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Abstract

Understanding the bio-physical-chemical interactions at nanostructured biointerfaces and the
assembling mechanisms of so-called hybrid nano-composites is nowadays a keyissue for
nanoscience in view of the many possible applications foreseen.

The contribution of surface science in this field is noteworthy since, using a bottom-up approach, it
allows the investigation of the fundamental processes at the basis of complex interfacial phenomena
and thus it helps to unravelthe elementary mechanisms governing them.

Nowadays it is well demonstrated that a wide variety of different molecular assemblies can form
upon adsorption of small biomolecules at surfaces. The geometry of such self-organized structures
can often be tuned by a careful control of the experimental conditions during the deposition process.
Indeed an impressive number of studies exist (both experimental and - to a lesser extend —
theoretical), which demonstrate the ability of molecular self-assembly to create different structural
motifs in a more or less predictable manner, by tuning the molecular building blocks as well as the
metallic substrate.

In this frame, amino acidsand small peptides at surfaces are key, basic, systems to be studied. The
amino acidsstructure is simple enough to serve as a model for the chemisorption of biofunctional
molecules, but their adsorption at surfaces has applications in surface functionalization, in
enantiospecific catalysis, biosensing, nanoparticles shape control or in emerging fields such as
“green” corrosion inhibition.

In this paper we review the most recent advancements in this field. We will start from amino acids
adsorption at metal surfaces and we will evolve then in the direction of more complex systems, in
thelight of the latest improvements of surface science techniques and of computational methods. On
one side, we will focus on amino acids adsorption at oxide surfaces, on the other on peptide
adsorption both at metal and oxide substrates. Particular attention will be drawn to the added value
provided by the combination of several experimental surface science techniques and to the precious
contribution of advanced complementary computational methods to resolve the details of systems of
increased complexity. Finally, some hints into experiments performed in the presence of water and
then characterized in UHV and in the related theoretical work will be presented. This is a further
step towards abetter approximation of real biological systems. However, since the methods
employed are often not typical of surface science, this topic is not developed in details.
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1 Introduction

Unravelling the mechanism of interaction of aminoacids (AA) and of peptides with surfaces is of
high relevance both for expanding the limits of knowledge in the field of surface science and for
opening new perspectives towards improving the behaviour (either reactivity or stability) of
materials in a biological environment.Various possible applications exploiting the hybrid organic-
inorganic interaction are foreseen in nanoelectronics [1; 2], in the preparation of hybrid organic-
inorganic nano-objects [3], in the design of biosensors and in the production of bio-materials of
medical and pharmacological use [4]. On the other hand, adsorption of peptides and proteins is a
preliminary step for the further growth of bio-films on solid surfaces [5] and must be prevented
when addressing fouling, hygiene and bio-corrosion issues.

As tangible example of application, we mention the deposition and immobilization of fullerene
molecules on a template formed by a self-assembled glycine layer on Cu(111) [6]. Fullerenes and
their derivatives on metal electrodes are prospective building blocks for functional nanostructures
but, at a low coverage, they are usually too mobile to be stable at terraces of a metal surface.
Therefore, it is usually difficult to obtain the isolated molecular condition that is essential for
achieving molecular devices.

Amino acids are the basic constituents of proteins. Short peptides are the simplest organized
structure formed by AAs and still do not present the additional complication of folding, typical of
proteins or of long peptides. Their structure is therefore simple enough to serve as a model for the
chemisorption of biofunctional molecules but “complex” enough to provide valuable information
on the fundamental mechanisms governing the hybrid organic-inorganic interface. Adsorption of
these small biomolecules may be ruled by various factors, such as Van der Waals, ionic or
electrostatic interactions, but also by geometrical factors as well as intermolecular forces and
surface hydrophobicity. Finally, they are all chiral molecules except glycine. Since it is emerging
that the surface reactivity can be modified by exploiting the intrisic chirality of AA and peptides,
their action as chiral modifier is a crucial issue for chiral separation or enantioselective
heterogeneous catalysis.

This review aims at providing a quasi-exhaustive description of the state of the art on the interaction
of AA and small peptides with metal and oxide planar surfaces, limiting the analysis to systems
investigated experimentally by those means typical of surface science and to calculations performed
without solvent. The discussion will evidence how the results obtained are sometimes
complementary, sometimes controversial, but how they all contribute to give a comprehensive view
of the present knowledge and progresses in the field of biointerfaces at a molecular level. We will
face the problem moving from the simplest systems (AA on metals) and proceeding towards an
increasing degree of complexity (AA on oxides, peptides on metals, peptides on oxides). In this
path, we will try to emphasize the possible bridges between the different systems described and
approaches used and also to fill a bit of the gap which is always present between surface science
studies and ambient conditions.

Being a surface science analysis, the attention will focus on the biomolecule-surface interaction at
the molecular level (nature of the bonds formed and orientation of the molecule at the surface)and
on the self-organisation (or surface-induced organisation) of the adsorbed AA and peptides. More
macroscopic data (amount of biomolecule adsorbed, surface charges...), often measured at the
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solid-liquid interface, are mentioned when necessary to complement the picture at the molecular
level. In the same spirit, on the theoretical side, most of the works cited consist in periodic Density
Functional Theory (DFT) calculations, that allow describing bond making and molecular self-
assembly and structuration on model, crystalline surfaces.

We believe it is a good moment for a review on this topic since recent advances in surface
characterization techniques have led to spectacular improvements in the description of adsorbed
systems. Low Energy Electron Diffraction (LEED) and Scanning Tunnelling Microscopy (STM)
are the techniques most exploited to describe the geometrical arrangement of adsorbed bio-
molecules at conductive substrates, while Photoelectron Spectroscopy (PES), High Resolution
Electron Loss Spectroscopy (HREELS) and Reflection-Absorption Infrared Spectroscopy (RAIRS)
are successfully used to determine the chemical state of molecules on a surface, even sometimes
allowing their quantification. Old techniques as thermal programmed desorption (TPD) proved also
precious to retrieve information on the characteristic adsorption energies and coverages. In situ
analyses were performed in some cases, thus giving access to the mechanism and kinetics of the
formation of amino acid and peptide layers on a solid material.

Experimental achievements have been recently sided and reinforced by modelling and calculation,
which can be used to shed light on the structure and properties of bio-molecules at surface and on
the chirality transfer induced by the adsorption of a chiral species. These theoretical studies
typically address the following questions: (i) What is the nature of the intermolecular interactions at
play in molecular layers at surfaces? (ii) What is the structure of the layer? (iii) If the adsorbate is
chiral, what are the mechanisms by which the chirality at the molecular level is expressed in the
two-dimensional system? (iv) Does chiral recognition occurs upon exposure to a racemic mixture?
Combined with experimental data or alone, the theoretical approach can bring spectacular
breakthroughs in the description of adsorbed molecules. In many examples, and more particularly
on metal surfaces, it has provided invaluable information to interpret experimental data and better
understand the structural and environmental factors affecting amino acid/peptide adsorption and
ordering on a surface. In the following chapters the reader will find several examples of the
exceptional dialog between STM structural data and first principles periodic calculations.
Complementarity between spectroscopies (XPS, HREELS, PM IRRAS) and calculations will also
be highlighted. Not surprisingly, most of the theoretical results mentioned are obtained with DFT
(and the more recent DFT-D approach which includes the dispersion forces in the Hamiltonian).
Indeed, such method has proven to be efficient in the description of breaking/making bonds and
electronic properties analysis.

