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• Vogliamo “guardare” gli atomi, le più 

piccole strutture che costituiscono la 
materia  
 

• È da moltissimo tempo 
che si ipotizza la loro 
esistenza, ma per molti 
secoli è stato 
impossibile “vederli”, 
perché sono 
estremamente piccoli! 

 

• Oggi possiamo “osservarli” su una superficie 
utilizzando il microscopio a scansione a effetto tunnel 
(STM), inventato da Binnig e Rohrer nel 1981 (Nobel 
per la Fisica nel 1986) 
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Main research interest: characterizing the geometric and electronic structure of solid surfaces, with specific 
interest in describing their evolution during surface processes (e.g. bond formation, segregation, growth, 
chemical reactions).
Investigated systems: epitaxial graphene, self-assembled organic monolayers, adsorbate covered surfaces.
Techniques: Mainly Scanning Tunneling Microscopy, capable of characterizing both structural and electronic 
modifications at the atomic scale. Complementary conventional or synchrotron radiation spectroscopic 
measurements are also performed. Experimental results are often compared to ab initio calculations 
performed by collaborating theoretical groups.
Instrumentation: two independent, complementary STM setups. One is dedicated to variable temperature 
(140-900 K) measurements, with high rate image acquisition (up to ~100 frames/s) and in operando 
conditions; a high pressure cell allows for sample preparation with heavy gas exposure. The second system is 
specialized in low temperature (4-77 K) measurements with sub-molecular resolution and offers the possibility 
to perform molecular manipulation and scanning tunneling spectroscopy.

ContactsLong term collaborations

STM images of various complexes 
formed on a gold surface by dimethyl 
sulfide (DMSO), a widely used solvent.
Both experimental (top row) and density 
functional theory (DFT) calculated 
images (middle row) are shown.
The bottom row shows ball models of 
the geometries obtained by DFT 
calculations, where the green balls 
represent gold adatoms trapped by the 
DMSO molecules. 

Organic layers on Au(111). Top: 
Schematic representation of phenyl-
boronic acid (PBA) and triphenylboroxine
(TPB) molecules (left) and of the 
suggested hydrogen bonding network of 
PBA trimers forming the second 
molecular layer on a gold surface (right).. 
Bottom: STM images of the monolayer 
(left) and of the 1.5 layer (right). Blue and 
red triangles indicate the size and shape 
of the TPB molecule and PBA trimers
forming the first and second layer, 
respectively

Z. Feng et al, ACS Nano 9, 8697 (2015)

D.Toffoli et al, Chem. Sci. 8, 3789 (2017)

Graphene growth on Ni(111). (left) STM images and sketch of surface carbide 
conversion to graphene; (right) µ-ARPES plots and sketch of decoupling 
process by interlayer buffering. 

Patera et al, ACS Nano 7, 7901-7912 (2013); Africh et al, Sci. Rep. 6, 19734 (2016)

Coupling and detaching of graphene edges 
from a Ni substrate. (top) lateral sketch, 
Fast-STM image (acquired in 250 ms) and 
model of a substrate-passivated graphene
edge at high temperature; (bottom) lateral 
sketch, Fast-STM image (acquired in 250 
ms) and model of a hydrogen-passivated
graphene edge at room temperature.

Patera et al, Nano Lett. 15, 56-62 (2015)
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• Temperature down to   
4 K (LHe) or 77 K (LN2)

• Single-point 
spectroscopy 
measurements of dI/dV
and d2I/dV2

• Preparation stage with 
wide temperature 
range (77-1100 K)

• Sputter gun, LEED 
optics, mass 
spectrometer, gas line

• Temperature range 
from 140 K to 900 K

• Gas dosing: 1x10-6

mbar in UHV, up to 
20 mbar in HPC

• FAST scanning mode  
up to 100 frames/s

• Sputter gun, LEED 
optics, mass 
spectrometer, gas 
line.
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Maria Peressi UniTS (ab initio calculations)
Cinzia Cepek CNR-IOM (photoemission spectroscopy)
Albano Cossaro CNR-IOM (synchrotron radiation spectroscopy)
Andrea Locatelli Elettra Sincrotrone Trieste (synchrotron radiation microscopy)
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Primary aliphatic amines (R−NH2) have flexible geometry,
can establish hydrogen bonds with each other, both as donors
and as acceptors, and can coordinate a metal atom.15,16

Conversely, in solution and in crystalline structures, aromatic
amines (Ar−NH2) are usually found in a planar geometry and
can act as hydrogen-bond donors only as their electron pair is
involved in conjugation with the p system of the aromatic
molecule.17 This is the case, for instance, of the amino groups
of DNA nucleotides, which are involved only as donors in the
recognition processes of Watson−Crick base pairing. The N−
Au coordination bond has been used to form a molecule-gold
junction for single-molecule conductance studies,15,17−19 and it
is characterized by a very fast charge transfer between amines
and gold substrates,20 which makes this functionalization
promising for potential applications in electronic devices.
However, so far, except for self-assembled complexes in amino-
carboxylic junctions,21−23 the potential use of the amino−
amino interaction for building supramolecular assemblies has
been poorly explored.16

