs A and B,
respectively, the photocurrent output will be 1 only when
A =1 and B=0, corresponding to an inhibited-AND
gate, called INH.
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An interesting molecular optoelectronic XOR logic
gate operating exclusively with optical inputs and electric
output, has been recently described, making the system
easily addressable and compatible with the present elec-
tronics. This device is based on a TiO, dye-sensitized
Gritzel type cell'7>?%% direct absorption of light by TiO,
(R exe<400 nm, Figure 20) produces a photoinduced charge
separation, and if a dye can accept rather than inject elec-
trons into the semiconductor layer when in the excited
state, the photocurrent output direction can be modulated
by the wavelength of the incident light, making possible
the generation of a light-driven logic gate.

For this purpose, the molecular dye should be reductively
quenched by the nanocrystalline semiconductor layer. Con-
sequently, the ground state reduction potential should be
more positive than about 0.0 V to satisfy this requirement
using 2.5 eV photons (hexe ~500 nm) for excitation, since
the energy of TiO; valence band and the standard hydro-
gen electrode referenced to vacuum level are respectively
6.8 and 4.44 eV. Generally, the reduction potential of or-
ganic compounds and ruthenium polypyridine complexes
such as N3 is more negative than —1.0 V, being typically
photo-electron injectors. However, ruthenium acetate tri-
nuclear clusters possess reduction potentials in a suitable
range. In fact, the [RusO(Ac)s(py)(pzCOH)|PFs com-
plex, (pzCO,H = pyrazine carboxylic acid) exhibits such
favourable aspects, and has been successfully used to
demonstrate this hypothesis.
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cell, (@) truth tables, (b) input—output responses.

The photoaction spectrum (Figure 20) of a cell assem-
bled with the ruthenium cluster exhibits a maximum
photocurrent around 350 nm, becoming null at 375 nm
and then negative up to 600 nm, reaching a minimum at
410 nm where the absorption peak of the adsorbed cluster
complex is localized.

Two major processes are driving the photocurrent in
opposite directions, as illustrated in Figure 21. One is the
direct absorption of light by the n-type TiO, layer and the
second is the abstraction of electrons by the excited clus-
ter complex. The first one is predominant at Ae.. <375 nm
and the current tends to increase sharply as Ao de-
creases, but because of the glass filtering effect, a maxi-
mum is observed at 350 nm. This peak is the sole feature
observed for non-sensitized nanocrystalline TiO; films.
Above 375 nm the photocurrent becomes dependent on
the excited state properties of the adsorbed dye. The ad-
sorbed complex has a broad charge transfer band at
420 nm, coinciding with the negative peak in the photo-
action spectrum. Electron injection from hot excited
states are known to be responsible for the high efficiency
of Gratzel cells, but this is the first report on electron in-
jection in the reverse direction, i.e. from the TiO; film to
the excited dye sensitizer. The mechanism involved is
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depicted in Figure 21, involving the reductive quenching
of C* by the TiO, layer followed by reduction of I, to 1™
by the cluster species and migration of electrons to the
counter electrode in order to close the circuit.

Such photoelectrochemical response can be readily ex-
ploited in the design of a XOR logic gate, which is difficult
to be emulated at the molecular scale®. The photocurrent
output (O) obtained by using 350 and 425 nm light as in-
puts (I1 and 12 respectively) are shown in Figure 22.
When I1 and 12 are equal to O (no light, O — 0) no photo-
current is generated (O = 0). When Age =425 nm (0 - 1),
a cathodic photocurrent is recorded and O = 1. An anodic
photocurrent is recorded when 350 nm light hits the cell
(1 —0) and again O = 1. However, if the cell is irradiated
simultaneously with both A, (350 and 420 nm, 1 — 1), no
net current flows since they are canceled out (O = 0). The
truth table matches the one for the XOR gate. Once the
binary logic is based on threshold values™, the INH gate
also can be obtained simply by changing the intensity or
the Aex of one of the inputs in such a way to decrease the
absolute output signal and establish a threshold in be-
tween O1 and O2. For example, one can set up 7 and
13 pA as the outputs and 10 nA as threshold to realize
the INH logic gate.
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Concluding remarks

By exploiting the strategies of supramolecular chemistry,
versatile functional nanomaterials have been designed,
conveying the remarkable characteristics of the several
building blocks, such as their electronic, optical and
chemical properties. In particular, coordination chemistry
has provided effective self-assembly strategies for mo-
lecular materials, based on specific metal-ligand affinity
and stereochemistry. From the several supramolecular
porphyrins and porphyrazines, metal-clusters and metal-
polyimines focused on this article, an exciting field of in-
vestigation can be envisioned, covering a wide range of
applications in catalysis, sensors and molecular devices.
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