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The image gallery at the top of this page shows how the surface structures of cysteine on
Au(110)-(1 × 2) varies at diﬀerent surface temperatures and coverages. To the left, cysteine
nanoclusters obtained at low temperatures are displayed, followed by the as-deposited structure at room temperature (third image). At slightly elevated temperatures, chiral molecular
dimers coexist with molecular double rows (images 4 to 6). At high cysteine coverages, dense
chiral layers are formed. Upon annealing at high temperatures, the molecules decompose,
leaving behind a c(4 × 2) sulphur structure, as evident from the image on the right.
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Introduction

Nature provides a rich variety of structures and macromolecular “machines”
with highly specialised designs, whose binding and functioning capabilities have
emerged from millions of years of evolutionary optimisation [1–3]. These specialised nanomachines are basically constructed from a very limited number
of building blocks, including the set of 20 natural amino acids and the four
nucleotide bases. Learning from nature by understanding the optimisation of
structural properties enables us to employ this knowledge for the design of new
structures that can be used in other contexts ranging from technical applications [4, 5] to bioartiﬁcial organs [6]. The impact of this promising approach is
reﬂected in the growing research area referred to as biomimetics [6–8].
Proteins, in particular, adopt a wide range of specialised functions [9], which
explains the high expectations for current eﬀorts to relate protein structure and
function (proteomics) [10]. Elastin, for instance, a rubber-like protein that is
found where high elasticity is needed, has achieved a high degree of perfection.
It extends under pressure and releases up to 90% of the energy stored upon
relaxation. Other examples include resilin, a protein found in insect wings, and
various proteins from the insect cuticle demonstrating high waterproof and wet
strength [11,12]. One of the most advanced protein studies is research on spider
silk [13, 14]. This protein-based biopolymer exhibits interesting properties as
it is as strong as high-tensile steel but at the same time as elastic as rubber.
Due to this technically important combination, spider silk has attracted much
attention for the potential use in biomimetic medical devices such as ligaments
and sutures and for the fabrication of lightweight and soft body armor [9].
Another widely studied research area in the ﬁeld of biomimetics is the class
of so-called hybrid materials. Much of the importance of these biological compounds is based on the clever combination of minerals and organic materials
at the nanometre scale. Biominerals are, for example, found in shells, teeth
and bones [15, 16]. Compared to pure aragonite (calcium carbonate), just 3%
1
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by weight of organic polymers built into highly oriented aragonite improve the
strength of molluscan shells and pearls by a factor of 3000 [17, 18].
Apart from specialised properties, also remarkable chemical control is demonstrated in biology, for example in the recognition of an antigen by its antibody. Understanding molecular recognition is a key issue in developing biosensors [19–23].
Researchers in the ﬁeld of nanotechnology [24] have just started to employ nature’s strategies for the assembly of functionalised structures in the nanometresize range. Visions of nanotechnology include producing new materials with
highly specialised properties and functioning, but also the development of
new manufacturing processes that minimise the generation of unwanted byproducts. One of the key driving forces for nanotechnology has always been
the continuous miniaturisation of electronic circuits [25, 26]. Conventionally,
photolithography is employed for the parallel writing of these structures. This
technique is, however, limited in resolution by the wavelength of the light used,
and with current ultraviolet light-based techniques, the lower limit is about
130 nm. This limit can be pushed further by serial writing with a well-focussed
beam of electrons or atoms [27], but with current technologies this method is
slow and costly. The limitation of these classical “top-down” strategies to a
minimal size of some nanometres points to the need for new concepts in the
electronic device production [28–31].
One possibility is the direct construction of functional nanostructures from
elementary atomic or molecular building blocks, the so-called “bottom-up” approach, which has proven possible with advanced methods of atomic and molecular manipulation by tunnelling [32] and force microscopy [33], methods that
are, however, unlikely to develop into tools for an economic production of functionalised nanomaterials. The strength of the “bottom-up” approach can much
better be developed in combination with another important concept, namely
molecular self-assembly [34–39]. This concept is as simple as it is eﬃcient: Put
your eﬀort in choosing the right system, provide proper starting conditions and
then let nature do the rest. More precisely, molecular self-assembly describes
the reversible association of molecules into well-deﬁned aggregates that involve
non-covalent interactions such as electrostatic interactions, van-der-Waals
forces and hydrogen bonds [34].
Examples of molecular self-assembly are abundant in nature, many of which
are astonishingly sophisticated, such as the complex folding of peptide strands
into highly specialised functioning proteins [40, 41] or the transfer of genetic
information from DNA to RNA.1 Currently, scientists are trying to mimic such
self-assembly processes and transfer them into other contexts [1, 9]. Surface
1 DNA

stands for desoxyribonucleic acid and RNA for ribonucleic acid.
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functionalisation by self-assembled monolayers is exploited [42], for instance,
to improve biocompatibility in implants [43] or molecular recognition in biosensors [23], and quite promising results have been achieved in the fabrication of
such biosensors that detect speciﬁc molecules [44, 45]. To design functional
nanostructures that can be fabricated by molecular self-assembly at surfaces,
the understanding of molecule-substrate and molecule-molecule interactions is
a key prerequisite.
The work to be presented in this thesis is motivated by the research eﬀorts
mentioned here and contributes to the understanding of molecular self-assembly
and recognition at a very fundamental level. By studying the structures formed
by organic molecules on metal surfaces, one obtains information on molecular
interactions that are of relevance for the usually far more complex processes
outlined above. The adsorption studies performed in this work can therefore be
understood as a very simple and basic model system that illustrates important
aspects of molecular interaction at the molecular level.
In this thesis, I study the adsorption of two sulphur-containing molecules on
three diﬀerent metal surfaces with a scanning tunnelling microscope (STM)
in an ultrahigh-vacuum environment, gaining insight into the temperaturedependent interplay between molecule-substrate and molecule-molecule interactions. One of the molecules investigated belongs to the class of alkanethiols,
molecules consisting of a hydrocarbon chain with a mercapto headgroup (–SH).
These molecules form so-called self-assembled monolayers (SAMs) on gold surfaces [46, 47], which have been studied extensively because of their promising
properties for technical applications such as lubrication, corrosion protection
or biocompatible surface-functionalisation [48, 49], but also as a model system
for studying molecular self-assembly. By far the most data have been collected
on the close-packed (111) surface of gold. In this thesis, the adsorption of
dodecanethiol (HS–(CH2 )11 –CH3 ) is studied on another surface that exhibits
an even stronger binding aﬃnity towards sulphur, namely the (110) facet of
copper, allowing the consequences of changing the molecule-surface interaction
compared to gold to be studied. The other molecule investigated in this work is
the naturally occurring amino acid cysteine (HS–CH2 –CH(NH2 )–COOH). As
amino acids are the basic building blocks of proteins, they constitute simple
model systems for studying how peptides and proteins interact with surfaces [8].
Cysteine has been chosen since it is the only thiol among the naturally occurring
amino acids, making the comparison between cysteine and alkanethiol structures interesting. Compared to dodecanethiol, cysteine is rather small, and
van-der-Waals interactions are consequently less important in the overlayer
formation. On the other hand, cysteine consists of three functional groups that

3
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Figure 1: Processes inﬂuencing the molecular-structure formation on a substrate surface.

inﬂuence the overlayer formation and allow a rich variety of surface structures
to be observed. Cysteine adsorption is studied on two rather diﬀerent gold
surfaces to investigate the inﬂuence of the surface geometry and reactivity on
the structure formation. The main part of this thesis concerns the cysteine
adsorption onto the reactive (110) facet of gold, which is reconstructed in its
clean state and exhibits a large surface corrugation and low-coordinated surface atoms [50,51]. The results on the Au(110) surface have been supplemented
with adsorption experiments on another surface, namely the Au(111) surface,
which is close-packed and inert,2 thereby increasing the relative inﬂuence of
molecule-molecule interactions on the molecular-structure formation.
Besides being an amino acid and a thiol, cysteine is notable for being a chiral
molecule (see Fig. 2). This adds important aspects to the observed cysteine
structures that can be related to fundamental mechanisms underlying molecular biology.
Chirality is a geometrical property of an object, being non-superimposable with
its mirror image like a left and a right hand (Fig. 3). The diﬀerent spatial conﬁgurations of a chiral molecule, which cannot be superimposed by any rotation
2 Compared to (111) facets of most other metals, Au(111) actually possesses some modulation since it is reconstructed into the so-called herringbone reconstruction [52].
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Figure 2: Cysteine as a biomolecule, a thiol and a chiral molecule.
Cysteine belongs to both the important classes of natural amino acids and
thiols. Moreover, it is a chiral molecule.

or translation, are referred to as enantiomers.
Molecular chirality, the “handedness” of molecules, is abundant in everyday
life, since fundamental processes within chemistry and molecular biology are
governed by chiral molecules. Biological macromolecules are very often constructed by chiral building blocks, and their functioning crucially depends on
their chirality. Proteins are exclusively built from l amino acids, while the
backbone of DNA consists only of d sugar molecules. The origin of this homochirality is still a puzzle, but breaking the homochirality by incorporating
molecules of the other enantiomer would destroy the macromolecule’s functioning.
Enzymatic reactions and other ligand-receptor interactions are governed by the
spatial morphology, and thus by the chirality of the interacting molecules, as
these reactions are based on a lock-and-key principle [53]. Therefore, diﬀerent
5
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Figure 3: Hands are chiral objects.
The left and the right hand are mirror images and cannot be superimposed
by any rotation or translation. The term “chiral” stems form the Greek word
“cheir” meaning “hand”.

enantiomers of a chiral molecule may have distinctly diﬀerent biological activity. The smell of caraway and spearmint, for example, originates from the same
molecule, carvone, but in its two enantiomeric forms, which the nasal receptors
can tell apart. Likewise, the activity of drugs may strongly depend on their
spatial conformation. Since a drug molecule must match a speciﬁc receptor
site, often only one enantiomer is of interest. The other enantiomers are often
useless, but may be harmful as in the case of Thalidomide given to pregnant
women, where one enantiomer reduced morning sickness, but the other harmed
the fetus [54].
A central result from the present cysteine adsorption studies is the molecularlevel identiﬁcation of a simple chiral recognition process, occurring between
individual cysteine molecules. Cysteine forms molecular dimers on a Au(110)
surface, whose rotation with respect to the close-packed gold rows reﬂects the
chirality of the cysteine molecules. When both enantiomeric forms are present
at the surface at the same time, exclusively homochiral dimers are found on the
surface, demonstrating chiral speciﬁcity during the cysteine dimerisation. In
close cooperation with theory – performed by B. Hammer and L. Molina
from the University of Aarhus – the mechanism for this chiral recognition
process is identiﬁed, disclosing the critical role of the particular adsorption
geometry of the cysteine dimers on the gold surface. The reason for the chi6
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ral discrimination is found in the simultaneous optimisation of three bonds on
each cysteine molecule that require both cysteine molecules within a dimer to
be of the same conformation. Hence, the observed cysteine dimers constitute a
molecular-level model system for studying the mechanism that underlies chiral
recognition, which was already formulated in 1933 in the well-known threepoint contact model for chiral recognition [55, 56].
Cysteine adsorption on Au(110) has been studied in a wide temperature range
both with scanning tunnelling microscopy and reﬂection absorption infrared
spectroscopy. Depending on temperature and surface coverage, a variety of
diﬀerent molecular overlayers have been observed whose formation is found
to be governed by the surface geometry. The already mentioned molecular
dimers are found to align on the surface in an ordered array that involves
an extended restructuring of the surface, demonstrating the ability of these
sulphur-containing molecules to modify the local surface geometry in order
to optimise the molecule-surface interaction. Coexisting with the molecular
dimers, extended double rows form on the surface, whose uni-directional growth
is directed by the interaction with the gold surface. A lifting of the missingrow reconstruction underneath the rows has be identiﬁed as the driving force
for the chain growth, demonstrating the strong inﬂuence of molecule-substrate
interactions on the structure formation.
When cysteine is deposited at low temperatures, a self-assembly process into
identical nanoclusters of uniform size was observed. In contrast to chemisorbed
structures observed at room temperature, these clusters are physisorbed and all
functional groups seem to be saturated internally, forming a hydrogen-bonded
network. Compared to formerly observed metallic clusters [57] that rely on
magic shell closing, these molecular clusters seem to represent a more complex
formation mechanism that may be of interest when size uniformity is desired.
To complement the STM data on the Au(110) surface by spectroscopic measurements in order to gain information on the binding conﬁguration of the cysteine
molecules, infrared spectroscopy data have been obtained in collaboration with
Q. Chen and N. V. Richardson from the University of St. Andrews, UK.
In contrast to the observations on the Au(110) surface, the molecular structures that have been revealed on the comparably unreactive Au(111) surface are
found to be much less inﬂuenced by the surface geometry. In particular, an ordered structure has been observed that interacts only weakly with the substrate
surface as it is found not to aﬀect the herringbone reconstruction. For high
cysteine coverages, variations of a hexagonal structure are found, most likely
reﬂecting the many diﬀerent possibilities of the molecules to interact with each
other on an unstructured substrate surface. Not until annealing, a superstructure is formed that is very similar to that of alkanethiols on Au(111), indicating

7
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that thermal energy is needed to introduce the transition from a physisorbed to
a chemisorbed species. Compared to alkanethiol ﬁlms, however, the annealed
cysteine structure is less well developed, a fact that can be explained by the
absence of the stabilising intermolecular van-der-Waals forces of the hydrocarbon chains found in the alkanethiol SAMs.
The dodecanethiol adsorption has been studied in cooperation with S. Vollmer and G. Witte from the University of Bochum, Germany, who have performed temperature-programmed desorption, X–ray photoelectron spectroscopy and low-energy electron diﬀraction experiments, complementing the STM
data. This multi-technique study reveals structural changes accompanying
the transition from lying-down physisorbed molecules at low temperatures to
standing-up, chemisorbed species at room temperature that have lost their hydrogen atoms at the mercapto group and now form a strong sulphur–copper
bond. This standing-up phase exhibits a moiré pattern reﬂecting the compromise between the covalent sulphur–copper bonds and the weaker van-derWaals interactions among the alkane chains.
In the following chapter, the experimental and theoretical methods used in
this thesis are described. Besides scanning tunnelling microscopy, both lowenergy electron diﬀraction and the diﬀerent spectroscopic methods utilised
in this work are described brieﬂy as well as the two theoretical approaches:
Density-functional and embedded-medium theory. Chapter 3 gives a literature
survey on adsorption and self-assembly of molecules with emphasis on sulphurcontaining molecules and amino acids. The chapter is completed by a review on
chiral phenomena at surfaces. The experiments regarding cysteine adsorption
on Au(110) are presented in chapter 4. After a brief description of cysteine and
the geometry of the reconstructed Au(110) surface, the room-temperature adsorption experiments are discussed, followed by the chiral structures observed
at slightly elevated temperatures, namely the cysteine dimers and molecular
double-row structure. In section 4.5, the structures formed after increasing
the cysteine coverage are described, and the results after further annealing
are presented. An interesting phenomenon demonstrating the breaking of chiral symmetry has been observed in this work and is discussed in section 4.6,
although a comprehensive explanation of this eﬀect is still missing. The chapter on cysteine adsorption on Au(110) is completed by the presentation of
the low-temperature experiments, which demonstrate self-assembly of cysteine
nanoclusters. Hydrogen sulphide adsorption experiments that have been carried out to supplement the adsorption studies of the two sulphur-containing
molecules investigated in this thesis are presented in chapter 5. In chapter 6,
the experiments on cysteine adsorption on Au(111) are discussed. After a

8
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brief introduction to other cysteine adsorption experiments performed on this
surface, the adsorption results obtained in this work are presented. The experiments on dodecanethiol adsorption on Cu(110) are described in chapter 7,
including thermal desorption and X–ray photoelectron spectroscopy data as
well as low-energy electron diﬀraction results.
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Methods

In this chapter, the basic principles behind the main experimental techniques
and theoretical approaches utilised for this work are outlined. The aim is to
provide an introductory overview as well as references for further reading.