The DFT framework is also the appropriate tool to predict the thermodynamic phase diagram of
adsorption/desorption, as will be illustrated by some works. The main reason for that is the small
size of the biomolecules described here, that allow to neglect (at least partly) entropic effects. In
some rare works entropic and even Kinetics effects were considered, opening the way to multi-scale
approaches.

The content of this review is presented in such a way that the reader will have a detailed description
of both the basic and the up-to-date available results concerning simple biomolecule interactions
with metal and oxide surfaces. Illustrated by classical but also by very recent examples, we hope it
will constitute a useful reference tool for surface chemists, biochemists and advanced biotechnology
engineers. Firstly, experimental and theoretical methods are described. Then the paper is divided
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into three main parts, dealing with (i) the adsorption and self- assembly of amino acids at metal
surfaces and (ii) at oxide surfaces and with (iii) the adsorption of peptides on metal and oxide
substrates.

In the first part, the interaction of AA with several metal surfaces is elucidated. The reasons and
perspectives linked to the choice of each substrate will be explained in the corresponding sections.
We mention here the dominant role of copper, for which several crystallographic faces and almost
all the AA species have been studied. This richness of results allows a comparative analysis of the
role of the surface geometry and of the amino acid side chain in the adsorption and self-assembly
process. Besides Cu, two different categories of metals are made object of investigation, namely
noble metals (Au and Ag) and reactive transition metals (mainly Pt, Pd and Ni). They have
completely different electronic properties and thus exhibit a significantly different behaviour with
respect to AA adsorption. The analysis of these systems reveals two determining factors: the ability
or inability of the metal to promote carboxylic acid dehydrogenation and the affinity to sulphur
atoms, which governs the interaction of cysteine and methionine (the two S-containing amino
acids).

In the subsequent section the results on AAadsoption at oxide surfaces are reported. The majority of
the studies were performed on TiO,, anhydrous or sometimes in the presence of water molecules,
providing some valuable hints into the possible behaviour of a more « real » biomaterial in contact
with a biological solution. Another very studied system, SiO,, was not considered here, as
adsorption of biomolecules on silica was recently thoroughly revised [7]. For each metal/oxide, a
short introduction recalls the possible application domains. As for AA on metals, the nature and
energetics of bond formation were scrutinized, as well as the resulting molecular conformation at
the surface. With respect to the AA/metal section, the reader will notice the change in the dominant
experimental techniques employed for the characterisation and, perhaps, a larger fraction of purely
theoretical works. This is a consequence of the increased complexity of the system: the poorly
conductive (TiO,) or insulating nature of the substrate does not allow the use of electronic
techniques and requires the development of suitable approaches. Attention was paid to joined
theory and experimental works, which are however seldom, or, more often, to the role of
calculations to clarify the characterizations at the molecular level. As in the case of metals, it will be
illustrated that carboxylate groups are the most frequent moieties bonding to the oxide surfaces,
whereas in this case SH functionalities (in cysteine and methionine) play no key role. To the best of
our knowledge, no strictly speaking “self-assembly” of AA takes place at oxide surfaces, as will be
discussed later in the text.

The last section deals with peptides. Peptides constituted by two or three AA can now be
investigated with the same surface science approach used for single AA. For peptides beyond that
size, only examples where information at a molecular level could be obtained are reported. The
chemical state of adsorbed peptides, the preservation of their molecular structure, as well as their
possible folding or unfolding when in contact with a solid material are emerging as key
interrogations for their biocompatible or antibiofilm properties; this is one of the issues addressed in
this review. In this part, due to the larger dimensions of the peptides as compared to AA, papers
using classical force field methods are more numerous than in the section on AA on metals.
However only few works were performed without explicit solvent.

In the end, in the conclusive section we summarise the general view of the reactivity of amino acids
and peptides with metal and oxide surfaces, based on all systems detailed in the report.



Having limited the content of the present work to those studies in which the information could be
obtained at the molecular level and with the tools of surface science makes this review necessary
incomplete. The characterisation of the hybrid organic-inorganic interface formed by small protein
constituents goes much beyond the scope we have delimited:

1) To maintain an acceptable length, we are not going to discuss about AA adsorption on
semiconducting surfaces, for which quite a lot of literature is already present [8-13]. Indeed
the study of the interface between biomolecules and semiconducting surfaces is mainly
motivated by the possible applications in molecular electronics and bio-compatible
electronic devices, which would make the content of the present review diverge from its
central focus. We have also neglected the emerging field of adsorption at low-dimensional
carbon nanostructures as graphene and carbon-nanotubes. The topic is still quite
controversial — e.g. the biocompatibility of graphene layers is still under discussion — and a
much less systematic analysis than for metals and oxides is available at present [14-19].
Adsorption on non-planar surfaces (porous oxides) and nanoparticles (often done in solvent)
was also excluded.

2) We have omitted the case of long peptides. In general, these more complex systems are
investigated with methods typical of biophysics instead of surface science. Furthermore, it
still difficult to obtain information at the molecular level for these systems[20; 21].

3) As mentioned in the text, a lot of studies were performed in liquid solution and as a function
of pH. In this case the analysis techniques and the calculation methods are necessarily
different, and once again, the information obtained is not always at the molecular level.
Nonetheless, this is an essential, intermediate step in the passage from the ideal systems to
the real ones and thus for the exploitation of the basic knowledge in many fields in which
this kind of interfaces is employed. We refer the reader to other specific reviews on the topic
[22-32].

In spite of these severe limitations, we believe that the present work demonstrates the ability of the
surface science approach to address rather complex systems of the biological world and is helpful to
the reader to understand and anticipate the behaviour of some relevant systems.

2  Experimental and theoretical methods

In this chapter, we offer a quick overview of the experimental and theoretical methods which are
most widely used in the study of amino acids and peptides adsorption at surfaces. We are not going
to focus on experimental and computational details, for which more specific books and reviews are
recommended, but we aim at clarifying which kind of information can be obtained by each
technique.

