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ABSTRACT. A work of chemical engineering has been realized on gold surfaces. Three building 

blocks have been designed, in order to chemically link the surface and vertically self assemble in 

an ordered manner in 3D, through thymine-adenine hydrogen bonds. Starting from these building 

blocks, we have engineered two different films on gold surface. In film 1, two components are 

used: adenine linked to a lipoic acid molecule (Lipo-A) to covalently bind the gold surface, and 

ZnTPP linked to a thymine molecule (T-ZnTPP). Film 2 has an additional noncovalently linked layer: 

a helical undecapeptide analogue of the Thricogin GA IV peptide, in which four glycine were 

replaced by four lysine residues to favor helical conformation and reduce conformational 

flexibility, and in which the two extremities were functionalized with thymine and adenine, for 

binding of, respectively, Lipo-A and T-ZnTPP. These films have been characterized by 

electrochemical and spectroscopic techniques, and have been found to be very stable over time, 

also in contact with a solution. They were also able to generate current under illumination, with an 

efficiency higher than the one recorded in similar systems. 

 

The three-dimensional (3D) organization of molecules on surfaces remains an ongoing challenge in 

the field of materials science.1 In particular, the molecular order and perfect positioning of 



different redox centres may be of fundamental importance in building artificial photosynthetic 

systems to control the direction of electronic flow.2-4 Nature uses lipoproteins as a template to 

organize chlorophyll dyes in an optimal arrangement to avoid strong intermolecular interactions 

and to confer directionality to the electron transfer (ET) process. All the macromolecules found in 

nature are constructed by the self-assembly of different building blocks that capitalise on the 

formation of non-covalent and reversible interactions, including electrostatic, hydrophobic, van 

der Waals and metal···ligand interactions; hydrogen bonds; and aromatic -stacking. Collectively, if 

sufficient in number, these weak interactions can yield highly stable assemblies.5 A number of 

studies have investigated ET processes in supramolecular assemblies in solution, similar to those in 

nature, in which the interacting chromophores are held together by non-covalent interactions.6 On 

surface, instead, only electrochemical and spectro-electrochemical properties of 2D self-

assembled monolayers (SAMs) covalently linked to a gold surface have been reported 7-16 and very 

few attempts have been made to build 3D supramolecular structures. Between them, McGimpsey 

et al.17 reported on the formation of multilayer thin films on gold via non-covalent interactions 

between a sulfur-containing 2,6-dicarboxypyridine ligand, a metal ion and other 2,6-

dicarboxypyridine ligands, which were used as a means to incorporate one or more layers of 

pyrene chromophores into the film. This group demonstrated that these films were able to 

generate a photocurrent with quite high efficiency.17,18 To our knowledge, no other studies have 

reported an approach to obtain 3D supramolecular systems on surface, especially systems 

containing peptides. In this communication, we describe our studies on photocurrent-generating 

supramolecular components built with an unprecedented approach: we used the thymine-adenine 

DNA base pair interaction to construct 3D supramolecular films composed of different 2D layers. 

To this end, we engineered two types of photocurrent-generating films on a gold surface, as 

shown in Figure 1.  

 



Figure 1. Chemical structures of the building blocks used for the construction of films 1 and 2. 

Films 1 and 2 consist of multi-layered systems in which the light-absorbing group (a zinc-

tetraphenylporphyrin chromophore, ZnTPP) is non-covalently linked to a gold surface through 

thymine-adenine hydrogen bonds. These films are assembled by consecutive deposition of each 

layer. In film 1, two components are used: adenine linked to a lipoic acid molecule (Lipo-A) to 

covalently bind the gold surface and ZnTPP linked to a thymine molecule (T-ZnTPP). Film 2 has an 

additional non-covalently linked layer: an undecapeptide analogue of the Thricogin GA IV 

peptide19 (defined hereafter as T-Tr(lys)-A), in which the four glycine residues were replaced by 

four lysine residues to favour helical conformation20 (Supporting Information, Figure S1) and 

reduce conformational flexibility, and the two extremities were functionalized with thymine and 

adenine for binding of Lipo-A and T-ZnTPP, respectively. Experimental details on the synthesis of 

