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A Supramolecular Wire Able to Self-Assemble on Gold
Surface: Controlling the Film Length to Optimize the Device
Lifetime and Electron Transfer Efficiency

Sascha Kubitzky, Raffaella Lettieri, Elena Passaretti, Mariano Venanzi, Marta De Zotti,*
Claudia Mazzuca, Ernesto Placidi, and Emanuela Gatto*

A chemical “lego nanoset” has been used to realize different structures on gold
surfaces. Three building blocks have been designed, in order to chemically link
the surface and self-assemble in an ordered manner. Self-assembled films are
arranged on a gold surface into 3D suprastructures via consecutive deposition
of different mono-layers, taken together by thymine-adenine hydrogen
bonds. Three films, composed of one, two, and three helical peptide layers,
both containing a zinc-tetraphenylporphyrin dye as an external sheet, are built
and characterized by spectro-electrochemical and spectroscopic techniques.
All films are found to generate current under illumination, and their
photoresponse and stability are studied as a function of the number of peptide
layers. The efficiency of the photoconversion process has been correlated
to the molecular organization of the porphyrin dyes in the film and to
the templating role of the bridge between the porphyrin and the gold surface.
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1. Introduction

The creation of supramolecular materials
on the surface, in which the constituent
units are highly regular molecular nanos-
tructures, is one of the great chal-
lenges for materials science.[1,2] The self-
assembly of oligomers into supramolec-
ular polymers, held together with di-
rectional and reversible secondary in-
teractions, has the potential for gener-
ating such nanostructures.[3] Learning
how to create large supramolecular units,
and the elucidation of rules mediating
their macroscopic organization into func-
tional properties, will offer a fascinating
prospect for technology and open up the
prospect of many new applications.[4]

One of such challenging applica-
tion is artificial photosynthesis, as the

perfect positioning of different redox centers into supramolecu-
lar wires may be of fundamental importance in controlling the
direction of electronic flow.[5–7] Another significant application is
photodynamic therapy, in which nanostructures able to promote
the formation of singlet oxygen are used to kill tumor cells. The
efficiency of the electron transfer process can be regulated by con-
trolling the film length and in particular the distance of the elec-
tron transfer donor from the electrode surface.[8] Specifically, in
a non-adiabatic regime, the electron transfer (ET) rate from the
gold electrode to the redox species (or vice versa) decreases by in-
creasing the distance.[9–11] In general, the effect of the distance of
the redox species from the surface influences the ET efficiency,
also because the gold electrode may quench the dye-excited sin-
glet state via energy transfer. This process depends on the dis-
tance, and, for this reason, radiative processes are less efficient
by reducing the distance from the surface. However, a short dis-
tance of the dye from the surface favors higher efficiencies since
the superexchange rate constant decreases with the increase in
chain length.

Also in peptide systems, the effect of the distance on the
rate constant depends on the peptide length and secondary
structure.[12–15] In a system shorter than 20 Å, the prevalent ET
mechanism is superexchange, which is characterized by an ex-
ponential decrease of the electron transfer rate constant with the
distance, depending on the tunneling factor 𝛽. In longer systems,
the hopping mechanism is prevalent, in which the electron trans-
fer rate constant is inversely proportional to the distance.[12,15]
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Furthermore, the bridge between the donor–acceptor pair influ-
ences the rate of the process. In particular, the tunneling pa-
rameter found in helical peptides may reach the value of 0.02
Å−1.[16,17] As matter of fact, photosynthetic proteins have mostly
helical conformations, but this kind of secondary structure can be
obtained only in long peptides, due to thermodynamic reasons.
Short peptides populate in general disordered conformations. In
order to optimize the distance between the redox species and the
surface, still maintaining the helical conformation, our research
group has developed many 𝛼-aminoisobutyric acid (Aib) -based
peptides, that are helical even if composed of a very short num-
ber of residues.[18–21] Aib is a C𝛼-tetrasubstituted amino acid, that
imposes a marked restriction on the available ϕ, Ψ space, con-
straining short peptides to populate helical conformations.[22,23]

In the literature, many 2D systems of different length have
been studied, in order to investigate the effect of the peptide
bridge length on the ET efficiency.[24–30] To our knowledge, no
studies concerning ET efficiency of different multilayers has been
reported in the literature, and in particular, the effect of the film
length on the photoinduced electron transfer performances has
never been studied in this kind of systems.