2.1 Experimental methods

2.1.1 Amino acid species and deposition techniques



The most general formula to represent an a-amino acid is reported in Figure 1a: the molecule is
characterised by an a-C atom in position 2, to which both the amino (NH;) and carboxylic (COOH)
groups are bound. The rest of the molecule is generally represented as a radical (-R), the structure
and composition of which change for each of the 20 o-amino acid species present in nature
(schematically represented in Figure 2 in their zwitterionic form). The different AA species show
quite different characteristics from the point of view of their polarity (Timberlake classification
scheme [33]) and of their structure (e.g the Koolman classification scheme [34]). Indeed, they may
have either a non-polar or a polar (either neutral or charged) termination. They can be aliphatic (e.g.
alanine), or present additional functional groups, either a carboxylic (e.g. glutamic acid), an amino
(e.g. lysine) or a sulphur group (e.g. cysteine). Furthermore, they can have a linear structure (e.g.
glutamic acid) or their radical termination may contain one heterocycle (e.g. proline) and/or
aromatic (e.g. tyrosine) ring.
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Figure 1.General scheme of an a-amino acid in the (1) neutral, (2) zwitterionic and (3) anionic
form. The amino group is represented in blue, the carboxylic/carboxylate group is in red, the a-
carbon is in black and the radical side chain R is in green.
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Figure 2. Scheme of the a-amino acid species present in nature, represented in their zwitterionic
form and grouped according to their polarity and electrical charge. Taken with permission from
“http://www.personal.psu.edu/staff/m/b/mbt102/bisci4online/chemistry/chemistry8.htm”

Besides glycine, which is the simplest and smallest molecule of the family, all other AA are chiral.
Since the (L)-enantiomer is the one chosen by evolution to be compatible with life, and hence it is
the only one present in living bodies, it is a natural consequence that the large majority of studies
have been performed on (L)-type molecules. In the following, we will assume that this is always the
enantiomer employed in investigations, unless otherwise explicitly stated.

Amino acids are present in nature in three possible chemical forms (see Figure 1), depending on the
environmental conditions of the molecule: 1) the neutral form, typical of the isolated molecule
(usually in the gas phase); 2) the zwitterionic form, typical for solid AA crystals and, in general, for
molecules at poorly reactive surfaces. In this case a proton is transferred from the carboxylic group
to the amino group of the same molecule, which remains globally neutral. 3) The anionic (and
sometimes the radical state), in which deprotonation has occurred. This is found mainly for AA
strongly interacting with a substrate, leading to the breaking/formation of chemical bonds. The
distinction between the zwitterionic and the non-zwitterionic form is straightforward since the -NH,
and —NH3" groups have different photoemission and vibrational signatures. The most common
indicator used in literature is the N1s binding energy, which is expected at E,(N1s)~400 eV for the
neutral amino group and up-shifts by ~1 eV or more if the group is charged.

Other chemical forms can be encountered when protonation/deprotonation of side groups occurs.
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In line towards more complex and also more “realistic” biomolecules, one finds the peptides, which
are polymers of amino acids linked to each other by peptidic bonds (CO-NH). As an example, a
dipeptide results from the condensation of two amino acids, i.e. the reaction between the COOH end
of one AA and the NH; functionality of the second one, with the elimination of one water molecule.
Peptides can be a chain of similar (homopeptides) or various (heteropeptides) amino acids. Their
length can range from dipeptides to a chain of several tenths of aminoacids; proteins are the
“summum” of a peptide chain where the sequence of aminoacids, their location and their three-
dimensional arrangement control the biological activity of the molecule.

Very short peptides (2 to 4 AA) on metals can be investigated with the usually called surface
science tools, even under ultra high vacuum conditions, since these low molecular weight molecules
can be sublimated in the analysis chamber. Ab initio calculations have also brought lots of
information on these small systems. The interaction of longer peptides with metal surfaces has often
been investigated by combining several chemical analysis techniques, e.g. chromatography. Here,
we will limit our report on the long peptide systems to a few cases in which, despite their size,
information concerning their interactions with a metal could be drawn at the molecular level.

If the sample is prepared in vacuum, the most common technique for producing the organic layer is
the sublimation from a crucible. The latter is usually resistively heated and can be made of a
vitreous material (glass, quartz, Pyrex®), of a ceramic material (e.g. boron nitride) or of a suitable
metal non-interacting with the chemical species to be sublimated. Amino acids or small peptides,
which are present in nature in the solid form, can be sublimated by heating the crucible to a
temperature (Tsup) Which depends on the amino acid species. The choice of the optimal Ty, is a key
issue in each experiment; in fact it must be high enough to guarantee a reasonable sublimation rate,
but lower than the critical value leading to the melting of the AA powders and to the consequent
possible damage of the molecules. Since AA are quite hygroscopic, in the optimal configuration the
crucible is separated from the preparation chamber by a valve and it is differentially pumped, in
order to allow for a careful outgassing of the powders.

We mention that, in the past, molecular beams of aminoacids were produced by laser ablation and
employed for gas phase experiments aiming at conformational studies of the isolated molecules [35;
36]. More recently, a source for production of supersonic molecular beams (SMB) of AA has been
developed with the scope of applying it to the study of the molecule-surface interactions. While the
source is operative, a comparative analysis of the overlayer obtained by traditional effusive
deposition and by deposition of hyperthermal molecules is not available. This latter SMB source is
not based on laser ablation but it is more similar to the one used for pentacene [37]: the AA vapour
is created by resistive heating and the molecules are carried in a stream of inert gas through a
nozzle, which produces the supersonic expansion.

Amino acids and peptides may also be deposited, and thus let interact, in solution. While the
analysis of the bio-interface in wet or atmospheric conditions is out of the scope of the present
review, in the following we will report a few examples of samples prepared in this way and then
dried and investigated under UHV.
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2.1.2 Analysis techniques

2.1.2.1 Desorption techniques:Temperature Programmed Desorption (TPD) and Thermal
desorption spectroscopy (TDS)

The technique, indicated either as TPD or TDS, monitors the desorption products as a function of
sample temperature when the surface is heated at a constant, known rate. The multiple desorption
peaks correspond to adsorbates in different chemical states (physisorbed, chemisorbed, dissociated,
in single- or in multi-layer etc...) and hence characterised by different adsorption energies. Due to
the relatively simple setup required by this technique, it is among the most common from the early
days of surface science and has been employed quite extensively also for the characterisation of AA
and peptides adsorption at surfaces [38-43].

2.1.2.2 Spectroscopic techniques

Spectroscopic techniques are widely employed in the investigation of organic layers at surfaces in
order to elucidate the final state (and sometimes the total amount and the orientation) of stable
adsorbed species and to deduce information on the possible adsorption sites.

Photoemission and vibrational spectroscopy are often complementary. In fact, on the one hand, the
core level shifts of atoms in molecules at different adsorption sites (e.g. at a terrace or at under-
coordinated sites) and/or in different chemical states (e.g. neutral or anionic) may be very similar;
on the other hand, the unambiguous assignment of molecule/surface vibrations is often not easy.
When taken together, results from the two techniques can be unambiguously interpreted.

X-ray photoemission spectroscopy allows to investigate the core levels of the atoms present at the
surface, giving information on the chemical composition of the adlayer and of the first surface
layers. Furthermore, the analysis of core-level shift provides precious information on the chemical
environment, while the quantitative analysis of the peak intensities gives a reliable indication on the
adsorbate coverage. With respect to the AA/surface systems, XPS is the most common technique
employed to determine the chemical nature of the organic layer and it has been applied to the large
majority of the experimentally investigated systems (see Table 3). In particular, the zwitterionic or
non-zwitterionic form of the adsorbate is immediately revealed by the binding energy of the N1s
level (Ep~ 400 eV for NH,; Ep> 401 eV for NHs'). Additional qualitative and quantitative
information is gained from a detailed fitting and analysis of the XPS spectra. For example, if two
different states of the same molecule co-exist on the surface (neutral and anionic, or anionic and
zwitterionic), it is possible to estimate their relative amounts.