2.1

Scanning tunnelling microscopy

Since its development in the early 1980ies by G. Binnig and H. Rohrer,
scanning tunnelling microscopy (STM) has become an important standard
technique in surface science [32]. In contrast to averaging methods such as
low-energy electron diﬀraction, STM is a local probe which gives real-space
insight into physical phenomena occurring at surfaces. The basic principle
is as follows: A metallic tip, the probe, is brought into close proximity of a
conducting surface. At a distance of a few Ångströms (1Å = 10−10 m), the
wavefunctions of the topmost tip atom and the surface atoms overlap suﬃciently to allow for quantum mechanical tunnelling of electrons between tip
and sample when a bias voltage is applied.
2.1.1

STM Theory

A very simple, one-dimensional quantum mechanical model (Fig. 4) compares
the STM tunnelling situation with a constant potential barrier with a height
U and a width d [58]. The wavefunction ψ of an electron with mass m and
energy E at a distance z in the barrier is given as:
ψ(z) = ψ (0) e−κz where κ =

1
2m (U − E).


(1)

In this model, the work functions φ of the tip and the metal surface are assumed
to be the same. The variable κ is the inverse decay length. Then, for electrons
at the Fermi energy F , the barrier height equals the work function. Depending
11
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2 METHODS

Figure 4: One-dimensional tunnelling junction.
To the left, the sample is depicted with a one-dimensional wavefunction penetrating into the barrier region between the sample and the tip to the right,
leading to a non-zero probability for an electron to tunnel from the sample into
the tip.

on the polarity of the bias voltage, V , the electrons tunnel from the ﬁlled
tip states into empty sample states or vice versa. The tunnelling current is
proportional to the sum over the squares of sample states ψn with energy n
within the energy interval eV , deﬁned by the bias voltage [58]. For small eV ,
the tunnelling current reads:
I∝

F


2

2

|ψn (0)| e− 

√

2mφ z

(2)

n =F −eV
2

=⇒ I ∝ e− 

√

2mφ z

−1.025

=e



φ[eV] z[Å]

.

(3)

From equation 3 it can be seen that the tunnelling current is exponentially
dependent on the distance between tip and surface, since the wavefunctions
decay exponentially into the vacuum gap. A very useful understanding can be
deduced directly from this equation, namely, if a typical value of φ = 4 eV is
12
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Scanning tunnelling microscopy

assumed for the work function,3 the tunnelling current changes about an order
of magnitude by varying the gap distance by just z ≈1 Å.
The qualitative consideration above makes the extreme sensitivity of STM
probable. To gain quantitative knowledge of the situation, however, the threedimensional wavefunctions must be calculated explicitly by solving the Schrödinger equation of the combined tip/sample system. Considering the number
of atoms involved, this is very complex for a realistic situation, and, therefore,
approximations must be employed. A detailed discussion of these approaches
is not feasible within the scope of this introduction; nevertheless, two concepts
should be mentioned brieﬂy: J. Bardeen treated the tip and the sample as
non-interacting systems and calculated the tunnelling current from the separate
wavefunctions of the tip, ψt , and the sample, ψs [59]. Within this approach,
the tunnelling matrix element M is given by:

2
(ψ ∗ ∇ψs − ψs ∇ψt∗ ) dS,
(4)
M=
2m S0 t
where S0 is any surface placed entirely in the vacuum gap region. Using timedependent perturbation theory, the tunnelling current can be calculated as an
integral over all electrons tunnelling elastically between the sample and the tip.

2πe +∞
[f ( − eV ) − f ()] · ρs ( − eV ) · ρt () |M |2 d,
(5)
I=
 −∞
with ρ being the electron density of states of the sample and the tip, respectively. The Fermi-Dirac function f () can be approximated as a step function
for kB T   − F , leading to the following simpliﬁcation:

2πe F +eV
ρs ( − eV ) · ρt () |M |2 d.
(6)
I=
 F
Based on this transfer Hamiltonian description, J. Tersoff and D. Hamann
modelled the tip function as an s-wave [60] and showed that STM images reﬂect
the topography of the local density of states (LDOS) at the Fermi energy at
the centre of the curvature of the tip. The LDOS ρ(z, E) is deﬁned as the
number of electrons per unit volume and per unit energy at a position z and
energy , as shown in equation 7 for small energies E.
ρ(z, ) =
3 The

1
E




2

|ψn (z)| .

n =−E

work function φ is 4.6 eV for Cu and 5.4 eV for Au [58].
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Figure 5: Setup of the Aarhus STM.
Legend: 1) sample, 2) tantalum holder, 3) springs, 4) tip, 5) macor holder,
6) scanner tube, 7) rod, 8) macor ring, 9) inch worm, 10) quartz ball and
11) zener diode. Design and construction by E. Lægsgaard.

The real situation is often more complicated than s-wave tip model suggests,
since other orbitals can contribute to the tip wavefunction. Moreover, the
tip frequently changes, for example when molecules are attached to the tip
apex [61, 62].
2.1.2

The Aarhus STM

To acquire an STM image, the tip is scanned over the substrate surface. In
the commonly used constant-current mode, the tip/sample distance is adjusted
to maintain the tunnelling current constant. In the Aarhus STM, two piezoelectric tubes are utilised to perform the tip movement. One piezo tube, the
so-called inch-worm, performs the coarse approach of a shaft carrying the second piezo crystal on which the tip is mounted. The coarse approach is realised
by an “inch-wormish” procedure: The lower part of the three-divided hollow
piezo crystal clamps the shaft while the middle part contracts. Then the upper part ﬁxes the shaft, the lower part is unclamped, and the middle part
expands. In this way, the shaft with the tip is moved upwards to the sample
until a tunnelling current is detected. The second piezo tube, the scanner tube,
performs the lateral and vertical movement of the tip during scanning. It is
a hollow piezo tube with one inner and four outer electrodes. When biasing
14
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two opposite outer electrodes with antisymmetric voltages, the piezo is bent,
leading to a lateral deﬂection of the tip. Correct wiring of the four electrodes
is important, since, for instance, the exchange of the +X and -X wires would
result in a mirrored image. As the studies in this thesis are on chiral molecule
adsorption, the connections of the STM have been checked to conﬁrm that the
acquired images represent the real situation at the surface. Upon biasing the
inner electrode with respect to the outer ones, the scanner tube expands and
contracts, resulting in the vertical tip movement. As a voltage of the order
of 1 V leads to a deﬂection of only 10 Å, the movement of the piezoelectric
tubes can be controlled very precisely, allowing for sub-atomic step sizes. The
compact design of the Aarhus STM unit makes it very vibration resistant by
suppressing all low-frequency components, while high frequencies are damped
out by suspending the STM from four soft springs.
The STM images shown in this thesis have been acquired in three diﬀerent
ultrahigh-vacuum (UHV) systems with a base pressure of about 10−10 mbar.
The chambers are equipped with standard UHV facilities and sample manipulators allowing for cooling to 120 K and heating the sample. The STM in
the chamber used for the cysteine experiments presented in chapters 4 and 6
reaches a minimum temperature of 110 K upon cooling with liquid nitrogen
(LN2 ). During the short transfer time (less than 1 min) from the manipulator
into the STM, cooling of the sample is not possible, which leads to an estimated
temperature rise of about 20 K for the lowest temperatures.

2.2

Reﬂection absorption infrared spectroscopy

Infrared spectroscopy facilitates the detection of changes in a molecule’s spacial
conﬁguration such as bending or stretching vibrations, which are associated
with frequencies from 1012 to 1014 Hz. Conventional infrared spectroscopy
is performed by passing a beam of infrared radiation through a sample and
recording which frequencies are absorbed. This is obviously not applicable for
surface studies since a metal sample is not transparent, but reﬂects an infrared
beam. In this case, RAIRS is utilised, where the beam is aligned so as to strike
the surface at grazing incidence and pass through the adsorbed molecules twice
– once on the way in and once on the way out. This is suﬃcient to monitor an
absorption spectrum although the demand on sensitivity is very high compared
to transmission absorption spectroscopy.
Vibrating dipoles introduce image dipoles of opposite sign in the metal surface,
resulting in the so-called metal-surface selection rule: The dipole moments of
vibrations parallel to the surface cancel with the induced image dipole moment.
On the other hand, dipoles vibrating perpendicular to the surface plane are
15
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Figure 6: RAIRS metal surface selection rule.
A vibration dipole oriented parallel to the surface induces an image dipole of
opposite sign and equal magnitude in the metal, cancelling the overall dipole
moment. A perpendicular dipole moment is enhanced by this eﬀect.

enhanced for the same reason by a factor of two, as illustrated in Fig. 6.

2.3

Low-energy electron diﬀraction

Low-energy electron diﬀraction (LEED) is an important technique for the investigation of periodic surface structures. With this area-averaging method,
lattice parameters can be obtained very accurately and the pattern of ordered
overlayers is obtained qualitatively; the overlayer pattern is disclosed, but the
absolute position of adatoms or molecules on the substrate cannot be determined. LEED is used extensively in surface science as a routine to examine the
surface quality or to determine superstructures.
The basic principle behind LEED is the Bragg diﬀraction of low-energy electrons with an associated de Broglie wavelength λ from the substrate surface
lattice. The kinetic energy of the electrons is varied in the range of 10 – 300 eV.
In this energy region, the mean free path of the electrons in solids is limited
to the surface region according to the “universal curve” [63], making LEED a
surface sensitive technique. To a ﬁrst approximation, the so-called kinematic
approximation, the situation can therefore be simpliﬁed to the case where only
the topmost atomic layer with a lattice distance d is involved in the scattering
process and multi-scattering events are neglected. The beam of electrons hits
the surface at an angle of incidence θi and of reﬂection θf , which results in
16
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diﬀraction spots only when the Bragg condition is fulﬁlled:
2d (sin θf − sin θi ) = nλ.

(8)

The diﬀracted electrons are monitored on a ﬂuorescent screen and represent
the reciprocal lattice, whose lattice parameters are inversely proportional to
those of the direct lattice.

2.4

X–ray photoelectron spectroscopy

The governing principle behind X–ray photoelectron spectroscopy (XPS) is the
photoelectric eﬀect. A sample is irradiated with X–rays of a given energy ω
in the range of 1200 – 1400 eV, leading to the emission of core-level electrons.
The kinetic energy of the photoelectrons Ekin is both element-speciﬁc and a
reﬂection of the chemical state of the emitting atom as it includes the binding
energy Eb of the electron. It also includes the diﬀerence φ between sample and
detector work functions:
Ekin = ω − Eb − φ.

(9)

As in the case of LEED, the mean free path of the photoelectrons is very short
in solids, making this technique surface sensitive as well. When the chemical
state of a surface atom or adsorbate is changed, the characteristic position of the
XPS peak is shifted accordingly, allowing for a surface-sensitive determination
of changes in bonding and environment.

2.5

Temperature-programmed desorption

Temperature-programmed desorption (TPD) allows for the investigation of desorption mechanisms and the determination of desorption energies of adsorbates
by programmed heating of the substrate with a ﬁxed rate β while the desorbing
species are monitored by a mass spectrometer. The shape of the monitored
desorption curves is related to the order of the desorption process,4 while the
temperature T associated with the desorption peak gives a measure of the
desorption energy Edes . In the case of ﬁrst order desorption, the Redhead
formula [64] reads:


νT
Edes
≈ ln
− 3.64,
(10)
kB T
β
where kB is the Boltzmann constant and ν the pre-exponential factor associated with the surface potential felt by the adsorbate.
4 The order of the desorption, x, is deﬁned by the dependence of the rate of desorption on
the coverage, Θ: ∂Θ
∝ Θx .
∂t
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The density-functional theory (DFT) calculations presented in this thesis were
performed by B. Hammer and L. Molina from the Department of Physics and
Astronomy of the University of Aarhus. As the calculations crucially contribute
to the understanding of the experimental results obtained in this work, a brief
overview of this theoretical approach will be given along with a description of
the more approximative eﬀective-medium theory (EMT) that has been used to
obtain estimates for the formation energies of several surface reconstructions
revealed by STM.
2.6.1

Density-functional theory

In principle, every system can be completely described within the formalism
of wavefunctions derived in 1926 by E. Schrödinger. The calculation of the
electronic structure and the total energy of a given system using wavefunctionbased methods [65] becomes, however, challenging when the number of particles
considered exceeds a critical value, and in most cases an exact description is
impossible for larger many-body problems involving more than 10 particles.
DFT oﬀers an alternative approach by focussing on the electron density n(r) of
the system rather than the wavefunctions [66], giving a complementary, realspace perspective of the situation. Compared to the problem of solving the
many-body Schrödinger equation, the computational cost for DFT calculations rises much more moderately with the number of atoms, allowing for
an ab initio description of many-particle problems that cannot be handled by
wavefunction-based methods.
The basis for this electron-density formalism was laid in 1964 by P. Hohenberg and W. Kohn, who demonstrated that “the ground state density of a
bound system of interacting electrons in some external potential V (r) determines this potential uniquely” [67]. Therefore, the electron density implicitly
determines both the Hamilton operator Ĥ and the ground state wavefunctions
Ψ {ri }, where ri is the set of coordinates of all participating particles:
n(r) ⇒ V (r) ⇒ Ĥ ⇒ Ψ {ri } .

(11)

Finally, as the total energy E of the system is uniquely deﬁned by Ĥ and Ψ,
the total energy can be regarded as a functional of the electron density:
E = Ψ|Ĥ|Ψ ⇒ E = E[n(r)].

(12)

Using the Rayleigh-Ritz variation principle, the total energy can be calculated by minimising the total energy obtained from a given trial ground state
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electron density ñ(r):
E = minñ(r) EV [ñ(r)].

(13)

This approach reduces the many-body problem from the wavefunction-based
formalism to the solution of a set of one-electron Schrödinger equations, the
so-called Kohn-Sham equations:


1
(14)
− ∇2 + vef f (r) − j ϕj (r) = 0.
2
In this equation, the eﬀective external potential vef f is split into terms originating from non-interacting and interacting electrons [68]. The Hamiltonian is
therefore divided correspondingly:
Ĥ = T̂ + Û + V̄ ,

(15)

where T̂ and Û represent the kinetic and the classical Coulomb potential
for non-interacting particles, while the latter term V̄ has been deﬁned as the
exchange correlation potential. The total energy can then be derived from
E[n] = T [n] + U [n] + Exc [n].

(16)

In this equation, the exchange correlation Exc includes the only approximations to be made. In its simplest form, the exchange correlation energy can
be obtained from a uniform electron distribution in the so-called local density approximation (LDA) [69]. This approximation is exact for a uniform
electron density and yields respectable results for slowly varying electron densities. More advanced, generalised gradient approximations (GGAs) have been
derived to handle systems with electron distributions diﬀering from slowly varying electron densities [70–73], and those used in this thesis are Perdew-Wang 91
(PW91) [71] and revised Perdew-Burke-Ernzerhof (RPBE) [73].
With these approximations, DFT has become a powerful tool for an ab initio
description of many-particle systems. However, the GGAs fail when the basic
assumption of slowly varying electron densities becomes increasingly inappropriate. In particular, van-der-Waals interactions are not included in the
DFT formalism, nor into the vacuum evanescing electron densities at surfaces.
2.6.2

Eﬀective-medium theory

EMT is a well-suited method when fast and simple calculations are needed to
elucidate overall trends and give insight into the dominating mechanism behind
observed eﬀects. EMT [74,75] is an approach aiming at describing interactions
between atoms in a metallic system while reducing the computational eﬀort
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enormously. As EMT is based on experimental input, it is not an ab-initio
method.
In this theory, the energy of a system is expressed as the embedding energy
Ec (i) for each atom i in a homogenous electron gas plus an atomic-sphere
correction term ∆EAS (i) and a correction term E1el that includes the diﬀerence
in the electron density to the model of free electrons:

Ec (i) + ∆EAS (i) + E1el (i).
(17)
E=
i

The density of the homogenous electron gas is given by the average of the
electron density of the surrounding atoms, that is, the energy of an atom is
determined by the eﬀect of the surrounding atoms. The embedding electron
density n̄i (s) around an atom is deﬁned to depend exponentially on the radius
s of a chosen sphere around the atom:
n̄i (s) ∝ e−ηs .