In a previous publication, we showed the excellent perfor-
mances of 3D supramolecular peptide systems on gold surfaces,
realized by exploiting thymine-adenine interaction.[31] Specifi-
cally, we have studied and compared the excellent ET proper-
ties of two supramolecular systems: Film 1 composed of adenine
linked to lipoic acid (Lipo-A) covalently bound to the gold surface,
and a zinc-tetraphenylporphyrin chromophore (ZnTPP) linked to
a thymine (T-ZnTPP). 5 Film 2 had an additional noncovalently
linked layer: a helical undecapeptide analog of the natural peptide
trichogin GA IV,[32] in which four glycines were replaced by as
many lysines to impart water solubility and reduce flexibility.[32,33]

The presence of Lys residues also confers pH sensitivity to the
peptide secondary structure.[32,34] The peptide termini were func-
tionalized with thymine and adenine, respectively, to enable Lipo-
A and T-ZnTPP conjugation. Interestingly, using this system, we
also demonstrated that 𝛼-helix is more efficient than 310 helix in
the photoinduced electron transfer process.[34]

In this work, we want to demonstrate that with similar sys-
tems, by exploiting the thymine-adenine interaction, we can build
multilayer supramolecular films, in which we are able to control
the film length and the number of layers, and thus the electron
transfer and photocurrent efficiency. To this aim, we have assem-
bled one, two, or three layers of a dipeptide composed of two Aib
residues, functionalized at the peptide termini with thymine and
adenine (T-Aib-Aib-A). Aib residues favor helical conformation
even with very short peptides. Film 4 consisted of adenine linked
to lipoic acid (Lipo-A) covalently bound to the gold surface, an ad-
ditional noncovalently linked layer composed of T-Aib-Aib-A and
a zinc-tetraphenylporphyrin chromophore (ZnTPP) linked to a
thymine (T-ZnTPP). Film 5 and 6 were composed, respectively,
of two and three layers of this peptide film (Figure 1).

2. Results and Discussion

Experimental details on the synthesis of molecular components
and the film depositions are reported elsewhere.[35,36] Similar sys-
tems in solution could form long filaments through complemen-
tary nucleobase interaction by properly tuning the experimental

conditions.[32,35,36] We avoided the formation of peptide filaments
on the surface, by using a diluted peptide solution (10 μm, e.g., 10
times below the threshold to get the self-assembly, see the Sup-
porting Information) for details, thus obtaining a monolayer.[31]

The films were deposited on a gold (5 nm)-coated glass slide
to perform absorption and fluorescence spectroscopy measure-
ments. The absorption spectra reported in Figure 2 not only con-
firmed the presence of the film on the surface but also could be
used to determine the amount of porphyrin molecules from the
measured absorbance value.[31,37] This value was (0.9 ± 0.8) ×
10−10 mol cm−2 for film 4 (one peptide layer), and (1.5 ± 0.4) ×
10−10 mol cm−2 for film 5 (two peptide layers) and (1.0 ± 0.5) ×
10−10 mol cm−2 for film 6 (three peptide layers). These values sug-
gest the presence of a high density of porphyrins on surface, tak-
ing into account their mean molecular area. However, the mean
molecular area occupied by the T–ZnTPP layer in the three films
is 183 Å2 for film 4, 107 Å2 for film 5 and 166 Å2 for film 6, sug-
gesting in all of them, a close packing of the porphyrin ring, that
is supposed to stand up on the gold surface[38,39] (the calculated
size[40] of the T–ZnTPP molecule is 402 Å2 in a planar arrange-
ment and 100 Å2 in a vertical arrangement).