Photoemission experiments can be performed either with conventional laboratory sources or with
Synchrotron light. In the latter case, the high photon flux allows time-resolved and/or high energy-
resolution measurements. In addition, the availability of a tunable X-ray source offers the
possibility to perform also edge spectroscopies, in particular Near Edge X-ray Absorption Fine
Structure (NEXAFS). Providing significant information on the molecular bonds orientation, this
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technique is very helpful for the characterisation of the structural conformation of the adsorbed
molecules [44-46].

The basic principle of vibrational spectroscopy is that each molecule absorbs energy when there is a
resonance with its vibrational modes, and this occurs at characteristic frequencies. When the
molecule is adsorbed, such frequencies are modified with respect to the gas-phase ones due to the
interaction with the substrate. They remain however characteristic of the chemical group and of the
adsorption state. The analysis of the phonon spectrum allows therefore the determination of the
adsorbed chemical state of the stable products. Since the characteristic frequencies are often
structure-dependent and influenced by the geometry of the adsorption site, vibrational spectroscopy
proved to be an extremely useful tool for this kind of information. The assignment of modes by
vibrational spectroscopy is based on selection rules, on isotope labelling and on a detailed analysis
of the cross section and, in the case of HREELS, of the scattering mechanism (dipolar vs impact)
involved.

For vibrational spectroscopy on metal surfaces, either infrared reflection absorption spectroscopy
(IRAS or RAIRS - see Figure 3a) [47-51] or high resolution electron energy loss (HREELS — see
Figure 3b) [52-54] detection can be used. The former technique relies on the amplification of the
electric field at the surface, in the direction normal to it; like basic IR spectroscopy, IRAS
underwent a rapid technical evolution over the last years, so that detection of adsorbates at a few
percent of monolayer coverage is now feasible thanks to Fourier Transform-based acquisition (FT-
IRAS).

Beyond IRAS or RAIRS, Polarization Modulation (PM)-IRRAS has been developed with the
objective of characterizing adsorbed layers in air or in the presence of a gas phase, for example
during the sublimation of amino acids or peptides. In such a setup, a ZnSe grid polarizer and a ZnSe
photoelastic modulator, placed prior to the sample, are used to modulate the incident beam between
p and s polarization at a high frequency (modulation frequency = 50 kHz). This obviously enables
in situ characterization of a surface during the formation of the adlayer (see several examples later
in this report[55; 56]).

IRAS or PM-IRRAS are operated at grazing angle on a reflective surface. Under this condition, the
signal strictly originates from dipole moments, which have a component normal to the surface; a
direct consequence is that interesting information about the orientation of the bonds, and thus about
the geometry of adsorbed molecules, is provided by the relative intensities of the vibration modes of
the molecule[57].

Another powerful IR-based technique is Attenuated Total Reflection Infrared Spectroscopy (ATR-
IR), in which the adsorbed layer is probed by the evanescent wave after reflection of the IR beam
on a special crystal (Si, Ge...).

HREELS has a higher sensitivity then IRAS (in dipole and in resonant scattering) and allows the
investigation of phonon dispersion curves when used in the impact scattering mode. It needs
however a UHV environment. In a HREEL spectrometer a beam of monochromatic, low-energy
electrons is accelerated to the chosen primary energy (E¢) and focussed on the sample by a series of
electrostatic lenses. The reflected beam is collected by a similar lens system, analysed in energy
through a single- or a double-pass analyser and detected by a channeltron. When electrons exchange
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energy with the surface, e.g. by exciting electronic or vibrational modes of characteristic energy
Eloss, they are reflected with an energy Equt = Ee — Ejoss and loss peaks appear in the spectrum.

a) RAIRS b) HREELS
Monochromator Analyser
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Figure 3. Schematic principle of operation for the main vibrational spectroscopy techniques: a)
RAIRS. The incident beam is split into two components, Ej, (in the plane of incidence) and E;s
(normal to the plane of incidence); the latter undergoes a phase change of 180° upon reflection,
while the phase change of Ej,depends on the angle of incidence ¢. At the surface, the resulting
electric field is maximum for ¢close to 80-86 °. B) HREELS. The electron beam is
monochromatised and accelerate onto the sample, where some electrons exchange energy with it by
exciting surface and/or adsorbate phonons and/or collective electronic modes (e.g. surface
plasmons). The scattered electrons are then analysed in energy and collected by an electron
multiplier. The inset shows a typical HREEL spectrum. Taken with permission from
http://www.Kip.uni-heidelberg.de/ag_pucci/instrumentation/hreels.

We mention that, both for amino acids and peptides, vibrational (especially IR) spectroscopy has
been widely used to characterise the adsorption of the organic layer (see tables Table 1, Erreur !
Source du renvoi introuvable., Table 12), in particular to determine the final state of stable
adsorbed species and to deduce information on the possible adsorption sites. However, due to the
complexity of the systems, derived from the molecular dimensions and from the consequently large
number of possible vibrational modes, complementary techniques are often necessary for a
convincing characterisation of the adsorbed system.

2.1.2.3 Microscopic Techniques

High resolution scanning probe microscopy (SPM) has known a huge development in the last few
years and has proved to be an extremely powerful tool for a direct characterisation of surface
topography and structure [58]. The main advantage of SPM techniques lies in their ability to give a
direct, spatially resolved image of the surface structure, the comprehension of which — at a first
glance — is much more immediate than the analysis of spectroscopic or diffraction data. Among the
available SPM techniques, Scanning Tunnelling Miscroscopy (STM) is by far the most widely
employed in the study of amino acids and small peptides at metal surfaces (see tables AA systems
and Peptides systems), since it guarantees the highest lateral resolution and the best sensitivity to
surface corrugation.
A scheme of a STM is reported in Figure 4. Measuring the tunnelling current between a conductive
sample and a metallic tip scanning at a few A distance from it allows to record a high resolution
14
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image of the surface electronic density and corrugation.The tunnelling current, 1, is determined by
the superposition of the wave functions, y, of the two electrodes. In the simplified hypothesis of a
1D barrier of widths, one gets the approximate formula:
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The high sensitivity to surface corrugation is therefore guaranteed by the exponential decay of the
tunnelling current as a function of the barrier width (i.e. of tip-surface distance). On the contrary the
lateral resolution depends both on the surface corrugation and on the shape of the tip. The latter
should end ideally with a single atom, but its shape is often more complicated and may affect the
quality of the recorded image. The limit of atomic resolution is easily reached in last generation
STMs, which are characterised by a better vibrational damping and thermal stability.
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Figure 4. Scheme of the basic elements of an STM: the tip mounted on piezoelectric elements, the
current amplifier, the feedback circuit and the data storage unit are shown.