(18)

Within this approach, the embedding energy can be calculated self-consistently,
when values for several parameters – including the parameter η – are provided.
For the speciﬁc geometry of a face-centred cubic (fcc) crystal, the number of
unknown parameters can be reduced and the above-mentioned atomic-sphere
correction term vanishes. Remaining parameters can be calculated from given
structural data or derived from DFT, and all are available for a set of fcc metals [76].
With these parameters, the calculation of total energies of metallic systems is
reduced to the determination of the number of the nearest neighbours, and surface or vacancy-formation energies are easily calculated by simply considering
the change in the number of nearest-neighbour atoms. Other problems that
can be handled by EMT are adatom diﬀusion, the calculation of reconstruction
and relaxation energies and metal-atom adsorption [77].
The total energy for gold atoms as a function of coordination number as used
in this thesis is listed below [76, 78].
n
E(n)

12
-3.81

11
-3.73

10
-3.66

9
-3.58

8
-3.48

7
-3.36

6
-3.20

5
-3.02

Table 1: Total energy E(n) for gold atoms in an fcc crystal as a function of
coordination number n derived from EMT [76].
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Before presenting my own results, in this chapter I will introduce two concepts
that are of relevance for this thesis, namely chirality and self-assembly. After
the discussion of these two terms, I will give a short survey of earlier molecularadsorption studies and self-assembly on various metal surfaces, with emphasis
on sulphur-containing and chiral molecules.

3.1

Chirality

An object is referred to as chiral when it is non-superimposable with its mirror
image. This holds when the mirror transformation is a non-identity operation.
In particular, a molecule is chiral when the enantiomers – the diﬀerent spatial
conﬁgurations of the molecule – cannot be superimposed by any rotation or
translation.
Chiral molecules are optically active, that is, the plane of linearly polarised
light is rotated when the light passes through the molecule. Assuming one
enantiomer of a given molecule rotates the polarisation of light clockwise, the
other enantiomer turns it counter-clockwise by the same angle. A mixture of
50% of both enantiomers, which is referred to as the racemic mixture, causes
no net rotation.
Hydrocarbons are chiral if they have an optically active carbon atom.5 Such a
carbon atom is identiﬁed by its four diﬀerent substituents. For α amino acids
this is the second carbon atom, which is linked to the carboxylic group, the
amino group, one hydrogen atom and the residue specifying the amino acid. In
the case of glycine the residue is just a hydrogen atom and thus this amino acid
is the only achiral α amino acid. Historically, the enantiomers of α amino acids
5 A molecule can also have two or more optically active carbon atoms. In this case, 2n
diﬀerent enantiomers exist, where n is the number of optically active carbon atoms.
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Figure 7: Notation for chiral molecules.
Deﬁnition for l and d amino acids and the more general deﬁnition for S and
R molecules. In the latter case the hydrogen atom points into the plane.

are labelled with “d” (for “dexter”, lat. right) and “l” (for “laevus”, lat. left),
depending on the conformation of the substituents around the second carbon
atom, as depicted in Fig. 7. This system, which is still used for amino acids
and sugars, is referred to as the Fischer convention.
A newer notation, the Cahn-Ingold-Prelog convention, allows for the absolute determination of the chiral conformation of an enantiomer from its chemical structure. In the simplest case the substituents around the optically active
carbon atom are ordered with respect to the atomic numbers of the atoms directly attached to the active carbon atom. The molecule is then viewed in such
a way that the hydrogen atom is pointing away, as sketched in Fig. 7. Now, if
an arrow drawn from the highest to the lowest atomic number turns clockwise,
the molecule is called “R” (for “rectus”, lat. right), otherwise “S” (for “sinister”, lat. left). It is important to note that neither the descriptors d, l nor R
and S are related to the actual physical direction in which the polarisation of
light is turned.
In racemic crystals of chiral molecules, two diﬀerent situations for the unit
cell exist. One possibility is the formation of a homochiral unit cell, leading
to homochiral crystal grains. The racemate of this type thus consists of a
mixture of homochiral crystallites of the two enantiomers and it is referred to
as a racemic conglomerate. The ﬁrst experiment regarding the segregation of
a racemic conglomerate was performed already in 1848 with tweezers under a
light microscope by L. Pasteur [79], who manually separated the enantiomers
of sodium ammonium tartrate tetrahydrate, which crystallises in microscopic
mirror-symmetric crystallites.
About 90% of all racemates belong, however, to another type of racemic crystals, racemic compounds, where the unit cell consists of both enantiomers. Also
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Figure 8: Cahn-Ingold-Prelog analogy to deﬁne the absolute chirality of a
kinked fcc(111) surface.
A kink site of an fcc(111) surface and its mirror image. In accordance to
the Cahn-Ingold-Prelog convention for molecules, the surface chirality is
determined according to the surface density of the microfacets at the kink site.

the chiral molecule investigated in this thesis, cysteine, forms a racemic compound [80]. The existing database for two-dimensional adsorption systems is
rather limited, but it appears, in contrast to the situation in bulk crystals, that
most racemates studied so far segregate into homochiral domains upon adsorption onto a surface rather than forming overlayers with both enantiomers in
the unit cell.
Recently, the inherent chirality of single-crystal surfaces has been exploited
for enantioselective catalysis [81–85]. Although a ﬂat single-crystal surface is
mirror-symmetric and thus possesses no chirality, chirality can be induced by
kink sites [86]. This is illustrated in Fig. 8, where two kinked, mirror-imaged
surfaces are shown. In analogy to the Cahn-Ingold-Prelog convention for
molecules, the absolute stereochemistry of the kink site is determined by the
sequence of vicinal microfacets that meet at the kink site. If the sequence
of microfacets ordered after decreasing density (111) → (100) → (110) runs
clockwise, the kink is referred to as an R kink, if it runs counter-clockwise, it
is associated with an S kink site [86].
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Self-assembly

Self-assembly is a phenomenon that has been recognised as a promising strategy for creating materials with controlled structures and properties at diﬀerent
length scales and has consequently attracted a lot of interdisciplinary research
eﬀorts.6
Main common aspects of self-assembly are the ability of preexisting components
to move with respect to each other, the existence of an interaction between the
individual components (such as van-der-Waals, electrostatic or hydrophobic
interactions and hydrogen bondings or, more generally in the case of mesoscopic or macroscopic objects, gravitational attraction, magnetic, capillary or
entropic interactions) and equilibration, which is usually required to obtain ordered structures.
Self-assembly is referred to as static when the system is stable once it is formed
(e.g. folded proteins) or dynamic when it needs to dissipate energy to persist
(e.g. biological cells). When the interaction of the self-assembling components
with the environment determines the structure formation, the process can be
described as templated. From a surface science point of view, however, it is
diﬃcult to draw a distinct border between templated self-assembly and the
formation of a conventional adsorption structure.
Molecular self-assembly has been deﬁned as the “spontaneous association of
molecules under equilibrium conditions into stable, structurally well-deﬁned
aggregates joined by non-covalent bonds” [34]. Weak hydrogen bonds or dipoledipole interactions are thus frequently central to molecular self-assembly. Usually, the molecules must be able to move with respect to each other, and equilibrium is required, as no ordered structure can be formed if the molecules stick
ﬁrmly to each other when they collide [35].

3.3
3.3.1

Molecular adsorption studies
Molecular self-assembly

This review is limited to some prominent studies exemplifying self-assembly
among molecules at surfaces into quasi one-dimensional and two-dimensional
structures. The formation of self-assembled molecular surface structures can be
inﬂuenced by an intelligent design of the molecules involved [87] or by changing the properties of the substrate surface. In a recent work, the clever use
of functional groups has been demonstrated to allow the rationally controlled
formation of desired structures of porphyrin molecules [88]. Depending on the
6 For a recent review see the special Science issue “Supramolecular Chemistry and Selfassembly” 295 (2002).
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Figure 9: Self-assembled monolayer of alkanethiols on a Au(111) surface.
After dipping a Au(111) substrate into an alkanethiol solution the surface is believed to be covered with an ordered alkanethiol ﬁlm in the so-called “standingup” phase.

number and position of substituents, trimers, tetramers and extended molecular chains form on a Au(111) surface due to dipole-dipole interactions between the substituents on the porphyrin molecules. Various other approaches
to form self-assembled “one-dimensional”, wire-like structures have been presented [89–96]. These studies include a demonstration of the uni-directional
growth of molecular chains on a silicon surface [96], where the interaction with
the surface directs the growth of the molecular chains. In another study, the
selectivity and directionality of hydrogen bonds have been exploited for the
formation of molecular double rows on a Ag(111) surface [90–92].
Apart from uni-directional molecular structures, also molecular clusters have
been observed based on hydrogen bonds, such as clusters of nitro-naphthalene
molecules on a Au(111) surface [97]. These molecules aggregate into decamers,
undecamers and tetramers similar to the geometric shell closing that has been
observed in atomic clusters.
The formation of extended, two-dimensional self-assembled structures on surfaces has now been studied for decades, and monolayers of alkanethiols on
Au(111) in particular have become an archetype for self-assembled monolayers (SAMs). The term SAM originates from structures achieved at liquid-air
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interfaces by the Langmuir-Blodgett technique [98], where the ordering is
governed solely by molecule-molecule interactions. Self-assembly of alkanethiols
on gold, on the other hand, is driven by both the formation of strong sulphur–
gold bonds and weak van-der-Waals forces between the alkane chains of the
molecules. As the surface interaction crucially inﬂuences the structure formation, this type of self-assembly can be referred to as “templated” [35].
Due to the ease of preparation, alkanethiol SAMs produced by dipping a gold
sample into a solution have been used as a standard system for studying SAMs
and to functionalise surfaces (Fig. 9). One of the most extensive STM studies
in UHV was carried out by G. Poirier on Au(111), describing the transition
from the low-coverage “lying-down” phase to the high-coverage “standing-up”
phase [47, 99, 100]. A substantial number of UHV studies have been performed
in order to disclose the adsorption structures of diﬀerent thiols on Au(111) by
means of LEED [101], helium-atom scattering (HAS) and TPD [102], STM [103]
and various other techniques [46, 104]. Depending on the alkane chain length,
the lying-down phase adopts diﬀerent superstructures,
whereas the standing√
√
up phase is frequently reported to form a ( 3 × 3)R30◦ structure on Au(111)
along with a so-called c(4 × 2) superstructure on top that has been motivated
by a closer proximity
√ of√the sulphur atoms in the c(4 × 2) structure compared
to the ordinary ( 3 × 3)R30◦ structure. In this ordered, saturated phase,
the molecules are believed to chemisorb by forming covalent bonds between the
sulphur atoms and the gold surface after dissociation of the hydrogen atom of
the mercapto group. After this dehydrogenation, the molecules are referred to
as thiolate. A more detailed review on alkanethiol SAMs is given in chapter 7.
3.3.2

Sulphur-containing molecules

A general motif of the molecules investigated in this thesis is that they contain
sulphur and that the bonding and orientation of the molecules depend on the
interaction of the sulphur atoms with the surface. For that reason, a review on
adsorption studies of several sulphur-containing molecules is given here with
emphasis on Au(111) and Au(110) surfaces, and including theoretical papers
elucidating the binding of sulphur to gold surfaces.
The adsorption of sulphur and sulphur-containing molecules on gold and various other surfaces has been the subject of many studies in recent years (see
[105–107] and references therein) for various reasons. First, the sulphur-gold
interaction is believed to inﬂuence the self-assembly in alkanethiol SAMs. Although, as mentioned
the alkanethiol SAMs on gold are commonly re√
√ above,
ported to form a ( 3 × 3)R30◦ structure, several issues remain unclear such
as the exact adsorption position of the sulphur atoms, the reason for the c(4×2)
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superstructure, and the driving force for a frequently observed vacancy formation in the gold substrate, calling for a more detailed understanding of the
sulphur–gold interaction. These monatomically deep gold vacancies are commonly referred to as “etch pits” and have been explained by the dissolution
of gold atoms in the liquid when preparing the alkanethiol SAM by dipping
the gold sample into a thiol solution. However, vacancies in the gold surface
also form after molecular-beam deposition of alkanethiols in UHV, demonstrating that these vacancies are a rather general phenomenon associated with
SAM formation. Second, sulphur-containing molecules are now routinely used
to anchor biomolecules at gold surfaces [108–110]. Third, the interaction of
sulphur and sulphur-containing species with metal surfaces is technologically
important to understand catalyst poisoning and designing hydrodesulphurisation processes [111, 112].
The adsorption of sulphur on metal surfaces is usually described by the formation of a strong covalent bond, including perturbations in the electronic
structure of the metal surface due to charge transfer from the metallic d-band
to the sulphur atom, which, in turn, signiﬁcantly changes the chemical and
especially catalytic properties of the surface [113, 114].
Adsorption of H2 S from the gas phase is commonly used as a method of depositing sulphur in UHV. Most adsorption studies on gold have been performed
on the (111) facet due to the ease of preparing this facet and its practical importance [105, 115]. Temperature-programmed desorption [105] disclosed that
H2 S adsorbs only at low temperatures and desorbs already at temperatures
around 160 K as intact molecules. When irradiated with electrons, however,
the molecules decompose at the surface into adsorbed SH groups and hydrogen.
While the hydrogen desorbs molecularly, the SH groups remain on the surface,
and heating leads to the following reaction:
2 SH(ads) → H2 Sg + Sads .

(19)

Atomic sulphur is left behind on the surface, which is reported to desorb at a
temperature above 900 K.
In contrast to these results, either a high H2 S ﬂux or an environment diﬀerent
from UHV seem to lead to H2 S adsorption also at room temperature, as has
been shown in an STM study, where the adsorption of H2 S onto Au(111) from
a dry He atmosphere was investigated [115]. While high H2 S concentrations
have been found to corrode the surface severely,
reducing the H2 S concentration
√
in
yielded domains of a rectangular (2 × 3 3) structure with three
√
√ molecules
the unit cell. Intriguingly, this structure is diﬀerent from the ( 3 × 3)R30◦
pattern found for alkanethiols on Au(111), although the adsorbed SH layer
may be viewed as the simplest alkanethiol SAM in which the alkane backbone
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is absent. This may be taken to highlight the inﬂuence of the alkane chains
during the SAM formation.
Other sulphur-containing molecules, such as thiophene, sulphur dioxide and
methanethiol, have been studied by STM, TPD and XPS on Au(111) [116], revealing very diﬀerent adsorption behaviours for these three molecules. Whereas
thiophene and sulphur dioxide – similar to H2 S – desorb as intact molecules at
rather low temperatures, methanethiol is found to desorb dissociatively forming
dimethyl disulphide and methyl radicals. From XPS data it is concluded that
the sulphur–hydrogen bond cleavage in methanethiol takes place already at
100 K [116]. At this low temperature, chemisorbed thiolate species, CH3 S, coexist with physisorbed thiol molecules. At slightly higher temperatures (200 K)
also atomic sulphur is found, and this is the only species remaining at the surface above 600 K. In agreement with previous studies, the atomic sulphur is
stable until 900 K.
Considerably fewer studies have been performed on other gold facets such as
Au(100) [117] and Au(110) [118–120]. The hydrogen-sulphide adsorption on
Au(110) has been investigated by means of LEED and auger electron spectroscopy (AES) [118], and TPD [119], revealing that almost all H2 S molecules
stay intact when desorbing from a Au(110) surface.7 It has, however, been
shown that the sulphur–hydrogen bond cleavage can be observed on Au(110)
for high H2 S pressures [118], leading to the conclusion that the onset temperature for desorption coincides with the temperature needed for H2 S dissociation
on Au(110). As in the case of Au(111), electron irradiation causes decomposition to SH(ads) and adsorbed hydrogen H(ads) , which recombines to molecular
H2(g) and desorbs at 215 K. Adsorbed SH(ads) has been found to dissociate
above 250 K, following the reaction path given in equation 19. A LEED investigation of the sulphur structure on Au(110) disclosed a p(1 × 2) pattern for
low sulphur coverage, while a c(4 × 2) structure has been observed for higher
coverages. At intermediate coverages both structures have been found to coexist.
Several theoretical studies exist on the adsorption of sulphur-containing molecules, mainly alkanethiols, on gold [121–123]. DFT calculations generally ﬁnd
rather weak sulphur–gold bonds compared to experimental values. In a comparative adsorption study, the binding energy and adsorption sites of sulphur,
mercapto and methylthiolate on Au(111) have been investigated [121]. While
atomic sulphur is found to adsorb on the high-coordinated fcc hollow sites,
the adsorption site moves towards a bridge and bridge-like position when an
7 This is in contrast to a number of more reactive surfaces such as polycrystalline Cr,
Pt(111), Rh(100), Cu(100), Ru(100) and Ni(100) where the H2 S dissociation has been observed (see references in [105]).
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additional hydrogen atom or methyl group is attached to the sulphur atom.8
The adsorption of atomic sulphur is clearly exothermic with an energy gain
of about -3.9 eV (PW91). However, the dissociation of hydrogen from hydrogen disulphide and methanethiol requires nearly as much energy (+1.9 and
+1.6 eV, respectively) as is gained subsequently by the adsorption of mercapto
and methylthiolate to the gold surface (-2.0 and -1.7 eV).
Recently, extended surface reconstructions have been suggested to account
for both the strong binding of the sulphur and the gold-vacancy formation
[124, 125]. In the latter study, the adsorption of methylthiolate has been found
to be stabilised by -0.8 eV on a so-called “honeycomb”-reconstructed Au(111)
surface, compared to the energy of +0.6 eV needed for the vacancy formation.
3.3.3