molecular components and the film depositions are provided in the Supporting Information. Other 

groups who investigated similar systems in solution were able to form long filaments through 

thymine-adenine interaction by properly tuning the experimental conditions.21 

Conductivity, infrared reflection absorption spectroscopy (IR-RAS), ultraviolet-visible (UV-vis) and 

fluorescence spectroscopy measurements were carried out for films 1 and 2 after the formation of 

each layer. Cyclic voltammetry (CV) experiments performed in a 0.1 M acetate buffer solution at 

pH 4.4 evaluated the Lipo-A density on the surface.22 By measuring the amount of charge required 

for complete oxidation of adenine, we obtained a molecular density of (7.30.8)·10-10 mol/cm2 by 

taking into account the electrode effective surface area, which is 1.1 times larger than the 

geometric one (Figures S2 and S3, Supporting Information).5 From this value, the mean area 

occupied by a single molecule on the surface is (23±1) Å2. This value can be used to determine the 

adenine molecular orientation on the gold surface, taking into account the size of the molecules 

(treated as a parallelepiped): 50 Å2 in a horizontal arrangement and 22 Å2 in a vertical 

arrangement. From such evaluations, it is concluded that the Lipo-A molecules are densely packed 

with a perpendicular orientation to the gold surface. The Fourier transform infrared reflection 

absorption spectroscopy (FTIR-RAS) measurements assessed the presence of the peptide layer and 

determined its conformation and molecular orientation on the surface. The obtained FTIR-RAS 

spectrum is shown in Figure 2.  



 

Figure 2. IR-RAS spectrum of film 2. 

Amide I and amide II bands appeared at 1543 cm-1 and 1673 cm-1, respectively, confirming the 

presence of a peptide layer on the surface; in particular, these results indicate an -helix 

positioned vertically on the substrate surface.13b Calculations based on the amide I/amide II 

absorbance ratios led to the following tilt angle of the helix axis normal to the surface: 42°. This 

value is generally obtained for very good self-assembled peptide monolayers, indicating that the T-

Tr(lys)-A peptide forms a homogeneous film on the Lipo-A layer.23-25 Interestingly, in film 1, these 

signals are much less intense due to the lower content of amide bonds, confirming the presence of 

the intermediate layer of film 2. The difference between the spectrum obtained by the IR-RAS 

measurements of film 2 and that of film 1 is reported as Supporting Information, Figure S4. 

The presence of the third layer was evaluated by two different methods: first, the film was 

deposited on a gold (5 nm)-coated glass slide to perform absorption and fluorescence 

spectroscopy measurements. The absorption spectra not only confirmed the presence of the T-

ZnTPP molecule but also determined the amount of porphyrin molecules from the measured 

absorbance value.26 This value was (7.00.5)·10-11 mol/cm2 for film 1 and (3.50.8)·10-11 mol/cm2 

for film 2 (with the peptide). The fluorescence emission spectra confirmed that the absorption 

bands were those of the porphyrin ring (Supporting Information, Figure S5). The different surface 

densities of T-ZnTPP in films 1 and 2 were also measured by detaching the film from the gold 

surface by CV (Supporting Information) and analysing the visible absorption spectrum of the 

electrolytic solution after film removal. From the absorption spectrum, the known solution volume 

and electrode immersion area and by taking into account the electrode surface roughness, the  

values were determined. The results are reported in Figure S6 and in Table 1.  

 

Table 1. Results obtained using UV-vis absorption spectroscopy in transmission mode (directly on surface 
and after film removal in solution) and photoelectrochemical measurements. 
 



System Absorbance 
 (mol/cm2) 

from absorbance 
on surface 

 (mol/cm2) 
from absorbance 

in solution 

Photocurrent 
Intensity 
(nA/cm2) 

Quantum 
yield (430 
nm) using 

absorbance 
value 

Film 1 0.035 7.00.5×10-11 8.51.5×10-11 109 

0.3% (0 V) 

0.4% (-0.3 V) 

Film 2 0.018 3.50.8×10-11 4.11.3×10-11 175 
1.0% (0 V) 

2.3% (-0.3 V) 

 

Herein, to demonstrate the capability of our SAM to give rise to oxygen photoreduction, we 

performed photocurrent generation measurements in the ZnTPP absorption range. Photocurrent 

responses of film 1 and film 2 are shown in Figure 3.  