The structure of the self-assembled layers of organic molecules can thus be described at a molecular
level, and such analysis is often the basis for empirical models [54] or for more accurate
calculations [45; 59-63]. Of course, due to the fragile nature of the molecules, some precautions
must be taken to avoid damage of the organic layer by the strong electric field induced by the tip.
Not all self-assembled structures are indeed stable upon scanning, so that the use of low bias
voltage may be necessary in some conditions. Similarly, in the case of AA, it is extremely difficult
to image a molecular multilayer since the topmost amino acids are weakly bound and thus strongly
interacting with the tip.
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STM studies represent a significant amount of the literature on AA at metal surfaces, while they are
less frequent on the more complex peptide/metal systems. Since the obvious limit of the STM
technique is the need of a conductive/semiconductive sample, very little work has been done on
oxide surfaces: to the best of our knowledge, only one paper reporting on Gly adsorption at TiOis
present in literature [64].

The other, very popular SPM technique, atomic force microscopy (AFM), is also very common for
the characterisation of organic/biological molecules at surfaces. Being based on Van der Waals
interactions, it should perturb less the investigated systems and thus it should be, in principle, even
more suitable for the analysis of AA and peptides adsorption at surfaces. However, the resolution of
AFM is not as good as that of STM. Moreover, AFM is preferentially applied when images in
air/liquid/controlled atmosphere are required and the results obtained are more often related to the
bio-physics context, or combined with electrochemical characterisations, than to the surface science
approach on which we are focussing the present review.

2.1.2.4 Diffraction techniques.

Various diffraction techniques are employed in solid state physics for structural characterisation.
Either electrons, X-rays or He atoms can be used as probes, since their characteristic wavelengths
are comparable with typical crystal lattice spacings, so that the latter ones behave as diffraction
gratings.

Hard X-rays are used mainly in the determination of the bulk structure, due to their large
penetration depth; they are therefore unsuitable for soft adsorbate layers as those we are dealing
with. X-rays at grazing incidence are, on the contrary, useful for the investigation of surface
structure, but synchrotron light is needed. Among these techniques we mention X-ray photoelectron
diffraction (XPD), which is seldom used for the characterisation of AA at metal surfaces [65-67].
However, attention must be taken in order to rule out possible damages of the organic layer by the
intense photon beam.

He atom scattering (HAS) is extremely surface sensitive since He atoms do not penetrate into the
crystal. Well collimated, low energy (few meV) beams are produced by supersonic molecular beam
apparatuses. The diffraction pattern of elastically scattered He atoms was widely employed in the
past for the structural characterisation of surfaces, also in presence of adsorbate layers and/or
superstructures. Although powerful, this technique is rarely used in the investigation of AA and
peptides at surfaces [63] for the combination of two factors: i) The complex interpretation of the
results. In fact HAS, as all diffraction techniques, gives information on the reciprocal lattice of the
surface. ii) The competition of SPM techniques. In fact, the interest of the surface science
community on the AA and peptides interaction with surfaces developed when the use of the
alternative scanning probe microscopies — of more immediate interpretation - was already quite
widespread.
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Low Energy Electron Diffraction (LEED) is much more common. At 10-200 eV the penetration
depth of electrons is limited to few atomic layers, so that a good surface sensitivity is guaranteed.
Inspection of the diffraction pattern of elastically scattered electrons at crystal surfaces is the first
check to understand the surface symmetry and to evaluate the presence of superstructures both on
LMI and on HMI planes. In the study of amino acids adsorption at metal surfaces, LEED is often
employed for a qualitative description of the overlayer geometry [42; 67-69]. These are delicate
measurements, since the interaction with the electron beam may damage the layer of molecules and
create disorder/desorption. For this reason the primary electron energy is set at the lowest possible
value compatible with the available optics. Maximum values of a few tenths of eV are reported in
literature.

2.2 Computational Methods
2.2.1 Introduction

20 years after the development of STM in the beginning of the ‘80s, and a decade after turning
guantum chemical methods into practical tools to study surfaces (periodic DFT developed at the end
of the same decade), theoretical studies on molecular self-assemblies at surfaces began. A seminal
theoretical study on this topic was dedicated to the adsorption of tartaric acid on Cu(110)[70]. The
interest in tartaric acid finds its origin in its chiral properties. The adsorption of so called chiral
modifier on metal surfaces revealed that each isomer forms different chemisorption domains, being
mirror images from each other on the surface. From this study by Barbosa and Sautet, some insights
about the formation and stability of the different bitartrate domains for the R,R and the S,S isomers
were revealed. The most stable adsorption configuration on Cu(110) was predicted and a difference
in stability between the isomers in the same domains was calculated. An energy difference of 10
kJ/mol was found to be enough to produce the distinct chiral assemblies observed after adsorption
of each optical isomer on the Cu surface. In conclusion, it was found that the molecular stability of
the assembly is promoted by two factors: i) The capability to organize its inter- and intra- molecular
H-bonds, and hence to reach the chemisorption structure with moderate cost in deformation energy.
i)The packing energy cost for the molecules in a specific domain. The stress generated after
adsorption on the Cu atoms was found to be a potential explanation for the formation of the empty
channels in the adsorption pattern.

Later on, organic molecules and biomolecules with a sulphur head group started to attract
considerable interest because of their wide use in nanotechnology-related fields, like surface
patterning and functionalization[71; 72] and molecular electronics[73]. Besides other interesting
applications, the strong affinity of sulphur to metals can be exploited to link other species to a
supporting metallic surface or to form well-ordered self-assembled monolayers (SAMs)[74].
Among biomolecules, the S-containing cysteine and cystine amino acids are of special interest for
often being on the border of large proteins, so that they provide a link to anchor these proteins to
inorganic supports. For instance, a stable functional monolayer of pseudomonas aeruginosa azurin
can be formed on Au(111)[75] and also on a functionalized SiO, substrate by attaching the protein
to the surface via its Cys3- Cys26 disulfide group.[76]
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Since the first, pioneering studies, several first principles theoretical calculations on amino acid
interaction with metallic and oxide surfaces have been performed. In the following parts of this
work we will give an overview of the molecular modelling approaches focused on the use of ab
initio/DFT methods or force field methods applied on amino acids and, to a less extent, on small
peptides and proteins in general. An interesting overview of the computational techniques in
biomineralisation studies was published in 2008 by Harding et al.[77] A more recent description
can be found in reference[7].

The first step in molecular modelling,after building the molecular model,consists in selecting the
most appropriate method to describe molecules and molecular systems interacting with a surface at
the optimal price/quality rate. When the electronic properties of a material have to be studied,
quantum-mechanical methods must be used. Among them, the DFT methods are very popular as
they are less computationally intensive than other ab-initio methods with similar accuracy. Besides
for electronic properties, DFT is particularly appropriate for describing chemisorption phenomena
(bond breaking and making).The DFT calculations yield detailed information on all aspects of
chemical bonding: the bonding site(s), the electron density redistribution between the adsorbate and
the surface, the atomic orbitals involved (provided a localized basis set is used), as well as
theoretical vibrational spectra. The DFT approach can also be used to simulate STM images.Since a
few years, dispersion forces, which play a critical role in physisorbed systems, have been included
in DFT approaches.