In this work, we present a peculiar donor−acceptor system
formed on a gold surface from the self-assembly of an amino-
functionalized porphyrin, the 5,10,15,20-tetra-(4-aminophen-
yl)-porphyrin (TAPP, Figure 1a). We chose to use a porphyrin

with amino terminations for the properties mentioned above.
Our combined scanning tunneling microscopy (STM) experi-
ments and density functional theory (DFT) calculations reveal
that the TAPPs form hydrogen-bonded chains via their amino
terminations by a donor−acceptor mechanism despite the fact
that the amino groups are aromatic. We show that aromatic

amino groups can rearrange their structure to establish
hydrogen bonds with each other and with the gold substrate
and that the acceptors usually trap gold adatoms at their
center. Typical hydrogen-bonded systems are formed either by
two (or more) different units (like the already-mentioned
DNA base pairing where aromatic amino groups always act as
donors and oxygen carbonyl groups always act as acceptors) or
by identical molecules where different atoms act as the donor
and acceptor (like in water and ice). Conversely, in our chains,
each molecule behaves alternately as the acceptor or donor as a
whole. Furthermore, we investigated by scanning tunneling
spectroscopy (STS) the local electronic structure of the chains
revealing larger and smaller HOMO−LUMO gaps of the
acceptor and donor TAPPs, respectively, with respect to the
single isolated TAPP. Our results present a unique hydrogen-
bonded complex and provide insights on the role of hydrogen
bonds in the modification of the geometrical and electronic
structures of molecules. Moreover, the reported structure
represents, to our knowledge, a unique example of hydrogen
bonding involving aromatic amine nitrogen groups as accept-
ors.

2. METHODS
2.1. Experimental Method. Experiments were performed

in ultra-high vacuum conditions at a base pressure of 1 × 10−8

Pa. Then, 5,10,15,20-tetra(4-aminophenyl)porphyrins (abbre-
viated TAPP, PorphyChem, purity 98%) were evaporated from
a Knudsen cell at 520−570 K on a clean monocrystalline
Au(111) sample at room temperature. The Au(111) sample
was previously cleaned via standard Ne+ ion sputtering
followed by annealing to 870 K for 10 min. STM imaging
was performed with an Omicron Low Temperature STM,
working at ∼4.3 K. Images were acquired in the constant
current mode, with the bias voltage applied to the sample and
the tip at ground. Electrochemically etched tungsten tips were
used for imaging.

2.2. Theoretical Method. DFT calculations were
performed with the plane-wave pseudopotential package
QUANTUM ESPRESSO (QE)24 using GGA-PBE25 ultrasoft
pseudopotentials.26 The wave-function energy cutoff was set at
408 eV. Considering the large size of the cell, the Brillouin
zone sampling included only the Γ point. Since van der Waals
interactions play a non-negligible role in self-assembled organic
structures, the calculations were performed including the
semiempirical dispersion-corrected DFT (DFT-D) method
proposed by Grimme,27 implemented in the QE package28 and
already used by us in a previous publication to successfully
study the gold adatom stabilization by dimethyl sulfoxide on
Au(111).29

The Au(111) surface was modeled with a three-layer slab for
the simulations of the single TAPP molecule adsorption and
only two layers for the chain, allowing in both cases a vacuum
spacing of ≈1.4 nm. For the single TAPP adsorption, the
bottom layer of the slab was kept fixed at the bulk Au
calculated structure (lattice parameter abulk = 0.407 nm, equal
to the experimental one) to mimic the behavior of the metal
substrate. For the chain model, the two gold layers were kept
fixed, except for the gold atoms underneath the center of the
two porphyrins. The forces were relaxed up to 0.26 eV/Å.
STM images were simulated within the Tersoff−Hamann
approximation30 using the energy-integrated local density of
states (ILDOS) and mapping its isosurfaces to simulate the
experimental “constant current” condition. The images were

Figure 1. (a) Chemical structure of 5,10,15,20-tetra-(4-amino-
phenyl)-porphyrin (TAPP). (b) TAPP chains on Au(111), the
maximum length of these chains being limited by the herringbone
reconstruction of the surface. (c) High-resolution image of a TAPP
chain, where the alternating appearance (due to the donor−acceptor
alternation) of the molecules is evident. “Bright” TAPPs have a bright
feature at their center likely due to the presence of a gold adatom
underneath the molecule. Image parameters: (b) V = −1.0 V, I = 0.05
nA, 50 × 50 nm2; (c) V = −1.0 V, I = 0.3 nA, 10 × 3 nm2.
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• Abbiamo due STM 
 

  
 
 
 
 
 
 
 
 
 
 

 
Con uno studiamo fenomeni 
dinamici a temperatura variabile 
(si può fare un film!) 
 

 
 
 

 
 
 
 
 
Ad esempio come cresce il 
grafene sul Nichel 
(Science 2019) 

 
Con l’altro studiamo la 
struttura degli strati adsorbiti 
a temperatura bassissima 
(4K!) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ad esempio guardando le 
catene formate da molecole 
legate fra loro con legame 
idrogeno (JPCC 2019)

 



• Il laboratorio è localizzato all’interno del comprensorio di Elettra e 
viene gestito in collaborazione con ricercatori del CNR-IOM (Cristina 
Africh, Mirco Panighel, Alessandro Sala) 
 

• Per capire quello che “vediamo” con l’STM, spesso collaboriamo con 
altri gruppi per ottenere delle informazioni complementari sui 
sistemi studiati, in particolare: 
 

v teorici computazionali (Maria Peressi et al) che attraverso 
calcoli “ab initio” identificano le strutture a minima energia, 
generando delle immagini simulate da paragonare a quelle 
sperimentali 

v gruppi sperimentali che dispongono di tecniche per ottenere 
informazioni spettroscopiche (Cinzia Cepek, Andrea Locatelli, 
ecc.) 

 
• Sui diversi progetti vengono tipicamente coinvolti tesisti (sia 

triennali che magistrali) e dottorandi 
 

• Recentemente proposte anche tesi su metodi automatizzati di 
gestione/analisi delle immagini 

 
 
 

Grazie per l’attenzione! 
 

 