Adsorption of amino acids

The adsorption of amino acids on metal surfaces under clean UHV conditions
has attracted considerable attention, mainly focussing on glycine and alanine.
Apart from a few studies on Pt(111) [126, 127], most of the UHV adsorption
studies on the simplest amino acid, glycine (NH2 –CH2 –COOH), carried out so
far have been performed on Cu(110) with a variety of surface-science techniques,
including spectroscopic [128, 129] and diﬀraction-based [128, 130] techniques as
well as STM [131]. These studies resulted in a fairly detailed understanding
of the adsorption of this molecule on Cu(110). Large-scale changes of the surface morphology upon glycine adsorption have been reported by several groups.
The Cu(001) surface has been found to become faceted by step-bunching after
glycine adsorption, indicating a considerable mass transport [132].
In the case of the next-larger amino acid alanine, (CH3 –CH(NH2 )–COOH),
compared to glycine one hydrogen atom is replaced by a methyl group, turning
the molecule into a chiral species. Adsorption studies of alanine have been
performed on Cu(001) [133] and Cu(110) [134].
The amino acid studied in this thesis, cysteine (HS–CH2 –CH(NH2 )–COOH),
resembles alanine except for the sulphur-containing mercapto group (–SH),
substituting one hydrogen atom in the methyl group of alanine. Only few
STM-based investigations of cysteine adsorption on Au(111) have been performed so far. In all these cases, however, deposition was done from solution
by dipping a Au(111) surface into an organic or aqueous solvent containing the
amino acid [135–142], apart from one investigation where cysteine adsorption
was performed in UHV on a polycrystalline surface [143]. A more detailed
8 The inﬂuence of the adsorption site has been found to be relatively strong in the case of
atomic sulphur, yielding a diﬀerence of 1.5 eV between the on-top and the bridge site, while
it is not as pronounced for the mercapto group and methylthiolate, where the diﬀerence is
only about 0.3 eV (PW91).
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discussion of these investigations is given in chapter 6. In chapter 4 cysteine
adsorption studies that have been carried out on Au(110) are presented.
3.3.4

Inducing surface chirality by molecular adsorption

Surfaces with chiral properties are of interest in the ﬁeld of enantioselective
catalysis, as the enantiospeciﬁc interaction with a chiral surface may be utilised
to increase the enantiomeric excess in chemical reactions. A simple approach
to fabricating chiral surfaces is adsorbing chiral molecules onto surfaces as discussed by R. Raval et al. in the case of tartaric acid on Cu(110) and Ni(110)
[144–146]. Many experiments have, however, been performed with an achiral species that becomes chiral only upon conﬁnement to the two-dimensional
surface plane. These molecules are referred to as prochiral molecules. The
majority of the studies was devoted to the segregation of chiral or prochiral
molecules into homochiral domains upon monolayer deposition [147–150]. In
contrast to the situation in the bulk, it appears that most racemates studied
so far segregate into homochiral domains upon adsorption, rather than forming
superstructures with both enantiomers in the unit cell.
Among other molecules, the adsorption of a number of chiral amino acids
has been investigated recently on metal surfaces by various techniques such
as STM, TPD, RAIRS and XPS, including alanine [133, 134], lysine [151, 152]
and phenylglycine [153]. A detailed discussion of all these studies is beyond
the scope of this review. The main ﬁnding, however, is the segregation of the
racemic mixture into homochiral domains upon monolayer adsorption. The
formation of an extended molecular network via hydrogen bonds, van-derWaals forces or dipole-dipole interactions is the origin of the observed homochiral domains [154–156], as a mirrored molecule with a diﬀerent spatial
morphology would destroy the periodicity of the network.
Only few studies demonstrate self-assembly within submonolayers of chiral
or prochiral molecules. The already mentioned hydrogen-bonded molecular
chains [90, 91] and clusters [157] appear to exhibit chirality when conﬁned to
two dimensions. The latter study also represents a “nano-analogue” of Pasteur’s separation experiment [79] by utilising the manipulation abilities of the
STM: The chiral clusters have been moved laterally with the STM tip, separating the two enantiomers on the Au(111) surface.
The absolute chirality of individual molecules has been disclosed in the case
of the prochiral molecule trans-butene on a silicon surface, using the ultimate
resolution capability of the STM [158].
Recently, the modiﬁcation of silica nanotubes with antibodies has been proven
to selectively transport certain enantiomers of a drug [159]. Another strategy is
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to employ the ability of adsorbed chiral molecules to restructure the underlying
surface, thereby creating chiral centres on the surface [152, 160].
Finally, high Miller index surfaces of pure crystals possess intrinsic chirality
due to chiral kink sites [81–85], and the enantioselectivity of these surfaces has
been demonstrated by the enantioselective oxidation of l and d glucose on
Pt(634)S and Pt(634)R [86, 161].
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4.1

Cysteine on Au(110)
Introduction

In this introduction both the dimensions and special properties of the Au(110)
surface and the characteristics of cysteine will be presented brieﬂy. This is
followed by an overview of the various cysteine structures observed on Au(110)
in order to introduce the following sections of this chapter.
4.1.1

Au(110)

In contrast to a large number of metals whose surfaces are stabilised by a small
surface relaxation, the surfaces of some metals reconstruct into new structures
with unit cells diﬀerent from the bulk [50, 162, 163]. In the case of the three 5d
fcc metals Au, Pt and Ir, this complex rearrangement has been explained by
the reduced repulsion of the d-band electrons at the surface compared to the
bulk [162].
The Au(110) surface has a rectangular unit cell with the dimensions d1 = 2.88 Å
and d2 = 4.08 Å. This facet of gold is a well-known example of a (1×2) missingrow reconstructed surface [50, 51, 164, 165], and the main characteristic of this
particular surface reconstruction is the formation of energetically favourable
(111) microfacets, which leads to the removal of every second atomic row along
the [110] direction, as shown in Fig. 10a. The missing-row reconstruction is
routinely observed in the STM images, leading to bright, equidistant stripes
separated by darker regions, while atomic resolution within the atomic rows is
more diﬃcult to obtain, but can be achieved, as demonstrated in Fig. 10b. The
corrugation amounts to 0.6 - 1.0 Å perpendicular to the [110] direction and to
about 0.2 Å within the close-packed gold rows.
The (1 × 2) missing-row reconstruction makes the formation of steps energetically favourable and leads to large-scale surface patterning, the so-called
ﬁsh-scale pattern [166], which is shown in Fig. 10c.
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Figure 10: The (1 × 2) missing-row reconstructed Au(110) surface.
(a) Model of the reconstructed surface. Light atoms lie above dark ones.
(b) Atomic resolution within the gold rows. Image size: 51 Å×56 Å. (c) Largescale image showing the so-called ﬁsh-scale pattern. Image size: 277 Å×299 Å.

The gold surfaces used in this work have been prepared by repeated cycles of
Ar+ ion sputtering at 1.5 keV and annealing at 800 K. Typical contaminants
found in gold are calcium and silicon [167], and even very low impurity concentrations lead to perturbations in the (1 × 2) missing-row reconstruction,
resulting in various (1 × n) reconstructions [51]. In the crystals used here, calcium has been identiﬁed as the main impurity by AES. Annealing of the sample
in an oxygen atmosphere of ∼10−6 mbar followed by ordinary cleaning cycles
has been found to eﬃciently remove the calcium from the surface region.
Unless otherwise speciﬁed, the images presented in this thesis were recorded
with -1.2 V bias on the sample using a tunnelling current of around -0.1 nA.
These conditions allow for suﬃcient tunnelling from ﬁlled sample states into
empty tip states to achieve high resolution while, on the other hand, the tip is
still suﬃciently far away to enable stable imaging.
4.1.2

Cysteine

Cysteine (HS–CH2 –CH(NH2 )–COOH, see model in Fig. 11) is one amino acid
out of the set of 20 amino acids found in naturally occurring proteins. At room
temperature, cysteine is a white, crystalline powder that melts and decomposes at ∼490 K. Its relative molecular weight is 121.16. Cysteine in solution
is cationic, anionic or zwitterionic depending on the pH value of the solution
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Figure 11: Ball model of the cysteine molecule.

as are all amino acids, and the isoelectric point for cysteine is at a pH value of
5.06 [168].
As discussed in section 3.3.3, the adsorption of cysteine onto metal surfaces has
recently been studied in a number of instances, mainly on Au(111) [135–143].
A detailed discussion of cysteine adsorption studies on Au(111) is presented in
chapter 6.
Upon adsorption on metal surfaces, the hydrogen atom of the mercapto group
(HS–) is often dissociated, enabling a strong covalent bond to be formed between the sulphur atom and the metal surface. The dehydrogenated molecule
(S–CH2 –CH(NH2 )–COOH) is referred to as cysteinate, in analogy to the terminology for thiols. Cysteine is routinely used to link proteins to gold surfaces:
In proteins, cysteine molecules are often linked via a disulphide bond, forming
cystine (HOOC–CH(NH2 )–CH2 –S–S–CH2 –CH(NH2 )–COOH). Upon adsorption onto gold, the disulphide bond breaks, enabling the binding of cysteinate
via the formation of a strong sulphur–gold bond [108,109]. Similarly, cysteine is
commonly used to link protein strands to a cantilever when performing protein
unfolding experiments [110].
4.1.3

Overview of the cysteine adsorption on Au(110)

Depending on the cysteine coverage and temperature, a rich variety of structures have been identiﬁed on Au(110)-(1 × 2), whose formation is inﬂuenced
by the special geometry and reactivity of this particular gold facet. In the
following, a brief overview of the diﬀerent structures will be given to illustrate
the multitude of observed molecular structures and to introduce the upcoming
sections that present the details of the cysteine-adsorption experiments.
Upon cysteine deposition at low temperatures, individual cysteine molecules
exist on the surface, agglomerating into disordered molecular islands of various
sizes. When increasing the substrate temperature to about 260 K, however,
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Figure 12: Overview of the cysteine structures on Au(110)-(1 × 2).

the molecules rearrange and self-assemble into monodisperse molecular clusters. This self-assembly process will be discussed in section 4.7. At this low
temperature, the molecules are physisorbed on the surface and the hydrogen
atom of the mercapto group is not yet dissociated, preventing from a strong
covalent sulphur–gold bond to be formed.
Increasing the temperature above 270 K, however, causes the nanoclusters to
dissolve. At this temperature, the dehydrogenation of the cysteine molecules
is introduced and the molecules are chemisorbed on the surface via a covalent
sulphur–gold bond, forming a new structure, which is stable up to 380 K. This
room-temperature structure consists of poorly ordered, anisotropic agglomerates of cysteine that have been studied by STM and RAIRS (section 4.2).
Further annealing of the low-coverage cysteine layer at 380 K supplies the
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activation energy for adsorbate-induced surface reconstruction. The possibility of an adsorbate-induced restructuring of the substrate surface allows new
structures to be formed. An interesting observation is the formation of chiral
molecular dimers. These dimers appear to be a very interesting model system
that has allowed us to study the important concepts of chiral recognition at
the molecular scale, as presented in section 4.3. The molecular pairs are found
to coexist with a chain-like molecular structure, consisting of double rows of
cysteine that are aligned along the [110] direction (section 4.4). When the
coverage is increased to a few percent of a monolayer, dense molecular islands
form on the surface, while the remaining surface is covered by the molecular
pairs and double rows. The individual cysteine pairs align in an ordered twodimensional array on the surface, where the gold surface exhibits a complex
adsorbate-induced restructuring. Indications exist that the dense cysteine domains grow on top of these ordered arrays, as will be discussed in section 4.5.
Even higher coverages result in the formation of a full layer of cysteine on the
surface that adopts a c(2 × 2) structure when annealed at 330 K.
Upon annealing at temperatures above 420 K, dissociative desorption is induced, leaving atomic sulphur behind on the surface. This sulphur structure,
which exhibits a c(4×2) pattern, is fully developed after annealing above 440 K,
where the surface shows a substantial refacetting. In the temperature interval
between these two temperatures, a surprising phenomenon has been observed:
The chiral symmetry appears to break as the remaining cysteine pairs from a
racemic mixture have been identiﬁed not to reﬂect a 1:1 distribution of l and
d cysteine. The possible origins of this chiral symmetry breaking will be discussed in section 4.6.
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Room-temperature structures
STM results

Upon submonolayer evaporation of l cysteine onto a Au(110)-(1×2) surface
held at room temperature, a poorly ordered, anisotropic structure of agglomerated cysteine molecules is observed, as shown in Fig. 13a. Rows of cysteine are
found on the surface, aligned along the [110] direction with an average apparent
height of about 3 Å. A zoom-in on these agglomerates reveals some internal
structure, but still shows only limited ordering (Fig. 13b).
4.2.2

RAIRS experiments

To complement the room-temperature STM data with information on the bonding and orientation of the molecules on the surface, infrared spectra have been
obtained. The infrared spectra were recorded while l cysteine was evaporated onto Au(110)-(1 × 2) held at room temperature. Although the pres-

Figure 13: STM images after evaporation of l cysteine on Au(110) held at
room temperature.
(a) Terrace of a gold (110)-(1×2) surface after deposition of l cysteine at
room temperature. The surface is covered with cysteine molecules, arranged
in rows along the [110] direction. In some areas, the close-packed rows of the
gold substrate are still visible (dark regions in the STM image). Image size:
400 Å×400 Å. (b) Zoom-in on the as-deposited structure showing some internal
resolution within the cysteine rows. Image size: 160 Å×160 Å.
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ence of a surface and a diﬀerent bonding environment compared to the bulk
form might somewhat alter the precise position of the absorption peaks, the
assignment of the observed cysteine vibrational modes can be guided by comparison with spectra recorded from bulk cysteine and related molecules such
as glycine (CH2 (NH2 )–COOH) and mercaptopropionic acid (HS–CH2 –CH2 –
COOH) [128, 168–170]. In the following, some prominent adsorption peaks of
these spectra known from literature are brieﬂy summarised. Depending on
the state of ionisation, the spectra exhibit vibrations originating from the nonionic carbonyl (C=O) and amino (NH2 ) groups or from the anionic carboxylate
+
(CO−
2 ) or cationic ammonium (NH3 ) groups. In the solid form, cysteine is
zwitterionic, which is why the otherwise strong C=O stretching peak around
1720 cm−1 and the stretching and scissoring modes from the amino group are
not present. Upon vapor deposition, the cysteine molecules are thought to exist
in their non-ionic form. No carboxylate or ammonium bands should therefore
be observed in the spectra presented here. Stretching modes from the amino
group are usually found around 3360 cm−1 and 3295 cm−1 for asymmetric and
symmetric stretching, respectively. A vibrational peak originating from the
S–H stretching is commonly observed around 2550 cm−1 , while the normally
strong NH2 scissoring mode is obtained at 1590 cm−1 . Degenerate and sym−1
and 1540 cm−1 , and
metric deformation of NH+
3 result in peaks at 1640 cm
−
CO2 asymmetric and symmetric stretching is located around 1600 cm−1 and
1400 cm−1 . C–H stretching vibrations are known to result in a broad band
around 3000 cm−1 .
The spectra presented here were obtained at a cysteine background pressure of
2·10−9 mbar. At this pressure, a peak around 1650 cm−1 is the ﬁrst to appear,
and after ∼10 min of dosing time, this peak reaches a saturation intensity of
∼0.4 % in reﬂectance.
Typical room-temperature spectra are shown in Fig. 14, recorded (a) after
7 min deposition and (b) well after saturation (after 49 min). Apart from a
strong peak at 1650 cm−1 , a broad band around 3030 cm−1 is obtained. A very
weak band at 1710 cm−1 can be seen in the inset, resulting in a shoulder of the
band at 1650 cm−1 . Additionally, a small peak at 1520 cm−1 , a double peak at
1425 and 1390 cm−1 and a rather small peak around 1130 cm−1 are observed.
Interestingly, no peak was found at 3360 cm−1 , nor at 2550 cm−1 . Comparison
with unsaturated spectra shows that the observed peaks only change in intensity, not in position, upon increasing coverage.
The presented spectra oﬀer some important insight into the bonding conﬁguration of cysteine adsorbed onto Au(110) at room temperature, although an
unambiguous assignment of the observed absorption peaks largely remains unresolved.
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Figure 14: RAIRS spectrum of cysteine adsorbed onto Au(110) held at room
temperature.
(a) Spectrum recorded after 7 min cysteine deposition. (b) Spectrum showing
the saturated vibrational bands for cysteine adsorbed onto Au(110)-(1×2) after
a deposition time of 49 min at a background pressure of 2·10−9 mbar. In the
inset, a zoom-in of peak at 1650 cm−1 is shown, and an arrow points to the
small peak at 1710 cm−1 .