Although computer hardware and calculation algorithms keep improving, quantum chemical
methods are intractable for systems exceeding thousands of atoms, and can still be advantageously
substituted by force-field (FF) methods which are several orders of magnitude faster.This allows to
describe larger systems and larger time scales (typically picoseconds for DFT and nanoseconds for
classical methods). Besides the gain in calculation time, FF allows to include non-covalent
intermolecular interactions, which play a critical role in physisorbed systems, and are too expensive
to be reproduced accurately with quantum-mechanical methods.

2.2.2 Density functional theory methods

Without going into too much detail, the central concept of DFT is that the electronic energy of a
system can be determined from the electron density p(r) rather than from the wave function,
through the following relation:

Elp(N] = p(Nvea(n)* Fuxlp] (2.2)
vext(p) IS the external potential generated by the nuclear configuration and Fuyk[p] is a universal
functional, which is not known exactly and is not associated to any external potential. To define a

practical functional, Kohn and Sham described the electronic density in terms of mono-electronic
molecular orbitals g;(r):

p(r) = X% lp: ()| (2.3)
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The total electronic energy of the system is expressed as the energy of a system of non-interacting
electrons plus a new energy term E,, called exchange—correlation energy. Approximations are
required in order to compute the exchange—correlation energy. The most common one is the so-
called local density approximation (LDA). In this case the exchange correlation term Eyc is
calculated from the exchange—correlation energy for a homogeneous gas of electrons
€. [p(r)]having a density, p, equal to the local densityo(r):

Exlp(M)] = [ p(rex[p(r)]dr (2.4)

The LDA approximation yields reliable molecular geometries and vibrational frequencies, but
overestimates the bond energies. To overcome this problem, the exchange—correlation term can be
decomposed in separate exchange and correlation contributions. This allows combining the
advantages of Hartree—Fock methods (which account for the exact exchange) and DFT methods
(which include electron correlation). This combined approach relies on hybrid functionals: the
exchange is calculated in part with Hartree—Fock and in part with DFT and the correlation is
calculated with DFT.

Geometry optimisation algorithms can also be coupled to DFT calculations in order to obtain the
most stable structure for the system under study. Because DFT describes the electron density, it can
intrinsically account for changes due for instance to strong, chemical interactions between a mole-
cule and a metal surface.

From the modelling point of view, a molecular layer on a surface is a quasi-infinite two-dimensional
system. To treat it computationally, two approaches are possible:

(i) One can consider that the adsorbed layer is a perfectly regular 2D system for which a structural
unit cell can be defined. Periodic boundary conditions (PBC) can then be applied, both at the DFT
and force-field levels; then the calculations deal only with one elementary cell surrounded by
equivalent cells, which strongly reduces the complexity of the problem and bypasses finite size
effects. In order to define the unit cell, this approach requires that the adsorbate and the surface are
commensurate, which is always the case for chemisorbed systems, but may not be the case for
physisorbed ones. Most of the studies presented here use this periodic approach. So in the
following, when no precisions to DFT method are specified, we refer to PBC studies. We notify
only when cluster calculations are performed.

(i) A fragment can be ‘carved off’ the system and the calculations can be carried out on that
fragment. In this approach, the atoms and molecules in the periphery of the fragment are not
representative of the actual situation because they miss neighbouring sites; this is called the ‘edge
effect’. For the results to be relevant, the fragment should therefore be large enough so that its
central part can be considered as unaffected by the edges. Because no unit cell is defined, this
approach allows to overcome the commensurability problem mentioned above and to take into
account specific situations, e.g. the presence of defects.

However, standard density functionals areunable to cope with long-range dispersion interactions,
which are essential to properly describe the adsorption of biomolecules on surfaces and the self-
assembling of organic molecules. Since a few years, the DFTD approach has been developed,
especially the so-called DFT D2 and D3 approaches developed by S. Grimme.[78-86] More details
can be found in the original papers and a summary in ref.[7]. The beauty of the DFT-D approach is
that it leaves unaltered the original accuracy of the DFT functional for short range interactions
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(bond breaking/making), while it dramatically improves the long-range tail of the interaction
dominated by London forces. Recently, the vdW-DF has been implemented in periodic DFT
codes[87].Dion et al. proposed a non-local correlation functional that approximately accounts for
dispersion interactions[88].

With bond breaking and making, the DFT approaches allow to evaluate quantitative data as
adsorption energies (Eags, Which refers to the difference between reactants and products, Eags =
Eproducts - Ereactants), Which are reported all along this review. Since the adsorption energies are
typically calculated as the difference between electronic energies of the products (adsorbed
molecules) and the reactants (surface and molecule in vacuum), a negative value indicates an
exothermicprocess. For sake of clarity and for internal coherence of the paper, we reported negative
values of E,gs also in those cases in which the absolute value is indicated in the reference paper.

2.2.3 Force-field techniques

Asthey are generally less computationally demanding, force-field methods can be applied to very
large systems (i.e., several thousand atoms) while DFT techniques are usually restricted to a few
hundred atoms. With force fields, the time evolution of the system at a given temperature can be
investigated theoretically.

While in quantum mechanics, according to the Born—Oppenheimer approximation, it is usual to
study the electronic structure in the field of frozen nuclei, the opposite approach is used in force-
field-based methods. The electrons are not explicitly treated and are assumed to surround the nuclei
appropriately, generating a potential field in which the nuclei are located. This force-field is a set of
equations whose mathematical form is derived from classical mechanics. Atoms are approximated
as soft spheres bonded to each other with springs. Once a force-field is parameterized to correctly
reproduce experimental or quantum-chemical results, the potential energy surface can be explored
to find the lowest energy situations. However this point is all but trivial for complex, reactive
surfaces.

A force-field is a mathematical translation of the old basic idea that bonds and angles between
atoms in a molecule tend to have ‘‘natural’’ values. The interatomic interactions are mimicked by a
set of empirical formulas, and the accuracy of the results depends on the way the parameters and
functional forms of the energy expression have been chosen. Practically, a force-field is tuned to
best reproduce experimental or calculated data of a series of simple molecules, and its applicability
domain is then assumed to extend to other similar systems according to the principle of
transferability of the parameters. However one main drawback of many force fields is that no bonds
are broken and formed, which is the main event in chemistry. Very few reactive force fields exist;
the most popular is ReaxFF [89], which has been used to study biomolecules adsorption on surfaces
[90-92].

Adsorption energies can be evaluated with FF in the same way as with DFT.