This result is supported by the surface absorption spectra,
which show a bathochromic shift of the Soret band, suggesting
the presence of J-aggregates in films 4, 5, and 6 (Figure 2 and
Table 1). Interestingly, the shift observed in film 4 (absorption
maximum at 429.9 nm) is higher than the one observed in film
6 (absorption maximum at 428.4 nm) that is higher than the one
observed in film 5 (absorption maximum at 428.1 nm), indicat-
ing that the highest quantity of J aggregates should be present in
film 4, despite the lower intensity of the absorption maximum.

The fluorescence emission spectra exhibit the typical emis-
sion band of the ZnTPP fluorophore, with two maxima at 607
and 660 nm, which confirms the T-ZnTPP inclusion into the
films (Figure 3). The fluorescence spectra on Au/glass surface
are broader compared to those obtained in solution, and slightly
redshifted, suggesting aggregation among the porphyrins in all
the films. Interestingly, the F/A value, which is proportional to
the quantum yield, increases by increasing the number of the
peptide layers, which is with the film length (Figure 3).

It is well known that the gold electrode quenches the
porphyrin-excited singlet state via energy transfer. This pro-
cess is distance-dependent and if the multi-peptide T-(Aib)2-
A layer is formed, should be more efficient with film 4, in
which the ZnTPP is closer to the gold surface, giving rise to
a lower fluorescence intensity, than with film 5 and lastly with
film 6, in which the ZnTPP is farther away from the gold
surface.

Figure 3 confirms our hypothesis of the multilayer formation
since the intensity of the spectra normalized by the absorption
is: film 6>film5>film4, which follows, respectively, the trend ex-
pected for three, two and one peptide layer formation.

FTIR-RAS measurements have been performed to determine
the presence of the peptide moiety in the film and its orientation
(Figure S2, Supporting Information). FTIR spectra of all three
films without the porphyrin moiety, show in the 1750–1450 cm−1

region, bands at ≈1730, 1680, and 1490 cm−1 that are assignable
to thymine[41] and bands at 1680, 1610, and 1580 cm−1 which
are attributable to adenine.[42] Finally broad bands at ≈1635 and
1540 cm−1are Amide I and Amide II bands due to peptides,[43,44]
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Figure 1. Chemical structures of the building blocks used for the construction of films 4, 5, and 6.

Figure 2. UV–vis spectra of film 4 (red), 5 (blue), and 6 (green) on
Au/glass surfaces in transmission mode.

demonstrating the presence of the peptide in all the three films.
However, due to the low number of amino acids constituting
the peptide moiety, it is very difficult to define a well-defined
secondary structure and consequently, the molecular orientation
with respect to the gold surface.

In order to characterize the surface morphology atomic force
measurements have been performed on the three films. AFM
measurements showed the presence of some structures of vari-
able sizes (ranging from a few to a few tens of nanometers)
(Figure 4a–c). The average height of these structures is ≈13 nm.
However, cyclic voltammetry experiments show that the electrode
is fully passivated by the supramolecular systems investigated
(Figure S3, Supporting Information), that together with the high
T-ZnTPP surface coverage values obtained, demonstrate that the
films are homogeneous. Probably the structures with different
height correspond to areas where there is a multilayer of the pep-
tide system on the surface, in which the thickness of the film is
higher.

In a previous paper, we have used similar films for their ca-
pability to give rise to oxygen photoreduction. Herein, we per-
formed photocurrent generation measurements in the ZnTPP
absorption range in order to study the effect of the peptide length
on the electron transfer efficiency.
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Table 1. Results obtained using UV–vis absorption and fluorescence emission spectroscopy, in transmission mode (directly on surface).