 

Figure 3. Photocurrent action spectra of film 1/Au/TEOA/Pt and film 2/Au/TEOA/Pt cells. 

We found that upon illumination in the visible region and in the presence of a stable and non-

corrosive electron donor (triethanolamine, TEOA), high cathodic currents were generated.27 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. The electron acceptor 

in the present system is supposed to be O2 in solution (Figure 4a). To confirm this hypothesis, we 

performed the same photocurrent generation experiments by exciting the samples at 420 nm 

after fluxing for 20 minutes with argon into the solution. The oxygen removal produced a large 

decrease in the photocurrent signal, confirming our assumption (Figure 4b).28 Interestingly, a 

significant enhancement in the magnitude of the photocurrent upon inserting the peptide 

between Lipo-A and the deposited T-ZnTPP SAM is clearly observed, with film 2 having a higher 



photocurrent value (175 nA/cm2 at 430 nm) than film 1 (109 nA/cm2 at 430 nm), despite the lower 

ZnTPP content shown by surface absorption spectroscopy both on surface (Table 1) and after film 

removal in solution (Table 1). These values are higher than those reported for ZnTPP systems on 

both indium tin oxyde (ITO)29 and gold30 surfaces and represent a quantum efficiency at 430 nm9 

of 1.0% for film 2 and 0.3% for film 1.31 When a negative potential was applied, the efficiency 

increased, reaching 2.3% for film 2 and 0.4% for film 1 at an applied potential of -0.3 V. These 

values are higher than those obtained with other porphyrin-peptide systems covalently linked to a 

gold surface.15a,b 

Figure 4. a) Photocurrent generation diagram indicating the path of the electron flow; b) photocurrent 
signal obtained by exciting film 1 at 420 nm before and after oxygen removal (inset: scheme of the electron 
flow). 

 

The reason for the higher photocurrent value obtained with the peptide-containing film might be 

multi-fold. First, it is well known that the porphyrin-excited singlet state is quenched by the gold 

electrode via energy transfer. This process depends on distance and should be more efficient with 

film 1, in which the ZnTPP is closer to the gold surface, giving rise to a lower photocurrent value. In 

contrast, the ET rate from the gold electrode to the resulting porphyrin cation radical decreases 

with an increase in chain length, favouring a higher photocurrent value in film 1. Third, the 

presence of porphyrin aggregation enhances the rate of the nonradiative pathway in the excited 

state. The presence of J-aggregates in films 1 and 2 is suggested by the surface absorption 

spectrum (10 nm shift) and by the maximum photocurrent absorption (which is approximately 430 

nm in both films). However, the mean molecular area occupied by the T-ZnTPP layer in the two 

films is different, being 240 Å2 for film 1 and 476 Å2 for film 2. This difference suggests that the 

porphyrin molecular orientation on the gold surface in the two films is different (the size of the 

molecule is 480 Å2 in a planar arrangement and 200 Å2 in a vertical arrangement).30 It has already 

been demonstrated that porphyrin aggregation and molecular orientation influence photocurrent 

efficiency.30,32 



Repeated photoexcitation of films 1 and 2 results in a 25-55% loss in photocurrent intensity after 

approximately 8 hours of measurements of alternating light/dark cycles and at different applied 

voltages. Interestingly, the day after the measurements, the photocurrent intensities of both films 

were recovered, suggesting that the films were stable (Figure S8). The films were found to be very 

stable, giving rise to the same photocurrent intensity (using a fresh electrolyte solution) for more 

than two months (stored at ambient temperature). Therefore, we interpreted the current 

decrease observed after several hours of measurements as oxygen consumption. Notably, 

however, all these results clearly indicate that the bio-inspired non-covalent strategy developed in 

the present work is a potentially effective and simple means by which to engineer complex 

modular supramolecular SAMs to control film length for device fabrication purposes, including the 

conversion of incident light to electronic current and oxygen photoreduction for photodynamic 

therapy. 
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