The adsorption geometry seems to be independent of the coverage, as the observed peaks only change in intensity, not in position, upon increasing coverage at room temperature. The absence of the S–H stretching mode band
(2550 cm−1 ) suggests that the mercapto group is involved in the bonding to
the gold surface, thereby preventing an S–H vibration to be seen. This is a
strong indication that the mercapto group is dehydrogenated, that is, the transition from thiol to thiolate has occurred at room temperature.
Furthermore, since the spectrum given in Fig. 14b represents a saturation spectrum, no bilayer cysteine growth is observed at room temperature, as bi- and
multilayers should exhibit an S–H vibration peak.
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As mentioned above, the C=0 stretching mode located around 1730 cm−1 usually results in a very strong absorption peak in the infrared spectrum. In the
present case, at most only a very weak peak (hidden by the strong peak at
1650 cm−1 ) is observed, which can be explained by the metal surface selection rule. For a parallel alignment of the carboxylic group relative to the gold
surface, the C=0 stretching dipole lies parallel to the surface and is, therefore,
forbidden in the RAIR spectrum. The existence of the small peak at 1710 cm−1
could be explained by the fact that the plane formed by the bonds between the
carbon and oxygen atoms is not perfectly parallel to the gold substrate surface.
Then, however, the peak should grow in accordance with the other peaks when
increasing the coverage. Since this peak rather seems to saturate before the
other peaks, the presence of the C=0 stretching mode may be due to cysteine
adsorption at step edges and defects, where the geometrical constraints may
change the cysteine adsorption geometry compared to the adsorption on the
terraces.
In summary, the combined STM and RAIRS study showed that cysteine forms
only poorly ordered, anisotropic molecular rows at room temperature, aligned
with the [110] direction of the substrate surface. RAIRS measurements reveal
no S–H stretching vibration, indicating that the mercapto group is dehydrogenated, i.e., the molecules have undergone a transition from the thiol (cysteine) to the thiolate (cysteinate) species at room temperature. As in the case
of alkanethiols on Au(111), cysteine is anchored to the surface via the sulphur
atom. Additionally, the carboxylic group of the molecule is found to align parallel to the surface, independently of the coverage. Finally, the formation of
molecular bilayers is not observed at room temperature.
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Molecular chiral recognition
STM results

As presented in the previous section, submonolayer deposition of l cysteine
on Au(110) held at room temperature results in poorly ordered, anisotropic
agglomerates of cysteine molecules (Fig. 13). This situation, however, changes
upon annealing of the surface at 380 K for about 15 min [171]. The molecular agglomerates dissolve and the molecules diﬀuse on the surface, rearranging
into new molecular structures, which eventually desorb upon further annealing
at 440 K. For submonolayer coverages, a dilute cysteine phase is observed as
shown in Fig. 15a. In this image, the reconstructed gold substrate is recognised
by the dark stripes running along the [110] direction that originate from the
atomic troughs separating the close-packed gold rows. Additionally, bright protrusions exist on the surface at the sides of the close-packed gold rows. These
protrusions always exist as pairs with a centre-to-centre distance of about 9 Å,
and the dimension of an individual protrusion is about 7 Å (see height proﬁle
in Fig. 15c), corresponding to the size of a cysteine molecule. The cysteine
molecules thus arrange themselves in molecular pairs on the Au(110) surface
and no unpaired protrusions interpretable as isolated molecules are present
on the surface. The main axis through these double-lobe features is always
rotated 20◦ clockwise with respect to the [110] direction. This breaks the
mirror symmetry of the system and is therefore an expression of the chirality
of the molecules. To conﬁrm this, the same experiment has been performed
with the other enantiomer, d cysteine. The STM image shown in Fig. 16,
obtained with d cysteine, discloses similar pairs, but now exclusively rotated
counter-clockwise. The fact that the molecules retain their chirality within the
molecular dimers demonstrates that they cannot be fragmented to any signiﬁcant degree.
Having observed the molecular dimer formation for the pure enantiomers, the
question arises what happens when the racemic mixture is deposited such that
both enantiomers are present at the surface at the same time. Upon dl cysteine
deposition, molecular dimers are again formed, as depicted in Fig. 17, which
are identical to those obtained for the pure enantiomers. These dimers exhibit
either the ll dimer signature, when being rotated clockwise, or the dd dimer
counter-clockwise rotation. Thus, by comparison with the STM experiments
performed with the pure enantiomers, the absolute chirality of the individual
cysteine dimers is obtained by STM [158].
Most importantly, no other structures such as pairs with both lobes on one
side of the close-packed gold row are observed, even though a total amount of
more than 6200 pairs was examined. This indicates that when the individual
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Figure 15: Low coverage of l cysteine on Au(110) after annealing at 380 K.
(a) Au(110)-(1×2) surface after submonolayer deposition of l cysteine and subsequent annealing at 380 K. Double-lobe, bright protrusions are seen to have
their main axes exclusively rotated 20◦ clockwise. The centre-to-centre distance
between the protrusions in the pair is about 9 Å and the extent of the individual protrusion is around 7 Å. Image size: 113 Å×122 Å. (b) High-resolution
image of the l cysteine pairs. Image size: 49 Å×53 Å. (c) Height proﬁle over a
cysteine pair. The position of the proﬁle line is indicated by the white line in
(a). The apparent height of the dimer is about 0.6 Å with respect to the height
of the topmost gold row.

molecules9 diﬀuse on the surface and collide with other molecules, the chiral
sense of the molecules is recognised and dimerisation is excluded for heterochiral cysteine pairs. Thus, the experiments show that the cysteine molecules
9 Evidence that the molecules are adsorbed individually is given in section 4.7 where
low-temperature adsorption experiments are presented. For adsorption at 110 K, islands of
individual cysteine molecules are formed, ruling out the possibility of preexisting cysteine
dimers that might have been formed in the gas phase.
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Figure 16: d cysteine dimers on Au(110).
Molecular pairs of d cysteine with the opposite, counter-clockwise rotation.
Image size: 270 Å×290 Å. Inset: High-resolution image of the molecular pairs.
Image size: 49 Å×53 Å.

exclusively bind to a molecule of the same conformation although the exact
same functional groups are present in both enantiomeric forms.
The pairs are immobile at room temperature, and it was not possible to manipulate them with the STM tip, even when applying a high tunnelling current
up to 3 nA and a tunnelling bias down to 30 mV, corresponding to a tunnelling
resistance of only 10 MΩ, which brings the tip in close proximity to the surface
and thus increases the interaction with the molecules. This suggests a high
dimer-surface binding energy.
The pair formation is accompanied by the removal of four substrate gold atoms
underneath the molecular dimer. Evidence for this adsorbate-induced surface
reconstruction is given by STM images reproduced in Fig. 18. In Fig. 18a,
an image is shown recorded under special, accidental tip conditions where the
dimers appear transparent, disclosing holes in the underlying gold substrate.
44

4

CYSTEINE ON AU(110)

4.3

Molecular chiral recognition

Figure 17: dl cysteine dimers.
Terrace with molecular pairs obtained from the racemic cysteine mixture.
The pairs resemble those obtained for the pure enantiomers. Image size:
424 Å×459 Å. Inset: Zoom-in on the structure. Image size: 49 Å×53 Å.

Since these holes lack the 20◦ rotational signature, it is excluded that the depressions are due to an image inversion eﬀect, which is frequently observed
when the tip apex is modiﬁed, for instance with an attached molecule [62].
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Figure 18: Adsorbate-induced surface reconstruction.
(a) Terrace imaged with a modiﬁed tip, making the cysteine pairs transparent
and disclosing holes in the underlying gold substrate. Image size: 163 Å×177 Å.
(b) The expelled gold atoms nucleate and grow as added gold rows on the
terrace. Same size.

The expelled gold atoms nucleate on the surface and form added gold rows
on top of large terraces, which is shown in Fig. 18b, giving a typical picture
of a large, dimer-covered terrace. On small terraces, no added gold atoms are
observed, which can be explained by the expelled gold atoms attaching to the
step edges. The activation energy needed to create vacancies in the gold surface
explains why annealing is necessary to form the molecular dimers.
4.3.2

DFT calculations

To gain insight into the adsorption geometry at the molecular level and to unravel the atomic-scale origin of the observed chiral recognition, B. Hammer has
performed extended ab-initio DFT calculations. The DFT calculations include
full structural optimisation, using the non-local density gradient approximation
PW91 [71]. First, two molecules interacting in the gas phase were considered in
order to determine the most stable conﬁguration for dimer formation in the gas
phase [172]. A cysteine dimer formed by one hydrogen bond between the amino
group of one cysteine molecule and the carboxylic group of the other has been
found to be only slightly more stable (∼-0.01 eV) than two individual cysteine
molecules, while a dimerisation involving two N–OH hydrogen bonds results in
a relative energy gain of -0.40 eV. The formation of pairs via a disulphide bond
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Figure 19: DFT calculation of an ll cysteine dimer.
The most stable conﬁguration of an ll cysteine dimer in a three-dimensional
(a) and two-dimensional view (b). The sulphur atoms are moved to a bridge
position while simultaneously both amino groups are pointing towards the surface. (c) Simulated STM image showing the surface of constant LDOS. The
contours of constant height are separated by 1.0 Å.

costs +0.30 eV, due to the energy needed for dehydrogenation and does therefore not exist in the gas phase, although the resulting disulphide, cystine, is a
stable molecule. The most stable conﬁguration has been identiﬁed as a dimer
formed via two hydrogen bonds between the oxygen atoms of the carboxylic
groups and is favourable by -0.68 eV relative to the energy of the two individual monomers, as could be expected from the general tendency of carboxylic
groups to form strong hydrogen bonds. Therefore, molecular dimers formed
by hydrogen bonds between the two carboxylic groups have been considered
for the calculation of the pairs bound to the gold surface. In agreement with
the room-temperature RAIRS study (see section 4.2.2), and since thiols are
known to undergo hydrogen dissociation on gold surfaces and bind to the surface via a strong sulphur–gold interaction [46, 104, 123], the cysteine molecules
were anchored to the surface via the dehydrogenated sulphur atoms. The DFT
calculations on the surface were performed with 38 independent gold atoms
arranged in a slab geometry modelling four layers of the reconstructed gold
surface. The upper two layers and all atoms within the two cysteine molecules
of the dimer were relaxed until the total residual force was below 0.4 eV Å−1 .
Inspired by the experimental ﬁndings, a variety of diﬀerent adsorption geometries was explored for a cysteine dimer on top of a four-atom wide gold vacancy.
The most stable conﬁguration is shown in Fig. 19 along with a simulated im47
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Figure 20: DFT calculation of dl cysteine dimers.
(a) The ﬁrst strategy to obtain a dl dimer is to exchange the amino group with
the hydrogen atom at the asymmetric carbon atom on one cysteine molecule.
(b) Another strategy for a dl dimer formation is to mirror one molecule within
the ll dimer.

age, showing the surface of constant local density of states. Bright lobes are
positioned over the cysteine molecules, and the main axis of this double-lobe
feature exhibits a 20◦ clockwise rotation in accordance with the experimental results. As l and d cysteine molecules are mirror images of each other, a
dd dimer is consequently obtained by mirroring Fig. 19. The dd dimer has the
same stability, but exhibits the 20◦ counter-clockwise signature of the experimentally observed dd dimers.
The clockwise rotation of the ll dimer originates from the fact that the optimum adsorption position for the sulphur atom within the cysteine molecule
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is a bridge site (see section 3.3.2), while it is energetically favourable for the
amino group to interact with the gold surface via its lone pair. The simultaneous fulﬁllment of these two constraints leads to the 20◦ rotation of the pair
in a direction, exclusively determined by the position of the amino group, i.e.,
the chirality of the molecule. Additionally, the preference of sulphur to bind
to reactive, low-coordinated sites constitutes the driving force for the vacancy
formation. As the interaction of the carboxylic groups with the gold surface has
been found to be energetically unfavourable [173], the formation of a vacancy
structure underneath a cysteine pair may also be favoured by increasing the
carboxyl–gold distance.
Having established a reasonable model for the adsorption geometry of the cysteine dimers, the origin of the observed chiral recognition, that is, the absence
of heterochiral dimers, can be discussed. Possible dl dimer conﬁgurations can
be formed by exchanging one l cysteine molecule in the dimer shown in Fig. 19
with a d cysteine molecule. The simplest way to achieve such a dl dimer
is shown in Fig. 20a, where the amino group and the hydrogen atom are exchanged on the asymmetric carbon atom. While preserving the strong sulphur–
gold and carboxylic–carboxylic bonds, this strategy leads to the loss of one of
the amino–gold bonds. This dimer is consequently less favourable than the
homochiral pair by about +0.2 eV, which is of the order of the amino–gold
interaction energy [173]. Another way to form a dl dimer is to mirror one
molecule within the ll dimer, as shown in Fig. 20b. This results in a mismatch
in the strong carboxylic–carboxylic interaction, which is compensated by relaxation at the expense of increasing the amino–gold distances from 2.4 to 2.7 Å.
This is associated with an energy cost of +0.5 eV, which is about twice the
amino–gold interaction energy. In addition to the higher formation energies,
the simulated STM images of the dl dimers shown in Fig. 20 do not agree with
the observed data, as they do not show the experimentally observed C2 symmetry, ruling out the possibility that the images in fact show dl pairs with the
same rotation signature as homochiral cysteine pairs. Another argument for
why no dl pairs exist, having accidentally the same appearance as homochiral
pairs, goes as follows: Assume it would be possible to exchange at an energy
cost of Edl one molecule within an ll pair by a d cysteine molecule, while
preserving the appearance of the molecular dimer. It is reasonable to assume
that the additional energy cost for exchanging the second molecule within the
pair is of the same order (i.e. 2Edl in total). It is furthermore assumed that
this would still not change the rotational signature of the pair.
If the temperature is suﬃciently high to allow for the existence of dl pairs with
ll signature, that is kB T ≈ Edl , then the probability for an object associated
with an energy of 2Edl is of the order of some percent (13%). Thus, at least
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a few counter-clockwise rotated dimers should exist on the surface in the case
of pure l cysteine. Counter-clockwise rotated dimers (and clockwise for d cysteine) have, however, never been observed among the more than 1000 observed
cysteine dimers.
An overview of the energetics involved in the cysteine adsorption is given in
Fig. 21. The adsorption of two individual cysteine molecules onto a Au(110)(1×2) with a four-atom wide vacancy structure is associated with an energy
gain of -1.9 eV, excluding the energy cost of +0.43 eV needed for creating the
vacancy structure (PW91). This energy can be compared with the formation
energies of the separated steps of the adsorption process. As an estimate for
the cysteine dehydrogenation and sulphur–gold bond formation, DFT results
that have been obtained previously for methylthiol [121] are listed in Fig. 21.
The energy gain associated with the adsorption of ammoniac [173] can be considered as a value for the adsorption energy of the amino group. The sum over
these separate adsorption steps amounts to -1.5 eV, which corresponds well to
the energy of -1.9 eV obtained here, demonstrating that the adsorption process
can be well understood by considering the formation of the local bonds separately [173].
In summary, the DFT calculations reveal that the origin of the observed chiral recognition can be explained in terms of the three bonds formed on each
molecule: The carboxylic–carboxylic hydrogen bond, the sulphur–gold, and
the amino–gold interaction (note that the ﬁrst bonding mentioned is intermolecular, while the other two are between the cysteine molecule and the gold
surface). The simultaneous optimisation of these three bonds is only possible
for homochiral dimers, as the geometry of heterochiral dimers inevitably results
in the breaking of one of these bonds.
With these three bonds involved, the cysteine dimers constitute a direct illustration of the well-known three-point contact model for chiral recognition
introduced by L. H. Easson and E. Stedman in 1933 [55, 56]. This model
gives a geometric explanation of the fact that at least three contact points have
to be involved for chiral recognition to occur, and that two enantiomeric forms
can be diﬀerentiated by the successful or unsuccessful docking to an adsorption
site with at least three contact points, as illustrated in Fig. 22. By directly pinpointing the three bonds involved in the chiral recognition process observed for
the cysteine pairs, a molecular-level demonstration of this generic, conceptual
model is given.
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Figure 21: Summary of the DFT results.
Adsorption of two cysteine molecules on a vacancy-structured Au(110)-(1×2)
surface is associated with an energy gain of -1.9 eV (PW91). This energy can be
compared with the energetics of the separate steps involved in the adsorption
process (the energies given are taken from [171], [121] and [173]), which amount
to -1.5 eV. An energy cost of +0.43 eV for creating the vacancy structure must
be added to these energies.
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Figure 22: Sketch of the three-point contact model.
Two enantiomers can be diﬀerentiated by the successful or unsuccessful docking
to an adsorption site with at least three contact points.