Film Molecular
density

[mol cm−2]

Mean
molecular
area [Å2]

Absorbance
maximum

Maximum
wavelength

absorption [nm]

Maximum
wavelength

emission [nm]

Emission maximum
intensity [F/A] · 105

Film 4 0.9 ×10−10 183 0.058 429.9 606
657

2.9
6.0

Film 5 1.5 × 10−10 107 0.100 428.1 607
658

3.1
6.7

Film 6 1.0 ×10−10 166 0.064 428.4 608
661

3.7
8.5

Upon illumination in the visible region and in the presence
of a supporting electrolyte (sodium sulphate, Na2SO4), high ca-
thodic currents were generated.[31,34] The electron acceptor in the
present system was demonstrated to be O2 in solution.[31,34] Pho-
tocurrent responses of films 4, 5 and 6 are shown in Figure 5.
The photocurrent action spectrum is very similar to the surface
absorption spectrum of ZnTPP, confirming that ZnTPP is the
photoexcited species responsible for the signal.

Interestingly, a significant enhancement in the magnitude of
the photocurrent upon inserting the peptide between Lipo–A and
the deposited T–ZnTPP SAM was observed, with all three films
having a higher photocurrent value than film 1 (without the pep-
tide). Furthermore, the value obtained with film 5 is higher than
the one obtained with films 4 and 6 (Figure 5). However, the pho-
tocurrent value is not indicative of the efficiency of the process,
since the higher the absorption value, the higher is the number
of molecules able to give rise to photo-induced current. For this
reason, we have calculated and compared the photocurrent quan-
tum yield values, since they are normalized for this parameter

Figure 3. Fluorescence spectra of film 4 (red), 5 (blue), and 6 (green) on
Au/glass substrate; 𝜆ex = 433 nm. The spectra are normalized for the ab-
sorption value at the excitation wavelength.

(Supporting Information). Still, also the quantum efficiencies ob-
tained with the three films (Table 2) demonstrated that all three
films are more efficient (ϕ = 0.34–0.49%) than film 1 (without
the peptide, ϕ = 0.3%) and that films 5 and 6 are the best in
performing this kind of measurements (ϕ = 0.49%). These val-
ues are higher than those reported for ZnTPP systems on both
indium tin oxide (ITO)[45,46] and gold.[31,47] When a negative po-
tential was applied, the efficiency increased, reaching 0.7% for
film 4, 0.9% for film 5 and 1.0% for film 6 at an applied po-
tential of −0.2 V. These values are higher than those obtained
with other porphyrin–peptide systems covalently linked to a gold
surface,[45,46] but are lower than a similar system previously re-
ported by us.[31]

Electron transfer in peptides depends on the distance and a
mechanism transition from tunneling to hopping is obtained at
a distance ≈20 Å.[15] In those systems, the peptide length is quite
short (two Aib residues in helical conformation correspond to a
distance of 4 Å). From crystallography the length of the complete
A-(Aib)2-T molecules is 15 Å.[35] However, film 4 is more perform-
ing than the reference film 1, suggesting that also the presence
of only two residue peptides in a helical conformation can influ-
ence the photoinduced electron transfer efficiency. In particular,
all the films containing the peptides have a higher photocurrent
yield compared to the reference film 1 (Figure 6).

The reason for the higher photocurrent value obtained with
film 5 and 6 might be multi-fold.

First, as already reported, the gold electrode quenches the
porphyrin-excited singlet state via energy transfer. This process
depends on distance, for this reason this effect should be more
efficient with film 4, in which the ZnTPP is closer to the gold sur-
face, giving rise to a lower photocurrent value, less in film 5 and
very low in film 6.

Second, the ET rate from the gold electrode to the resulting
porphyrin cation radical decreases with an increase in the chain
length, favoring a higher photocurrent value in film 4, then in
film 5, and lastly in film 6. Third, the presence of porphyrin ag-
gregation enhances the rate of the nonradiative pathway in the ex-
cited state, so in general, a decrease in the efficiency. Most likely
film 5 is the one in which the combination of the gold quenching
and distance-dependence ET are optimized.

