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Novel tetraferrocenylporphyrins-containing self-assembled mono-
layers were prepared employing two different approaches.
Self-assembled monolayers were characterized using UV-Vis
spectroscopy and cyclic voltammetry (CV) whereas their photo-
electrochemical properties were investigated by photocurrent
generation (PG) experiments.

Porphyrin-based self-assembled monolayers (SAMs) were widely
investigated in the last two decades, due to their remarkable
electrochemical and photophysical properties that resulted in
several molecular electronic applications.! Because of their
unique optical properties, porphyrins can be employed as
sensitizers for photovoltaic2 nanoscale devices, sensors> or as
components of organic light emitting diodes.* Furthermore,
porphyrins possess easily accessible and stable cationic and
anionic states that can be exploited in the construction of
molecular wires, transistors® and molecular memories.” The
introduction of redox-active substituents such as ferrocene in
the meso or B-pyrrolic position results in additional redox
processes thus extending their applicative potentiality.® Indeed,
polyferrocenyl compounds are known to show multi-redox
processes which often lead to the formation of mixed-valence
states. Mixed-valence species exhibit strong metal-metal coupling,
which is responsible for magnetic coupling and unpaired electron
density migration.” These outstanding properties prompted us
to thoroughly investigate a new polyferrocenyl-containing
porphyrin and its metal complexes. Ferrocenyl groups are
highly conjugated to the porphyrin core in both tetraferro-
cenylporphyrin (H,TFcP) and its metal complexes (MTFcP),
thus strongly affecting the electronic structure.'® The whole absorp-
tion spectrum of H,TFcP is markedly red shifted with respect
to the parent Tetraphenylporphyrin (H,TPP) and the bands are
broadened, thus covering a wider part of the visible spectrum.!'®!!
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Mixed valence states can be easily obtained by the progressive
oxidation of individual ferrocenyl groups. Moreover, the
redox behaviour of the molecule was found to be strongly
influenced by the polarity of the solvent and by the coordi-
nation ability of the electrolyte. In particular, four reversible
single-electron oxidations were observed in a non-polar solvent
with a non-coordinating electrolyte for either the metal free'? or
the transition metal complexes.'® Despite these interesting
properties, to the best of our knowledge, formation of the
TFcP-based SAMs has never been reported. In this communi-
cation, we describe the preparation and characterization of
novel TFcP-containing SAMs as well as a preliminary investi-
gation on their photocurrent generation efficiency. Two different
strategies were used to build the porphyrin-based SAMs shown
in Fig. 1: a HyTFcP mono-functionalized with a thioacetyl-
hexanoyl group for covalent linking and the axial coordination
of ZnTFcP to a pre-formed imidazole-containing monolayer.
In both cases SAMs were prepared with the porphyrin either
as the only building block (entries 1 and 3 in Fig. 1) or diluted
with a shorter chain alkanethiol in a deposition ratio of 1:5
(entries 2 and 4 in Fig. 1). The mono-functionalized H,TFcP
was prepared for the first time by a mixed condensation of two
different ferrocencarboxyaldehydes with pyrrole (ESIt). Both
H,TFcP and the imidazole-containing ligand were attached to
the surface by the corresponding thioacetate groups. S-Acetyl
protecting groups underwent in situ cleavage upon exposure

Fig. 1 Proposed structures of the SAMs prepared with: mono-
substituted-H,TFcP (1) and mixed with BuSH 1:5 (2); thioacetate of
11-(N-imidazolyl)-1-undecyl—ZnTFcP (3) and mixed with OctSH 1:5 (4).
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to the gold surface,'* avoiding the handling of free-thiol
compounds.