4.3.3

Cysteine pairs at kink sites

The model obtained for the adsorption geometry of the cysteine pairs discussed
in the previous section can now be employed to understand the cysteine pair
adsorption at special adsorption sites such as kink sites. As discussed in section 3.1, kink sites constitute chiral centres at the surface. In the following,
the appearance of the cysteine dimers at kink sites is presented and discussed
in terms of the optimum adsorption sites previously identiﬁed.
The characteristic appearance of a d cysteine pair adsorbed at an S kink site
is shown in Fig. 23a. This pair resembles the pairs adsorbed on the terraces
in shape and size; however, it is only rotated about 10◦ with respect to the
close-packed gold rows compared to a 20◦ rotation observed for pairs adsorbed
on terraces. This diﬀerence in appearance can be understood when considering the local adsorption geometry of the cysteine pair. A possible model that
explains the observed rotation by about 10◦ is given in Fig. 23b. As discussed
in the previous section, the sulphur atoms of the pairs on the terrace bind to
the low-coordinated gold atoms that terminate the four-atom wide gold vacancy structure underneath the pairs. Exactly the same binding conﬁguration
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is found at the terminating gold atom at a kink site, and it seems reasonable
to assume that a kink site constitutes a well-suited adsorption site for one sulphur atom within a cysteine pair. This binding site has the advantage that no
energy is needed for restructuring the surface underneath the pair as otherwise
observed on the terraces, since the local geometry of the step edge already
resembles the vacancy structure on the surface. The binding of the second
sulphur atom in the pair constitutes a change compared to the situation on
the terrace: On the terrace, this sulphur atom binds to a gold atom in the
topmost gold row. In order to achieve the same adsorption site on the lower
terrace, the d cysteine pair has to rotate clockwise, as the topmost gold row of
the lower terrace is shifted by half a unit cell dimension in the [001] direction
with respect to the topmost gold row of the upper terrace. Thereby the overall
counter-clockwise rotation of this d cysteine pair is less than what is observed

Figure 23: d cysteine pairs on the terrace and at an S kink site.
The rotation of a cysteine pair adsorbed at a step edge is only about 10◦ with
respect to the close-packed direction compared to the 20◦ rotation observed for
pairs adsorbed on terraces.
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Figure 24: d cysteine pair adsorbed at an R kink site and l cysteine pair
adsorbed at an S kink site.
(a) At an R kink site, the d cysteine pair has to be rotated additionally counterclockwise in order to match the optimum adsorption positions for the sulphur
atoms (see model in (b)). To the left, a chain-like cysteine structure is see that
is discussed in section 4.4. (c) The similar, but mirror-imaged situation is found
for an l cysteine pair adsorbed at an S kink site.

on the terraces.
The opposite eﬀect is observed at a mirror-image kink site: Figure 24a dis54
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plays a d cysteine pair adsorbed at an R kink site. As illustrated in the image,
this cysteine pair is rotated about 30◦ counter-clockwise with respect to the
close-packed gold rows. Again, the binding of the sulphur atom to the upper
terrace is identical to the situation on the terrace. In the case of an R kink
site, the pair has to rotate slightly counter-clockwise in order to match the
optimum adsorption position on the lower terrace, leading to an increase in the
net counter-clockwise rotation of this d cysteine pair.
Since the adsorption of l cysteine yields the same, but mirror-imaged situation,
the adsorption of l cysteine pairs at an S kink site results in the opposite, 30◦
clockwise rotation as is demonstrated in Figs. 24c and d.
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Self-assembly of molecular chains
STM results

Coexisting with the molecular dimers, another molecular structure is observed
upon submonolayer deposition, depicted to the right in Fig. 25a. As shown in
the high-resolution STM image in Fig. 25b, bean-shaped entities stack along
the [110] direction, forming rows. These rows always pair together to form the
double-row structures shown. The characteristic rows of bean-shaped structures within a double row are separated by about ∼10 Å in the [001] direction,
as evident from the height proﬁle in Fig. 25c. The individual features within
a row have a top-to-top distance of 5.8 Å along the [110] direction. These
dimensions strongly suggest that each double row consists of two rows of cysteine molecules aligned along the [110] direction. Compared to the topmost
gold atoms, the cysteine rows protrude by only 0.16 Å (see height proﬁle in
Fig. 25c). This small protrusion suggests that the cysteine molecules are not
adsorbed on top of underlying added gold rows of the (1×2) reconstruction, but

Figure 25: Cysteine double-row structure.
(a) l cysteine structures after annealing the sample to 380 K. Apart from
molecular dimers, extended molecular double rows are observed, aligned along
the [110] direction. The molecules within the double-row structure possess a
bean-like shape, as indicated by the white symbols in the ﬁgure. Image size:
120 Å×120 Å. (b) Zoom-in on a double row formed from d cysteine molecules.
In this case, the shape of the molecules within the rows is mirror-imaged compared to the situation for l cysteine. The (2×5) unit cell of this structure is
given in this image. Image size: 40 Å×40 Å. (c) Height proﬁle over a doublerow structure. The position of the height proﬁle is indicated by the white line
in (b).
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Figure 26: Large-scale STM image of molecular chains of cysteine on Au(110).
(a) Large-scale STM image showing the coexisting molecular structures of d cysteine on a gold (110)-(1×2) surface. The molecular double-row structure is
terminated at descending step edges or at defects on the terraces as marked.
Image size: 425 Å×425 Å. Inset: Typical termination of a double row on the
terrace. Image size: 57 Å×57 Å.

rather that the formation of the molecular double rows is accompanied by the
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removal of gold atoms underneath the cysteine structure. By comparison, the
individual cysteine dimers discussed in the previous section protrude by 0.6 Å,
although they also form over vacancies in the gold rows. The bean-like shape
of the molecular features within the double-row structure breaks the mirror
symmetry of the double rows, reﬂecting the chirality of the cysteine molecules,
as indicated by the exaggerated white symbols in Fig. 25a. Evaporation of the
other enantiomer, d cysteine, indeed results in a similar, but mirror-imaged
structure, as demonstrated in Fig. 25b.
On large terraces, the cysteine double rows extend over several hundreds of
Ångströms and terminate at step edges, as demonstrated in Fig. 26. The nucleation of the double-row structures appears to take place at step edges as
shown by the following argument. By analysing a total of 138 double rows
that are imaged in their entirety (i.e., where both ends are observed within one
STM image), 69 (50%) were found with both ends at step edges, 67 (49%) with
one end at a terrace and the other at a descending step edge (ﬁve of such rows
are marked in the overview in Fig. 26), while only two (1%) were found with
one end at a terrace and the other at an ascending step edge. No rows were
observed with both terminations at a terrace. If the double rows nucleated on
the terraces, the number of rows ending at descending and ascending step edges
should be equal for symmetry reasons, and one would also expect to see rows
with both ends on a terrace. It is therefore concluded that the descending step
edges constitute the nucleation site of the double rows which grow until they
reach an ascending step edge or are otherwise terminated. It is noteworthy
that the terminations at the terraces are typically associated with a speciﬁc
double-lobe structure that is shown in the inset in Fig. 26.
4.4.2

DFT calculations

To complement the experimental ﬁndings, DFT calculations have been performed by L. Molina and B. Hammer. The calculations were carried out
using the dacapo code with a plane wave basis set, ultrasoft pseudopotentials
and the PW91 XC functional [71]. The gold surface has been modelled using
a slab geometry of 3 layers plus added gold atoms or gold rows of which all
apart from the two bottom layers are relaxed. Calculations with 5 gold layers
conﬁrmed that the obtained adsorption energies for 3 layers are converged to
the 0.1 eV/cysteine level.10
10 As the energy obtained by DFT depends on the level of relaxation and the number
of gold layers considered, the formation energies given in this section diﬀer slightly from
corresponding energies stated in the previous section. The periodicity of the double-row
structure along the [110] direction facilitates the DFT calculations compared to the case
of the individual cysteine dimers, making more precise calculations possible. In order to
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The aim of conducting the DFT calculations has been twofold, namely to provide a structural model of the double rows and to disclose the driving force
for the uni-directional growth of these structures. The calculations include not
only the added-row reconstructed Au(110)-(1×2) surface, but also the unreconstructed Au(110)-(1×1) surface. Additionally, some gold surfaces with gold
atoms added in patterns that are compatible with the observed STM images
have been considered, which may originate from trapping of expelled surface
atoms between the molecules. These restructured surfaces lead, however, to
energetically unfavourable structures, and in the following only the structures
on the unperturbed (1 × 2) surface and the (1 × 1) surface with lifted reconstruction are presented.
The gold surfaces are realised in (2 × 5) unit cells (5.77 by 20.40 Å) and are
illustrated in Figs. 27a and b. The energy cost for lifting the surface reconstruction of +0.4 eV per unit cell is compensated by an increased adsorption
strength of the cysteine molecules on this modiﬁed surface.
Guided by the STM images and the knowledge of how alkanethiols adsorb on
gold [46, 121, 122, 174, 175], the cysteine molecules have been anchored at the
gold surface via the dehydrogenated sulphur atoms, a bond known to be energetically favourable by -1.7 eV [176]. Two dehydrogenated cysteine molecules
per unit cell have been considered, allowing for full relaxation starting from a
number of diﬀerent initial conﬁgurations. The most favorable structures determined by the calculations are shown in Figs. 27c-f, along with indications of
the adsorption energies.
The energetically most stable double-row structure is found on a gold surface
where the added-row reconstruction has been lifted. This double-row structure,
shown in Fig. 27c and superimposed onto an STM image in Fig. 28, involves
a dimerisation of the cysteine molecules with hydrogen bonds along the [001]
direction, while no direct inter-dimer bonding is found in the [110] direction.
The cysteine molecules are further anchored to the surface by bonds between
the lone pair on the amino groups and surface gold atoms. The binding energy
is calculated to be -2.50 eV per dimer which reduces to -2.10 eV, when the
+0.40 eV cost of lifting the surface reconstruction is included.
Motivated by the appearance of the double rows in the STM images and to investigate the inﬂuence from changing the molecule adsorption geometry, other
conﬁgurations were explored, as given in Figs. 27d-f. These structures, however, were less stable and suﬀer from mismatches in the bonding of various
kinds, as discussed in the following. In Fig. 27d, a conﬁguration with the sulphur positions on the right shifted by one lattice distance is shown, leading
maintain consistency, only energies with the same level of relaxation and the same number
of modelled gold layers may be compared.
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Figure 27: Ball models of the most stable d cysteine double-row structures.
(a) Au(110) surface where the missing-row reconstruction has been lifted.
(b) Unperturbed Au(110)-(1 × 2) surface. (c) Unit cell of the most stable
d cysteine double-row structure, where each cysteine molecule forms two hydrogen bonds via the carboxylic group to the neighbouring cysteine molecule.
(d) Same structure as in (c), but here the sulphur atoms to the right have been
shifted by one lattice distance along the [110] direction. (e) Cysteine doublerow structure where each molecule forms hydrogen bonds via the carboxylic
group with two neighbouring cysteine molecules in the adjacent row, leading to
a “zig-zag” structure. (f) Structure placed on an unperturbed (1 × 2) missingrow reconstructed gold surface.
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Figure 28: Most stable d cysteine double-row structure.
Most stable d cysteine double-row structure as obtained from the DFT calculations superimposed onto an STM image.

to a stretching of the O–HO bonds from 1.6 to 1.7 Å. In this context, the dependence of the hydrogen-bond energy on the bond length has been analysed,
revealing the most stable binding with an energy gain of about -0.85 eV for
an O–HO distance of 1.52 Å. Increasing the distance results in a drastic loss
in binding energy, as illustrated in Fig. 29. In Fig. 27e, a situation is shown
where the cysteine molecules are interconnected along the [110] direction. This
is appealing since such an interconnection would provide a clear rational for
the uni-directional growth. In this structure, however, the gold–nitrogen bonds
are stretched from 2.4 to 2.9 Å, reducing the energy gain associated with the
nitrogen–gold bonds. Finally, in Fig. 27f an unchanged Au(110)-(1×2) surface
is considered. For an unchanged Au(110)-(1×2) surface, however, the bonding
is diminished by the coordination of one surface gold atom to both the sulphur
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Figure 29: Dependence of the binding energy of hydrogen bonds on the O–HO
distance.
The most stable hydrogen bonding is achieved for an O–HO distance of around
1.52 Å with an energy gain of about -0.85 eV.

and the nitrogen atom on one cysteine molecule, which is less stable than the
situation in Figs. 27c-e, where diﬀerent gold atoms are involved in the bonds
to the sulphur and the nitrogen atom.
It is interesting to note that the structure in Fig. 27e, in which the cysteine
molecules interact with two cysteine molecules in the neighbouring row, is the
least stable structure compared to the two other double-row structures on the
unreconstructed gold surface. Other structures (not shown) with hydrogen
bonds between the cysteine molecules in the direction of the double row, did
not lead to more stable structures either. These include the situation of hydrogen bonds formed between the carboxylic and amino groups as a precursor of a
peptide bond formation. The DFT calculations presented so far do, therefore,
not provide an explanation for the growth of extended double rows along the
[110] direction, since no direct inter-dimer interaction is identiﬁed. This points
to an interaction of a more indirect nature, suggesting that the formation of
the structural rearrangement within the gold surface is responsible for the row
formation.
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Figure 30: Growth mechanism of the cysteine chains.
The energy cost for initiating a double row on the terrace is +0.90 eV, while
the energy needed to create the four-atom wide vacancy is +0.68 eV.