However, fluorescence microscopy images show that film 5 is
the one in which the porphyrin domain formation is enhanced,
giving rise to a higher surface density (Figure 7). It has already
been demonstrated that porphyrin aggregation and molecular
orientation influence photocurrent efficiency.[45–47] As a matter
of fact, in the film 2 previously reported,[31] in which between
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Figure 4. AFM image of the gold surface after the film 4 (a), film 5 (b) and film 6 (c) deposition.

the Lipo-A and the T-ZnTPP is an undecapeptide analog of the
Thricogin GA IV peptide, denoted as film 2, the distance of the
porphyrin from the surface (63 Å in 310 helical conformation),
is very similar to that of film 5 (62 Å), but the photocurrent effi-
ciency is higher. This means that for the same distance from the

gold, a film composed of a single and longer peptide is more ef-
ficient than a film composed of multilayers of short peptides and
nucleobases, confirming again that helical peptides are a better
ET templating medium than a mix of nucleobases and short pep-
tides.

Figure 5. a) Scheme of the electron flow in film 5; b) photocurrent generation diagram indicating the path of the electron flow; c) photocurrent action
spectra of film 4 (red), 5 (blue), and 6 (green).
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Table 2. Results obtained using photoelectrochemical measurements.

Film Absorbance
at the

maximum

Maximum
photocurrent
value at 430

nm

Quantum
efficiency ϕ

Photocurrent
value at

430 nm after
two weeks

Film 4 0.058 −238 nA cm−2 0.34% −85 nA cm−2

Film 5 0.100 −565 nA cm−2 0.49% −308 nA cm−2

Film 6 0.064 −376 nA cm−2 0.49% −374 nA cm−2

The reasons for that are related to the different mechanisms
of ET and to the templating properties of the two systems (he-
lical peptides and nucleobases). It is well known that electrons
can migrate through DNA in a multistep hopping process, in
which the nucleotide bases act as stepping stones.[48–50] Short
peptides, instead, exploit a superexchange mechanism, which
allows faster ET rate constants, promoting direct ET from the
Au electrode to ZnTPP. In particular, in helical peptides the in-
tramolecular hydrogen bonds actively promote ET, and also the
dipole moment[51] and the spin may affect the ET.[52–54] Helical
peptides, furthermore have the capability to self-organize on the
surface in an ordered manner, creating an oriented 2D array, thus
increasing the molecular density on the surface, assuring ET di-
rectionality and avoiding dyes aggregation,[20b] as demonstrated

by spectroscopy measurements and fluorescence microscopy im-
ages, that show fewer peptide aggregates in film 2 compared to
film 5 (Figure 8).

Not all the films were stable in time. In particular, film 4
showed a 64% photocurrent signal decrease after 2 weeks, film
5 showed a 45% photocurrent decrease, while film 6 was found
to be stable, giving rise to the same photocurrent intensity for
more than two months (stored at ambient temperature). These
results indicate that the longer the film length, the higher the sta-
bility. However, since the length of film 2 is similar to that of film
5 which is unstable, again we demonstrate that a longer helical
peptide gives rise to a more stable film compared to a multilayer
film with the same length. These findings strongly suggest that
for a long life device, elongated helical peptides are the best op-
tion, while for quickly biodegradable devices the best results are
achieved using shorter helical peptide building blocks.

3. Conclusion

In summary, all these results clearly indicate that the bio-inspired
non-covalent strategy developed in the present work is a poten-
tially effective and simple means by which to engineer complex
modular supramolecular SAMs to control film length, its stabil-
ity over time and the process efficiency for device fabrication pur-
poses, including the conversion of incident light to electronic cur-
rent and oxygen photoreduction for photodynamic therapy.

Figure 6. a) Scheme of the films on surface; b) photocurrent signal obtained by exciting film 1, film 4, film 5 and film 6 at 430 nm.

Figure 7. Fluorescence microscopy images of film 4 (a), 5 (b), and 6 (c) on Au/glass substrate.
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Figure 8. a) Photocurrent generation diagram indicating the path of the electron flow in film 2 and film 5; fluorescence microscopy of film 2 (top) and
film 5 (bottom) on Au/glass substrate.
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