The degree of surface coverage was evaluated by quantifying
the discharge of K;[Fe(CN)g] on the modified electrode by CV
measurements.'> In the case of mono-substituted H,TFcP the
mixed SAM 2 showed a higher degree of packing with respect
to 1, suggesting that, for the latter, steric hindrance effects
inhibit the formation of a densely packed SAM. Indeed, upon
switching from a single component monolayer (1) to a mixed
one (2), the redox waves associated with ferricyanide dis-
appeared completely (ESIT). On the other hand, both the single
component (3) and the mixed (4) SAMs showed complete
coverage of the modified gold electrode before the coordi-
nation step. Furthermore, the oxidation potential of TFcPs
was directly measured on the surface. The CV scans of 1 and 2
in a MeCN/TBAP (TBAP = tetrabutylammonium perchlorate)
system exhibited a reversible redox process in accordance with
that reported for the parent H,TFcP.'? In the same solvent/
electrolyte system, the four processes associated with the
ferrocenyl moieties of H,TFcP occurred at the same potential
(Eip = +0.28 V vs. FcH/FcH™). Since the functionalization
differentiated one of the ferrocenyl groups, we were able to
detect two distinct redox waves. Indeed, SAMs 1 and 2 showed
a 3 + 17 electron oxidation pattern (ESIt) with the first three
electron processes occurring at lower potentials and the last
one, attributable to the substituted ferrocenyl group, observed
at the highest potential (Fig. 2). The easy accessibility of well-
separated oxidation states opens the way for a feasible appli-
cation in the field of molecular random access memories.’

The three electron oxidations were strongly shifted to negative
potential when occuring on a gold surface (Fig. 3a and b). This
difference is probably due to a decrease of the dielectric constant
in the diffuse monolayer when compared to that of the bulk
solution.'® Interestingly, a significant shift in the half-wave
potential was found switching from 1 (E,, = +0.145 V vs.
FcH/FcH ") to 2 (Ey; = +0.185 V vs. FcH/FcH ") due to the
introduction of 1-butanethiol. As for ZnTFcP-containing
monolayers (Fig. 3¢ and d), in which the ferrocenyl groups
are equivalent, we observed an irreversible, multielectron process
in agreement with previous data in a less polar solvent.'”
Interestingly, the opposite behaviour to SAMs 1 and 2 was
found in SAMs 3 and 4 where the oxidation potential signi-
ficantly decreased with the introduction of 1-octanethiol
[Esx (3) = +0.28 Vand E,, (4) = +0.19 V vs. FcH/FcH™].

The integration of the anodic peaks yielded the density of
porphyrins deposited on the electrode (ESIT). As for the SAM
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Fig. 3 CV scans of 1 (a), 2 (b), 3 (c) and 4 (d) at 100 mV s~ .

formed by the covalently bound porphyrin (1), we found an
excellent density [I'; = (3 £ 1) x 107'° mol cm™?]. In the
mixed SAM 2, the density of porphyrins was only three times
lower with respect to 1, not maintaining the ratio of the
coating solution [I', = (1.1 £ 0.8) x 107! mol cm™2]. These
data are in good agreement with the coverage experiment
described above in which SAM 1 was not completely packed
due to steric hindrance. These results suggest that H,TFcPs do
not pack through n—r interactions, probably because of the
hindrance caused by the ferrocenyl groups. Interestingly, SAM 3
showed a porphyrin density [I's = (7.5 £ 0.6) x 10~ mol cm 7]
five times higher than the amount found for the mixed SAM 4
[[4 = (1.6 + 0.4) x 10~"" mol cm~2]. This evidence suggests a
statistical deposition of imidazole-based ligand with octanethiol
on gold. Since the interaction between ZnTFcP and its axial
ligand is weaker than the covalent bond used in preparation 1
and 2, a lower density of porphyrins of about an order of
magnitude was found in 3 and 4.