In Fig. 30, a scheme is presented of how a double row may nucleate. For a
double row to form on a terrace, a single cysteine dimer must ﬁrst carve out
four gold atoms from the reconstructed gold surface, as illustrated in Fig. 30a.
According to the DFT calculations, this costs +0.90 eV, since four kink sites
are created in the added gold rows (removing the ﬁrst and second gold atom
in each row costs +0.31 and +0.14 eV, respectively). For a double row to grow
(Fig. 30b), however, the additional cost of lifting the gold reconstruction is only
+0.40 eV per segment, as no new kink sites have to be created.
Figure 30 thus indicates that two cysteine molecules must overcome a much
larger barrier for creating a nucleation site for a new double row (+0.90 eV)
than for continuing the growth of an existing double row (+0.40 eV). The energetics of the surface restructuring thereby readily explains the experimental
observation of the extended double rows, rather than many short double rows.
In fact, it is found in the experiment that the only active nucleation site is the
descending step edge. This is easily understood using the present picture – at
the descending step edge the gold kink sites already exist, reducing the cost of
creating the nucleation site for the double-row structure.
For completeness, Fig. 30c also shows the formation energy of the vacancy
structure underneath the isolated dimers, obtained within the same level of
relaxation as the other DFT results presented in this section. The formation
energy of +0.68 eV (removing the ﬁrst to fourth gold atom in the row costs
+0.31, +0.14, +0.12 and +0.11 eV, respectively) is consistent with the upper
bound of +0.9 eV given by the inactive processes of Fig. 30a.
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In conclusion, the presented STM measurements and DFT calculations demonstrate how adsorbate-induced surface restructuring during molecular adsorption can provide a driving force for the uni-directional growth of molecular
structures even when direct adsorbate-adsorbate bonding along the growth direction is lacking.
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Cysteine adsorption at higher coverages
Extended surface restructuring

When the cysteine coverage is increased to a few percent of a monolayer, a substantial amount of molecular pairs are present at the surface after annealing at
380 K. A closer inspection of the molecular dimers discloses that they tend to
align both “sideways” along the (2,-2) direction11 and “head-to-tail” along the
(5,2) direction, as shown in Fig. 31a. The position of some selected cysteine
pairs from Fig. 31a are reproduced in Fig. 31b, demonstrating the preferential
ordering of the pairs along the (2,-2) direction, as seen on the right-hand side,
and along the (5,2) direction, as seen to the left in the image. As reported in
section 4.3, the formation of the cysteine dimers involves a surface reconstruction with four gold atoms removed from the close-packed row underneath the
dimer. For isolated cysteine dimers it has been observed that these gold atoms
nucleate and grow as added gold rows on top of large gold terraces (Fig. 18b).
When the dimers are aligned sideways along the (2,-2) direction, however, additional features are found in the troughs between the cysteine pairs that are
interpreted as additional gold atoms. This is demonstrated in Fig. 31a, where
an arrow points at one trough with additional gold atoms, and the position of
the added gold atoms in the troughs is reproduced with grey circles in Fig. 31b.
The added gold rows in the troughs are four gold atoms wide, suggesting that
the expelled gold atoms from the vacancies underneath the pairs are trapped
in the neighbouring atomic trough, when the molecular pairs align along the
(2,-2) direction.
When the molecular pairs arrange both along the (2,-2) and (5,2) directions at
the same time, they form an ordered molecular array on a highly restructured
surface with a (7 × 2) unit cell. Such an area is shown in the lower right corner
in Fig. 31c, and the positions of the cysteine dimers are reproduced in Fig. 31d.
4.5.2

EMT calculations

In order to determine the driving force behind the observed restructuring of
the gold surface, EMT calculations (see section 2.6.2) have been performed.
Compared to the ab initio DFT calculations presented in the previous sections, EMT provides an approximative approach which does not have the same
high accuracy. The following EMT calculations do, however, oﬀer the general
trends in formation energies that are useful when analysing the possible ori11 Conventionally, the ﬁrst integer refers to the [110] direction and is given in units of the
lattice vector d1 = 2.88 Å, while the second integer refers to the [001] direction in units of
d2 = 4.08 Å.
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Figure 31: Alignment of l cysteine pairs.
(a) Terrace with cysteine pairs. The molecular pairs tend to align both along
the (2,-2) and the (5,2) direction. The black spots in (b) represent the positions
of selected cysteine pairs. Grey circles show areas with added gold atoms in
the atomic troughs. Image size: 122 Å×122 Å. (c) Terrace showing an area
with assembled cysteine pairs. The cysteine positions are marked in panel (d).
To the left, a more dense cysteine structure, discussed below, is visible. Same
image size.

gin of the observed surface restructuring. The overall formation energy for a
four-atom wide vacancy and an added gold row in the neighbouring atomic
trough is obtained within the EMT formalism by evaluating the change in the
number of nearest neighbours of the gold atoms [76,78]. A model of the surface
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Figure 32: Unit cell of the surface restructuring.
Unit cell of the array structure superimposed onto an unmodiﬁed (a) and a
restructured (b) Au(110)-(1 × 2) surface, showing the change in the number of
nearest neighbours for each surface atom. (c) Model with the cysteine pairs
superimposed.

reconstruction, showing the changes in coordination of the surface gold atoms,
is given in Fig. 32. With the appropriate energies for gold, the energy cost per
unit cell of the present reconstruction amounts to
∆E = 8E(9) + 4E(7) − 4E(10) − 4E(8) − 4E(6) = +0.72 eV.

(20)

In order to estimate the accuracy of this approach, the formation energies for
several periodic vacancy structures in a close-packed row obtained by EMT
have been compared to those revealed from DFT calculations. For a fouratomic vacancy structure as shown in Fig. 33a, the energy cost is calculated
by EMT to +0.56 eV per unit cell compared to +0.53 eV obtained from DFT
(RPBE), respectively +0.43 eV (PW91). Additionally, three other periodic
structures are depicted in Fig. 33, and the formation energies calculated by
EMT and DFT are given. In general, the results from EMT become unreliable
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Figure 33: Vacancy structure formation energy calculated by DFT and EMT.
Diﬀerence in the formation energy for several periodic vacancy structures calculated by DFT (1 PW91 and 2 RPBE) and EMT. The unit cells are marked by
rectangles. (a) Periodic four-atom vacancy structure. (b) Two-atom vacancy
structure separated by four atoms. (c) Monatomic vacancy separated by two
gold atoms and (d) monatomic vacancy separated by only one gold atom.

when applied to monatomic vacancies. On the other hand, however, the results
agree fairly well with the DFT calculations when applied to vacancy islands
with four gold atoms. From this consideration, it can be concluded that the
formation energy of +0.72 eV per unit cell obtained by EMT to create the
observed surface restructuring represents a reasonable estimate.
To understand why the pairs align, the formation energy of +0.72 eV must
be compared with the formation energy of the four-atom wide vacancy structure underneath individual, unaligned cysteine pairs, where the expelled atoms
are added to step edges. As listed in Fig. 33a, this structure is associated
with an energy cost of +0.56 eV, when calculated within the EMT formalism.
Compared to the formation of such individual vacancies, the present structure
requires more energy due to the low-coordinated gold atoms at the ends of
the four-atom wide structure in the atomic troughs. The energy diﬀerence of
0.16 eV per molecular dimer must be compensated by the modiﬁed adsorption
conﬁguration of the molecular dimers on the restructured surface. Interestingly, the added gold rows in the neighbouring troughs are terminated at the
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amino groups (see Fig. 32c), allowing for a closer proximity of both amino
groups within a pair to the gold surface. As it has been shown to be energetically favourable for the amino group to be in close proximity of the gold
surface in order to form a bond via the lone-pair (section 4.3), this reduction
in the nitrogen–gold distance may be the driving force for the alignment along
the (2,-2) direction and the formation of the short, otherwise energetically unfavourable gold rows with low-coordinated atoms at the terminations. From
the EMT estimation, an energy gain of about − 21 · 0.16 = -0.08 eV per amino
group due to the closer proximity of the amino group towards the gold would
be suﬃcient to activate the observed surface restructuring, as every unit cell
contains two amino groups.
The driving force for the alignment along the (5,2) direction is more diﬃcult to
envision. A possible explanation could be the close proximity between the sulphur atoms, which are separated by about 5 Å in this aligned structure. This
distance is comparable to that found in alkanethiol ﬁlms on Au(111), where it
has been reported
that the formation of a c(4×2) superstructure on top of the
√
√
well-known ( 3 × 3)R30◦ structure may be due to a slight movement of the
sulphur headgroups to reduce the sulphur–sulphur distance to 4.16 Å [46].
4.5.3

Dense cysteine domains

Upon increasing exposure from coverages of a few percent to coverages close to
one monolayer and subsequent annealing at 380 K, islands of a dense cysteine
overlayer appear, coexisting with the molecular pairs and double chains, covering the remaining terraces. These islands are often found growing from kinked
step edges with predominantly one type of kink sites involved, as demonstrated
for l cysteine in Fig. 34a, where a kinked step edge is seen in the STM image.
The dense cysteine phase grows from the R kink sites of this step edge, marked
by arrows and illustrated in the inset in Fig. 34a. In the case of d cysteine, the
dense phase seems to grow predominantly from the opposite, S kink sites, as
shown in Fig. 34b. It is important to note that this dense phase is not observed
when the racemic mixture is adsorbed.
A zoom-in on a dense layer formed from l cysteine is shown in Fig. 35a, disclosing bright and dark areas formed by features with a top-to-top distance
of about 5 Å. The brighter areas protrude by 0.7 Å compared to the darker
areas. The molecular structure has a high-symmetry direction, rotated 55◦
counter-clockwise with respect to the [110] direction, as marked by the black
line in Fig. 35a. Domains with the opposite, clockwise rotation are not found
for l cysteine. When performing the experiment with d cysteine, however, the
same dense phase is formed, but now with a clockwise rotation, as shown in
69

4.5

Cysteine adsorption at higher coverages

4 CYSTEINE ON AU(110)

Figure 34: Cysteine structures on Au(110) after annealing the sample to 380 K.
(a) Terraces with islands of a dense l cysteine phase (marked by arrows) growing
from R kinked step edges. Image size: 628 Å×694 Å. Inset: Schematic model
illustrating the bright and dark entities of the dense phase growing from a step
edge. (b) Dense phase from d cysteine growing from the opposite, S kink sites,
as sketched in the inset. Image size: 449 Å×495 Å.

Fig. 35b, again demonstrating that the chirality of the cysteine molecules is
reﬂected in the chirality of the molecular overlayer.
The formation of these chiral cysteine overlayers is interesting since it seems to
involve more than one molecular layer and a substantial surface reconstruction,
as will be discussed in the following. The mentioned height diﬀerence of 0.7 Å
between the bright and dark regions suggests that the bright regions constitute
a second molecular layer. Furthermore, the angle of 55◦ and the orientation of
the dense domains correspond to those deﬁned by the alignment of the molecular dimers along the (2,-2) direction, which results in an angle of 54.7◦ . This
strongly indicates that the dense domains evolve from the highly reconstructed
surface area formed by the aligned dimer arrays. This interpretation also explains why no dense phases are found in the case of adsorption of the racemic
mixture. This would require the separation of the cysteine dimers into domains
of homochiral ordered arrays. Due to the vacancy structure underneath, however, the dimers are relatively immobile once they have been formed, making
the separation into homochiral domains very unlikely as this is accompanied by
70

4

CYSTEINE ON AU(110)

4.5

Cysteine adsorption at higher coverages

Figure 35: High-resolution image of the dense cysteine phase.
(a) High-resolution image of the dense l cysteine phase with bright and dark
areas suggesting a second layer of cysteine molecules. Image size: 70 Å×70 Å.
(b) High-resolution image of the dense phase formed by d cysteine. Image size:
70 Å×70 Å.

a large mass transport. The situation is diﬀerent in the case of enantiomerically
pure cysteine on the surface. In this case, the individual dimers only need to
diﬀuse a few lattice constants in order to align into ordered arrays, a process
for which the thermal energy supplied during annealing seems to be suﬃcient.
4.5.4

Full monolayer coverage

When further increasing the cysteine coverage, the whole surface is eventually
covered by cysteine. At room temperature, no ordering exists within these
ﬁlms, as discussed in section 4.2. Upon annealing, however, ordered overlayer
structures were identiﬁed.
When reaching a substrate temperature of about 330 K, molecular islands are
formed, which are elongated in the [110] direction, as shown in the overview in
Fig. 36a. A zoom-in of an island is shown in Fig. 36b, and the c(2 × 2) unit cell
of this structure is depicted in the STM image. The corresponding LEED data
are depicted in Fig. 37. The LEED patterns were monitored during annealing
of the sample from room temperature to 450 K. When reaching a substrate
temperature of about 330 K, a diﬀuse c(2 × 2) LEED pattern develops, as
shown in Fig. 37a, which gradually evolves into a more pronounced c(2 × 2)
pattern. This pattern (Fig. 37b) consists of diﬀraction spots elongated in the
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Figure 36: STM images showing the c(2 × 2) and c(4 × 2) structures.
(a) STM image after high-coverage cysteine adsorption and subsequent annealing at 380 K. Elongated islands are seen oriented along the [110] direction.
Image size: 500 Å×500 Å. (b) Zoom-in on an island shown in (a) disclosing
the c(2 × 2) cysteine structure. Image size: 150 Å×150 Å. (c) Upon further
annealing at 420 K, the molecules partly desorb. The observed c(4 × 2) structure forms elongated stripes perpendicular to the [110] direction. Note that
this image is rotated with respect to the orientation of the other images in this
panel. Image size: 500 Å×500 Å. (d) Eventually the molecules desorb and the
remaining sulphur forms extended c(4 × 2) domains. Image size: 300 Å×300 Å.
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Figure 37: LEED patterns monitored during annealing of a Au(110) surface
covered with l cysteine.
(a) A diﬀuse c(2×2) structured LEED pattern recorded after annealing the gold
surface to ∼330 K (28 eV). (b) Upon further annealing, the c(2 × 2) structure
becomes more pronounced, the spots are elongated along the [001] direction
(21 eV). (c) Upon annealing at about 400 K, the diﬀraction spots evolve into a
c(4×2) pattern. For this structure, the diﬀraction spots are elongated along the
[110] direction (30 eV). (d) Further annealing improves this structure eventually
resulting in a clear c(4 × 2) pattern (27 eV).