2.2.4 Molecular dynamics methods

20



Molecular dynamics methods (MD) calculate the time-dependent behaviour of a molecular system.
The starting point is Newton’s equation of motion. The force is expressed here as the gradient of the
potential energy E. Integrating these equations provides the positions, velocities, and accelerations
of the atoms as they vary with time; this collection of data constitutes the trajectory, which is a
source of information at the microscopic level, from which macroscopic observables (internal
energy, pressure...) can be extracted. The initial positions usually correspond to an energy minimum
that has been obtained by Molecular Mechanics (MM), while the initial velocities are often chosen
from a Maxwell-Boltzmann distribution reflecting the temperature at which the simulation is
performed. The velocities vary during the simulation, as Kinetic energy is changed into potential
energy and vice versa, and temperature also changes. Hence, different temperature control methods
periodically adjust the velocities to maintain the temperature, while reproducing the correct
statistical ensemble (NVE, i.e., constant number of particles, volume and energy is called the
microcanonical ensemble; NVT, the canonical ensemble; NPT, the isobaric—isothermal ensemble).
The integration of Newton’s laws of motion is solved numerically on the basis of the finite-
difference method. The positions, velocities and accelerations are determined at a time t + At from
their values at time t. Ideally, the time step should be large, in order to generate as much trajectory
time as possible for a given computational effort, but it must also be shorter than the typical time for
the fastest atomic movements. Typically, a time step of 10 s is chosen, i.e., ten times shorter than
a C—H vibration. With such a small time step, MD simulations can be very time consuming and
computationally expensive, depending on the time scale of the dynamic process investigated.
Among the fastest processes are the local motions (0.01 to 5 A, 10™ to 10" s) such as atomic
fluctuations, the motion of short molecular segments and loop motions in proteins. At longer time
scale, there are the rigid body motions (1 to 10 A, 10 to 1 s), i.e., the motion of molecular parts
that are locally organized, such as the helices and domains in proteins. Finally, the large-scale
motions (45 A, 107 to 10* s), for instance protein folding or unfolding processes, the
dissociation/association of molecular complexes, or the helix—coil transitions, are the slowest and
are still out of reach of atomistic MD simulations. In these cases coarse grain methods are more
appropriate but they will not be discussed here (See e.g.[93]).

2.2.5 Joined experimental and theoretical studies

Nowadays, the development of periodic density functional theory (DFT), accompanied by more
efficient computing resources, allow reliable modelling of complex interfaces. As a consequence,
many works present joined experimental and theoretical studies. The comparison between
experience and theory is based, in the case of adsorption on metal single crystals, mainly on
structural data obtained with STM or LEED. In the case of oxide surfaces, comparison between
calculated and experimental spectroscopic data (e.g. IR with calculated vibration frequencies) is
much more common.

For what concerns the self-assembly of molecules on a surface, it is worth to mention that it is
generally intractable for DFT to calculate, without any structural information originating from
experimental data, the nature of the chemical form and organization of molecules adsorbed under a
particular condition, due to the too large number of possible geometrical and chemical
configurations. Thus, good experimental data on these aspects are absolutely necessary to provide a
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robust starting point for the calculations. Once this is achieved, the calculation can then go on to
provide further insights on the bonding, intermolecular interactions, bond lengths, detailed
geometry, etc. that would have been inaccessible from experimentation. For metal surfaces, to
bridge the gap and propose/refine structural models that reproduce the STM results, atomistic
modelling (i.e. theoretical methods that explicitly consider all atoms) is needed. This implies a
strong feedback between measurement and modelling: the experimental adsorption patterns can be
used as input for the calculations. The geometry of the system is then optimized towards a stable
(i.e. low energy) situation and the theoretical results are then confronted with the original data for
consistency checks. Combined with the STM data, the results of the calculations then yield a full
structural description of the adsorbed molecular layers. Examples of this joint ‘STM-modelling’
approach will be given in the following sections.

Besides the structural information, atomistic modelling is most useful to get a deep insight on the
energetics of the systems under study. First, it is possible to calculate the binding energy of a given
molecule to the surface; this implies, for instance, the energetics of metal-molecule bonding in the
case of chemisorption, or weak CH—= or m—mr interactions for systems physisorbed. Second, the
internal cohesion of the adsorbed layer can be evaluated, by computing the molecule—molecule
interaction energy; this includes van der Waals interactions, as well as H-bonding or n—=n
interactions. Third, one can compare different molecular organizations, and identify the most
probable one on the basis of the energy criterion. Fourth, since energy barriers can also be
calculated, the occurrence of transitions can be assessed at the molecular scale (e.g., between
different conformations) or at the supramolecular scale (e.g., between different supramolecular
arrangements).

3  Self-assembly of amino acids at metal surfaces

The study of the interaction of bio-molecules with metal surfaces, at the molecular level, represents
a large fraction of the analysis of hybrid organic-inorganic interface. For amino acids and small
peptides, this is evident at a first glance by comparing the - necessarily incomplete - Table 1 with
Erreur ! Source du renvoi introuvable. andTable 12, reported in the following chapters. Although
the investigation of these simplified systems may seem quite academic since pure and perfectly
clean metals are rarely found in real life, we recall that many compounds in living bodies (e.g. many
enzymes and proteins) contain a metal atom [94]. Furthermore hybrid compounds and/or
functionalised metal nanoparticles appear more and more promising in pharmacological
applications, as drug delivery and imaging techniques with contrast medium.

It is true, however, that the richness of information present on AA/metal systems in the surface
science literature is mainly due to their reduced complexity. On the one hand, the substrate is
conductive and can therefore be easily analysed with all the most common surface science
techniques. On the other hand, the bio-molecule is sufficiently small to allow a detailed
understanding of both the internal conformation of the molecule and the intermolecular and
molecule-substrate interactions. In this respect, as it is already evident from Table 1, the joint efforts
of experimental techniques and ab-initio theoretical methods revealed to be an extremely precious
tool for the unravelling of the detailed adsorption and self-assembly mechanisms. We also note the
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preponderant role of imaging techniques, especially STM, with respect to the case of adsorption at
semiconducting or insulating surfaces.

In the following we divide the section in three separate sub-sections, devoted to amino acids
adsorption at Cu surfaces (section3.1), at noble metal surfaces (section3.2) and at transition metal
surfaces (section 3.3), respectively. The reasons leading to the choice of each substrate are detailed
in the corresponding sub-sections.

o o o olese| 2| zlzzz] 2] =
= - - « oo & - = =275 o >
B B B E1E3E| B| Elzz3| B ¢
2w - T e e S
=3 © :
2 L
Gly STM, STM, RAIRS, XPS, XPD, LEED, NEXAFS, STM XPS
RAIRS, | XPS, XPD, RAIRS, DFT | XPS, TPD [113] [114]
XPD [66; | XES, NEXAFS, | [96; 109] [112]
95; LEED, DFT STM[6; 95;
96][95; | [42;67; 101- | 97;99; 110],
97-99] 103]/104][10 | XPD [66;
DFT[100 | 5; 111]
] 106][100][10
7], XPD [108]
Cys FT-RAIRS, XPS, Nexafs ST™, XPS, XPD
XPS [48] [115] XPS, UPS, | HREELS | [65]
NEXAFS, | [52], DFT
HREELS, | DFT, [134][6
DFT STM 5; 135]
[116- [127-
123] 129];
[124][12 | [130;
5] [126] | 131][13
2][133]
Ala RAIRS, | RAIRS, LEED, LEED, XPS, LEED,
LEED, STM, XPS, NEXAFS[112; NEXAFS,
STM NEXAFS, DFT 143] XPS
[136][13 | [69; 140; DFT[144] [145]
6- 141][50; 69; DFT[146]
138].[13 | 105][142]
9]
His AES, LEED, MD 380 XPS
RAIRS, XPS, [149]
NEXAFS [46;
147; 148]
Lys STM XPS, NEXAFS, STM
[150] RAIRS[151; [153]
152]
DFT[61]
Glu
Met XPS[154] STM, HAS, XPS, XPS,
XPS [62] NEXAFS[115] RAIRS,
LEED,
STM,
DFT
[68;
155]
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Tyr
Pro RAIRS, LEED, STM,
STM, XPS,
DFT[156- HREELS
158] [159]
Ser STM[16 | XPS, NEXAFS, LEED, XPS,
0] LEED, STM NEXAFS, DFT
[43] [144]
Trp STM
[161]
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(9]
Gly STM TDS, TPD, XPS
[162] XPS [40],
[38] DFT[100]
Cys STM, XPS,
NEXAFS [44]
DFT [163-166]
Ala TPD, XPS [39]
His
Lys
Glu STM, XPS, RAIRS, STM, XPS, RAIRS, STM | RAIRS, TPD,
HREELS, DFT STM HREELS, DFT [168-170] MEIS, STM
[54; 59] DFT [51; | [53] [171]
167]
Met STM, XPS,
HAS, MM [62;
63]
Tyr STM, XPS,
NEXAFS [45]
Pro TPD, XPS [41]
Ser
Many SERS
[172]