In all cases, a good stability of the monolayers was found
and the signals remained unaltered for several cycles. Such
stability, reversibility of the first three electron processes and
electrochemical response make SAMs 1 and 2 suitable for
chemical sensing applications. A further characterization of
SAMs was made by UV-Vis spectroscopy on gold-supported
glass. The absorption spectrum of SAM 1 shows a well-shaped
Soret band slightly red shifted with respect to the same
compound in solution (Fig. 4a). The intensity was too weak
to detect the Q-bands. The UV-Vis spectrum of 3 (Fig. 4b) is
dominated by a broadened Soret band with an intense and
characteristic shoulder due to coordination. As expected
from the above density results, 3 showed a weaker intensity
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Fig. 4 Absorption spectra of 1 (a) and 3 (b) on gold-supported glass.
Both the insets show the absorption spectra of the ligands in DCM.
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absorption than 1 but, surprisingly, an intense absorption of
the Q-band was found.

Preliminary photocurrent generation experiments were also
performed on selected SAM. Owing to the better packing that
was found for mixed SAMs, PG experiments were carried out
using gold electrodes modified by 2. Meso-arylporphyrins
are well-known sensitizers for photocurrent generation and
several papers have reported their properties.'®!® Imahori and
Fukuzumi'® showed that an electron transfer can occur from
an electron donor (TEOA = triethanolamine) and the singlet
excited state of such porphyrins. Although electrochemical
experiments were carried out in a different solvent/electrolyte
system, we took into account the oxidation potential measured
for 2, i.e. +0.185V vs. FcH™ /FcH (or +0.60 V vs. Ag/AgCl).
Since the oxidation of TEOA occurs approximately at the
same potential (E° = +0.61 V vs. Ag/AgCl) we assumed that
the electron transfer from TEOA to monofunctionilized-
H,TFcP is slightly endoergonic. Indeed, as predicted by the
above potential comparison, an intense cathodic photo-
current was detected. Hence, we proposed a reverse mecha-
nism in which the excited porphyrin donates an electron to
0, (E° = —0.48 V vs. Ag/AgCI)." The resulting cationic
porphyrin then rearranges to its reduced state by an electron
transfer from the gold surface. As shown in Fig. 5, the Incident
Photon to Current Efficiency (IPCE) spectrum of 2 at 0.0 V
can be successfully superimposed to the absorption spectrum
of monofunctionalized-H,TFcP in toluene, thus confirming
the role of the porphyrin as the photoactive species of the
monolayer.

In order to confirm the role of oxygen as the final electron
acceptor of such a process, a control experiment was carried
out in the absence of TEOA and in an O, saturated aqueous
solution. The resulting IPCE spectrum did not show any
variation in shape or intensity with respect to that reported
in Fig. 5. Moreover, the partial removal of O, from the
solution by a nitrogen stream resulted in an 85% decrease of
the photoinduced current efficiency on the Soret band (ESI¥).

In summary, we successfully prepared novel tetraferro-
cenylporphyrin-containing SAMs using two different strategies:
(i) covalent attachment of the monosubstituted metal-free
porphyrin using a specific spacer, (ii) axial coordination of
ZnTFcP to the pre-formed imidazole-containing SAM. The
covalent approach yielded an excellent density of porphyrins

W 0,003

0,002

w
o

Current (A)

o
IPCE %

0,001

Photocurrent (nA*cmz)

0 v Y = 0,000
400 600 800

Fig. 5 Overlay of the IPCE spectrum of 2 (blue lines with red circles)
at 0.0 V with the absorption spectrum of the mono-functionalized
H,TFcP in toluene (red line).

on the surface, while the second approach provided a simple,
cheap and versatile method to functionalize pre-formed mono-
layers with metalloporphyrins. PG experiments were also
performed with the mixed SAM 2 demonstrating that the
asymmetric tetraferrocenylporphyrin constitutes the photo-
active material of the photoelectrochemical cell. Interestingly,
an intense cathodic photocurrent was generated at zero applied
bias potential, most likely promoted by O, reduction. These data,

as

well as the easy accessibility of different redox states of

the monofunctionilized-H,TFcP monolayers, encourage the
consideration of TFcPs as potential candidates for the con-
struction of molecular electronic devices.
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