Table 1. Summary of the amino acid metal systems described in the present report with the list of
employed techniques and the reference to the main related papers.

3.1 Amino acid adsorption at Cu surfaces.

So far, the large majority of the investigations on the adsorption of amino acids at metal surfaces
under controlled, UHV conditions has been performedon Cu samples. Data are present in literature
for almost all amino acids species and, in several cases, on more than one Cu surface.

The reason for the choice of copper as privileged substrate for fundamental studies is both historical

and functional. In fact, Cu surfaces were already very well characterised when, in the 90s, the first
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surface science investigations of the hybrid metal-organic interface begun. This offered the
advantage of starting a new field of research using a well-known substrate.

The comparison among results on the many AA/Cu systems allows to draw a global picture in
which one can address both the common features and the differences related to the surface
geometry and/or the molecular structure. This is not possible for other AA/metal systems, which
have been explored in a much less systematic way. The first trivial question is: “Does the molecule
adsorb? And in which form?” The general trend for amino acids on Cu is that at room temperature
they adsorb in themonolayer regime, while multilayers are observed at 300 K only in a few cases
and after prolonged exposure [48; 157]. Multilayers easily form, on the contrary, at lower T. Both
XPS and RAIRS data agree that the molecules directly interacting with the surface are in general in
the anionic form, while zwitterionic adsorption is characteristic of the multilayer.

Secondly, it is possible to identify common adsorption configurations of the different amino acids.
As it will be detailed in the following, the simplest amino acids bind to the Cu surface in a u2 or u3
configuration, depending on coverage and annealing temperature (see, e.g., Figure 5 and Figure 11).
The former geometry corresponds to the situation in which two binding points are present, namely
the N atom and one O atom of the carboxylate group, while the second oxygen atom protrudes into
the vacuum. The three binding points configuration (u3) is more stable, since the N atom and both
carboxylate O atoms are bound to the surface; the oxygen atoms sit on adjacent Cu atoms in the <1-
10> directions, in nearly on top position, while the N atom is nearly on top one Cu atom of the
nearest Cu row (see Figure 5). In case of the simplest amino acids, like Gly and Ala, the radical
group protrudes out from the surface plane; if the radical chain is more complex and contains
additional functionalities, on the contrary, it may be involved in hydrogen bonds or in an extra bond
with the metal substrate. Therefore it may orient close to the surface and establish a fourth binding
point with it. This is the u4 conformation observed, e.g., for Lys/Cu(110) [152] and Ser/Cu(531)
[144].

The similarity in the adsorption conformation leads for these molecules to very similar long range
adsorption patterns, as demonstrated by LEED and STM. Three distinctly different phases may
form on Cu surfaces with increasing molecular coverage: the 2D gas, the intermediate, and the solid
phase. The gas phase is driven by repulsive interaction among the molecules, which are “standing”
or ’surfing” on the substrate and can diffuse frequently. In the intermediate phase, the “standing”
molecules align into short rows, which are stabilised by intermolecular H-bonds. In the solid phase
the amino acid units lay flat on the surface arranging in extended, ordered superstructures. For Gly
and Ala on Cu(110) the most stable assembly is the (3x2) superstructure [104; 105; 173] (see Figure
8 and Figure 15d), which is also observed for a more complex molecule such as Lys [174]. The
most stable adsorption patterns observed for the other amino acids at saturation coverage are,
generally, less dense and can be explained by the necessity to accommodate larger molecules. In all
cases hydrogen bonding is essential for the stabilization of the layer. In addition, some amino acids
may cause magnificent step faceting and bunching of the surface or even exhibit some
enantioselectivity.

The overall picture tells that the adsorption mechanism is the same - or very similar - for all amino
acids and it is mainly ruled by the amino acid functionalities although a contribution may come
from additional reactive terminations.
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Adsorption of amino acids at Cu surfaces was reviewed by S.M. Barlow and R. Raval in 2003
[175], in a report which was mainly focussed on the chiral organisation of molecules at metal
surfaces but which also offered an accurate summary of the state of the art of the AA/Cu systems.
To avoid overlapping with already existing information, we provide in this review a quick overview
of the state of the art until 2003 and focus on the progresses achieved from that moment on. We
start with the simplest non-chiral (glycine, section 3.1.1) and chiral (alanine, section 3.1.2)
molecules, for which the largest information is available. In the following sections, we describe the
adsorption behaviour of more complex amino acids, which are grouped according to some common
characteristics of the molecule or of the surface. Therefore, in section 3.1.3, we review the
interaction of Cu surfaces with amino acids having a lateral side chain with an additional functional
group. In this frame it is particularly interesting to see how the presence of the - potentially
reactive- molecular tail affects the u3 adsorption configuration. Section 3.1.4 is devoted to amino
acids characterised by a ring-shaped radical tail, i.e. having an aromatic and/or a pyrrolic ring
besides the amino-acid functionalities. This particular feature may induce a molecular rigidity
which, especially in the case of proline, significantly influences the adsorption pattern. Finally, in
section 3.1.5 we discuss the adsorption at HMI surfaces, with particular attention to adsorbate-
induced step-faceting and to enantioselectivity effects induced by the use of chiral surfaces.

3.1.1 Glycine adsorption at Cu surfaces

Glycine chemisorbs on Cu(110) in the 300-420 K temperature range. RAIRS measurements (see
Table 2 for a description of the observed vibrational frequencies and their assignments) [42]
demonstrated that at T., = 300 K dissociative adsorption occurs, with the production of a glycinate
(anionic) species and of atomic H, which eventually recombines and desorbs as H,. The orientation
of the adsorbed species changes as the coverage increases (see Figure 5). The bonding occurs
initially via equivalent oxygen atoms of the carboxylate group (1), oriented broadly perpendicular to
the surface in a similar way to the one found for simple deprotonated carb