[001] direction, in agreement with c(2 × 2) islands, which are well deﬁned in
the [110] direction, but less well developed along the [001] direction.
It is interesting to note that the c(2 × 2) structure reﬂects no chirality. This
may be explained by the particular binding geometry of the cysteine molecules
in this high-coverage structure. One explanation could be that the cysteine
molecules in this very dense, annealed phase adopt a “standing-up” geometry
similar to the case of alkanethiols on Au(111) with only the sulphur atom form73
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ing a bond to the gold surface. It is, however, not possible to determine the
detailed adsorption geometry from the STM images.
When annealing at 400 K, a c(4 × 2) structure emerges that forms widespread
stripes along the [001] direction, as shown in Fig. 36c. Coexisting with the
c(4 × 2) structure, few cysteine dimers exist on the surface, and one dimer
is marked in the image by an ellipse. As the c(4 × 2) structure is stable at
temperatures well above the cysteine decomposition temperature, it cannot
originate from intact cysteine molecules. Atomic sulphur is known to form a
c(4 × 2) superstructure on Au(110) [118, 119], as discussed in more detail in
chapter 5. Accordingly, the observed c(4 × 2) structure is ascribed to atomic
sulphur, emerging after cysteine dissociation and forming stripes perpendicular to the [110] direction. At this temperature, the surface is refacetted and
exhibits rectangular terraces (see also Fig. 38a), which is an indication for a
substantial mass transport upon formation of this c(4 × 2) sulphur structure.
The corresponding LEED pattern is reproduced in Fig. 37c, revealing a c(4×2)
structure with diﬀraction spots elongated in the [110] direction, in accordance
with the observed stripes that are less well deﬁned in the [110] direction.
Upon increasing the annealing temperature to 420 K, the LEED pattern improves and eventually exhibits a well-pronounced c(4 × 2) structure, as shown
in Fig. 37d. At this stage, all cysteine molecules are desorbed from the surface
and the remaining sulphur forms extended c(4 × 2) domains (Fig. 36d), which
desorb at a substrate temperature of about 570 K.
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Chiral symmetry breaking

Nature is homochiral in the sense that in general only one enantiomer of a
given molecule is involved in life processes. In DNA exclusively d sugars are
used, whereas solely l amino acids exist in natural proteins. The origin of
this homochirality has attracted substantial attention, since chirality seems to
be a prerequisite for life, and the question about chiral asymmetry is thus related to the origin of life [154–156]. While it is conceivable that a given chiral
asymmetry is inherited or even ampliﬁed for example by an asymmetric autocatalytic process [177], the reason for a possible event breaking the chiral
symmetry in the ﬁrst place is still unknown, although several speculations exist, ranging from parity violation in β decay to extraterrestrial UV radiation
of neutron stars [178, 179]. Besides these theories, the enantiospeciﬁc adsorption of molecules resembling those that are biologically important onto chiral
mineral surfaces such as calcite [155] and quartz [180] has been mentioned as
a possible explanation. This discussion may explain the growing interest in
experiments demonstrating chiral asymmetry.
The formation of homochiral phases from a racemate or from achiral molecules
has been reported before [181,182]. Chiral symmetry breaking has been demonstrated during crystallisation of sodium chlorate [181], which forms chiral crystals whereas the individual molecule possesses no chirality. When crystallised
from a stirred solution, nearly 100% of the chlorate crystals had the same chirality. But in contrast to the results presented here, statistically the chiral
symmetry was maintained, since upon repeating the crystallisation experiment
both pure l and pure d phases were formed with the same probability. In a recent paper, the autocatalytic ampliﬁcation of randomly generated trace chiral
excess was proposed [183, 184].
4.6.1

STM results

An interesting phenomenon apparently involving a breaking of chiral symmetry
was observed for high-coverage evaporation of the racemic mixture of cysteine,
dl cysteine.
As discussed in section 4.5.4, the as-deposited, high-coverage ﬁlms possess only
poor ordering at room temperature and gentle annealing results in the formation of small, elongated domains with a c(2 × 2) structure. Further annealing
of the substrate to 420 K, however, results in a prominent change. The surface
is now refacetted, forming large rectangular terraces. A terrace subjected to
this treatment is shown in Fig. 38a. The terraces are frequently terminated
by the previously discussed c(4 × 2) sulphur structure (see also chapter 5),
forming widespread stripes over more than 1000 Å along the [001] direction
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(Fig. 38b). The remaining surface is covered with molecular pairs, as depicted
in Fig. 38c. The pairs desorb upon further annealing at 440 K in agreement
with the observation for submonolayer deposition, whereas the c(4 × 2) sulphur
structure desorbs after annealing at 570 K. Compared to the data presented in
the previous sections, the images shown in Fig. 38 exhibit a substantially higher
tunnel noise, which can be seen as small, horizontal stripes. This is interpreted
as fast diﬀusing particles on the surface, which is conﬁrmed upon cooling the
sample to around 120 K, where the noise vanishes and additional particles are
observed. These particles are ascribed to fragments of the molecules emerging
during the formation of the sulphur structure.
The observation relating to chiral symmetry breaking is obtained when the chirality of the remaining molecular pairs is analysed. By evaluating the molecular
pairs, a striking excess of l cysteine compared to d cysteine pairs is disclosed.
Nearly 92% of the 308 dimers analysed are l cysteine dimers, whereas only 8%
are d cysteine dimers. This is highly surprising since the racemic mixture (i.e.,
a 50% - 50% mixture of d and l cysteine) was evaporated. One explanation
may be that the excess of l cysteine dimers develops locally on the surface,
while overall the 50% - 50% distribution is maintained. To investigate this
possibility, several surface areas were examined, always revealing an l cysteine
excess. These experiments exclude the observed excess of l cysteine dimers
being only a local phenomenon. Additionally, the observed imbalance may
possibly result from a process randomly producing an excess of l or d cysteine
pairs covering the whole surface with equal probability for l and d cysteine.
The repetition of the experiment should then lead to a 50% - 50% distribution
of experiments with an l and d cysteine excess, respectively, statistically maintaining the chiral symmetry. For that reason, the experiment was repeated six
times, always leading to an l cysteine excess. This rules out the possibility of
a statistically eﬀect, as in this case the possibility for six experiments with the
 6
1
.
same enantiomeric excess would equal 12 = 64
4.6.2

Possible origin of the symmetry breaking

Possible origins for the observed excess of l cysteine are discussed in the following. An explanation would be if the used racemic mixture would exhibit
an imbalance between l and d cysteine. To ensure that the used powder of
dl cysteine is an exact 50% - 50% mixture, the optical rotation of the used
powder was measured, conﬁrming a 1:1 mixture within an error of a few tenths
of a percent. One may speculate that an imbalance might still be possible by
having small crystallites of pure l and d cysteine in the used mixture, and
by chance more l cysteine crystallites happen to be evaporated during the de76
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Figure 38: High-coverage dl cysteine after subsequent annealing of the sample
to 420 K.
(a) Terraces after high-coverage evaporation and subsequent annealing of the
surface at 420 K. Image size: 897 Å×991 Å. A striped phase exists, extended
over several 1000 Å along the [001] direction. A zoom-in on this structure
is depicted in panel (b) (Image size: 135 Å×149 Å), and a high-resolution
image of the pairs on the remaining terrace is reproduced in (c) (Image size:
269 Å×297 Å). Almost exclusively l cysteine pairs are left on the surface.

position. Cysteine, however, belongs to the class of racemic compounds [80],
having both enantiomers in the unit cell. Pure dl cysteine is, therefore, an
exact 50% - 50% distribution of both enantiomers at the molecular level.
After having excluded the racemic mixture being the reason for the observed
imbalance, the origin of the chiral asymmetry has to be attributed to another
component in the experimental setup. The gold surface is the next candidate
in this consideration. In order to aﬀect the two enantiomers diﬀerently, the
surface has to be chiral itself. A ﬂat, reconstructed (110)-(1 × 2) surface is,
however, mirror-symmetric and possesses no chirality. A step edge is not chiral
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Figure 39: Model of a kinked Au(110) surface.
A kinked Au(110)-(1 × 2) surface and its mirror image demonstrating the chiral
character of kink sites. In accordance with the notation for chiral surfaces
introduced previously [161], the surface chirality is determined depending on
the surface density of the microfacets at the kink site. On the (110)-(1 × 2)
surface, two types of terraces can be envisioned, either forming (111) or (331)
microfacets at the step edges [51]. Long straight steps are, however, always
terminated by a (111) microfacet as drawn here, reﬂecting the high stability of
this close-packed surface orientation.

either, but a kink site is indeed a chiral centre [86]. An illustration is given in
Fig. 39, where two kinked, mirror-imaged (110)-(1 × 2) surfaces are shown.
An explanation for the excess of l cysteine pairs on the terraces could be that
the used gold surface exhibits an excess of kink sites of one type. It was already shown for the low-coverage regime that the two enantiomers of cysteine
interact diﬀerently with the two types of kinks sites, as evidenced by the STM
images given in Fig. 34, showing how high-density domains of l and d cysteine
preferentially nucleate at the two diﬀerent types of kink sites. It is thus possible that the kink sites may also inﬂuence the structures in the high-coverage
regime discussed here.
To investigate this idea, it was attempted to deliberately introduce chiral surfaces. The experiment was repeated with two specially cut gold surfaces that
were polished to represent mirror images of each other. The mirror-image gold
surfaces were prepared by polishing two gold crystals cut along the (110) plane
under an angle of 0.5◦ in the [110] direction and ±0.5◦ [001] direction, respec78
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tively, which for an idealised truncation of the bulk structure should yield kink
site-terminated terraces with an average terrace size of about 110 Å. This angle
of 0.5◦ is at the limit of the possible precision for aligning the gold crystals.
The success of the special polishing of the gold surface is diﬃcult to evaluate by
STM due to the fact that STM is a local probe that allows only limited surface
areas to be evaluated while the investigated surface may possess diﬀerent areas
on a micrometre length scale. An attempt was, however, made and STM images were recorded at random areas within the 1µm × 1µm accessible range on
the surface, evaluating the chirality of the kink sites at every place. Afterwards,
the sample was moved macroscopically in the sample holder, thereby ensuring
an independent surface area to be analysed. On one of the two specially polished surfaces, in the following referred to as Au(110) A, 101 images from nine
macroscopically diﬀerent areas were evaluated, revealing 76 areas with S kinks
and 25 exhibiting R kinks, corresponding to 75% and 25%, respectively. The
second surface, Au(110) B, was examined at 126 diﬀerent places and showed
29 areas (23%) with S and 97 areas (77%) with R kinks. It thus appears that
the special polishing of the samples yielded the desired chiral asymmetry of the
surfaces.
Surface
1. Au(110)
2. Au(110) A
3. Au(110) B
4. Au(110) C
overall

d pairs
26
173
49
147
395

8%
13%
27%
30%
17%

l pairs
282
1163
130
351
1926

92%
87%
73%
70%
83%

sum
308
1336
179
498
2321

Table 2. Distribution of d and l cysteine pairs on four diﬀerent gold (110)
surface after high-coverage deposition and subsequent annealing at 420 K.

After probing the chiral character of the surface, high-coverage cysteine adsorption experiments as described above were performed on these surfaces as well
as on a second Au(110)-(1 × 2) surface (C). Although the excess of l cysteine
pairs varies from 92 to 70%, all surfaces show a signiﬁcant excess of l cysteine
pairs and in no instance an excess of d cysteine pairs was obtained, as listed
in Table 2.
Having observed the l cysteine excess in the high-coverage regime after annealing at 420 K, the distribution of d and l cysteine pairs was evaluated also for
the low-coverage regime upon submonolayer adsorption of the racemic mixture
under the same conditions used for the experiments described in section 4.3. As
listed in Table 3, analysing a total number of 6280 pairs revealed an excess of
l cysteine, which amounts to 56% relatively independent of the surface. Thus,
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also in the low-coverage regime the chiral asymmetry is manifest. This slight
excess, which is signiﬁcant on the basis of the large number of cysteine dimers
counted, was not recognised in the previous experiments as the amount of some
hundred imaged pairs is not suﬃcient to detect this small imbalance.
Surface
1. Au(110)
2. Au(110) A
3. Au(110) B
4. Au(110) C
overall

d pairs
651
1194
268
644
2757

42%
44%
46%
46%
44%

l pairs
892
1546
320
765
3523

58%
56%
54%
54%
56%

sum
1543
2740
588
1409
6280

Table 3. Distribution of d and l cysteine pairs on four diﬀerent gold (110)
surface after submonolayer deposition and annealing at 380 K, demonstrating
an excess of l cysteine pairs for all surfaces.

Although the deposited mixture was carefully checked to be a 50% - 50% mixture within the experimental uncertainty, a small imbalance below this level
could possibly be ampliﬁed by some autocatalytic process [185]. To test this
hypothesis, an enantiomeric excess of d cysteine was deliberately introduced.
A mixture of 70% d and 30% l cysteine was prepared, and the resulting distribution of d and l cysteine pairs in the low-coverage regime was counted.
A total amount of 649 dimers revealed 312 (48%) d and 337 (52%) l cysteine
pairs. Strikingly, also for an initial mixture with a d cysteine excess, the resulting dimers on the surface revealed an excess of l cysteine, excluding the
possibility of an autocatalytic ampliﬁcation.
In summary, chiral symmetry breaking was observed both for low and high
cysteine coverages, showing an excess of l cysteine pairs relatively independent of the substrate surface. Although diﬀerent possible origins for the chiral
symmetry breaking were tested, the reason for the observed imbalance remains
unclear. A similar problem has been reported recently, concluding that unknown impurities may lead to the observed enantiomeric excess [183, 184]. As
the question of chiral symmetry breaking is related to many open questions
of the origin of life, the eﬀort of addressing the origin of the observed chiral
symmetry breaking is included in this thesis although the results at present
remain inconclusive.
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Self-assembly of chiral nanoclusters

The results discussed in the previous sections were obtained at sample temperatures at or above room temperature. Cysteine deposition at low temperatures
may result in the formation of other structures, as processes or reactions requiring a certain activation energy such as surface reconstruction or the formation
of the dehydrogenated cysteine species, cysteinate, may be hampered or prohibited. Here the observation of a complex self-assembly process of this natural
amino acid is presented. As amino acids are the fundamental building blocks
of proteins, their intermolecular interactions and self-assembly is relevant for
the properties and functioning of proteins.
Self-assembly is the basis for many processes in molecular biology and medical chemistry, and living systems involve a rich variety of self-assembly, such
as the sophisticated folding of peptides into protein structures with very specialised functions [40, 41]. Understanding self-assembly in biologically relevant
systems may therefore contribute to the understanding of life processes and
can be related to the question how life emerges from basic interactions between
individual molecules.
Also for the fabrication of functionalised nanostructures [35], self-assembly is
one of the few practical strategies. The self-assembly of supported molecular structures can be controlled by selectively tuning intermolecular interactions [88], as discussed in section 3.3.1. Recently, self-assembly of molecular
nanostructures based on the selectivity and directionality of hydrogen bonds
has been demonstrated [90,186], and molecular nanocluster formation has been
reported upon [97], based on a simple closed-shell geometry similar to the situation observed in magic nanoclusters of metals [57, 187].
4.7.1

STM results and discussion

At submonolayer coverages of l cysteine deposited onto a Au(110)-(1 × 2) sample at 120 K, irregular agglomerates are observed, as shown in Fig. 40a. In this
STM image, two gold terraces are seen characterised by the bright close-packed
rows separated by atomic troughs running in the [110] direction. The terraces
are covered with small, irregular agglomerates of various sizes. These islands
are formed by a species, which is about 7 Å in size, corresponding to the size
of individual cysteine molecules. The formation of these islands indicates that
the molecules possess suﬃcient mobility to diﬀuse and nucleate either at 120 K
or during the sample transfer from the manipulator into the STM, which results in a rise in temperature to about 140 K. It can thus be concluded that
the molecules are mobile at temperatures around 140 K, and probably already
below this temperature.
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Figure 40: Cysteine as deposited at 120 K and after annealing at 270 K.
(a) Cysteine as deposited at 120 K. Islands varying in size formed by cysteine
molecules are observed. Image size: 245 Å×245 Å. (b) After annealing at 270 K
perfectly monodisperse clusters are formed. Image size: 245 Å×245 Å.

A self-assembly process is observed when annealing the gold substrate to
270 K. The cysteine islands are dissolved and the cysteine molecules selfassemble into a new structure as the entire surface is now covered with nanoclusters of uniform size, as demonstrated Fig. 40b. A high-resolution image of
an l cysteine cluster is shown in Fig. 41a. The clusters have a size of about
24 Å in the [001] direction and 18 Å parallel to the [110] direction, as shown
in the height proﬁles in Figs. 41c and d, respectively. They consist of a centre part composed of two sub-units aligned along the [110] direction with an
apparent height of about 2.3 Å compared to the height of the gold atoms in
the topmost atomic row. This centre is surrounded by three smaller units on
each side which lie on top of the neighbouring close-packed rows. These smaller
units have a height of about 1.5 Å, except the upper left and lower right corner
entities, which are approximately 0.4 Å higher. The appearance of the clusters
and the heights of the sub-units are slightly modiﬁed when imaged under different tip conditions, as shown in Fig. 41b. In this image, the internal structure
of the side-entities surrounding the centre parts is resolved with more details
compared to the cluster shown in Fig. 41a.
The corner entities, which are imaged brighter, appear to be less strongly
bound, since molecular clusters of l cysteine can be found, which lack exclusively the lower right or the upper left or both corner units, as shown in
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Figure 41: High-resolution cysteine nanoclusters.
(a) High-resolution image of an l cysteine cluster. Image size: 32 Å×32 Å.
(b) Imaged under diﬀerent tip conditions: the appearance of the cluster is
slightly modiﬁed. Same image size. (c) Height proﬁle over the cluster along the
[001] direction and (d) along the [110] direction as marked by the white lines
in (a).

Fig. 42a. Among hundreds of observed nanoclusters assembled after annealing
at 270 K, not a single structure has been seen diﬀering in shape apart from the
lack of the bright corner entities.
The gradual formation of the clusters can be followed by stepwise increasing the
annealing temperature. When annealing at 220 K, the surface is covered with
cysteine clusters which still diﬀer in size, but look similar to the clusters reported upon here. Upon annealing at 260 K, the presented clusters are formed,
but about 37% lack one corner entity and an amount of 7% lack both corner
units. Further annealing at 270 K leads to 71% complete clusters, 26% with
one missing entity and 3% clusters where both corners are lacking. The clus83

4.7

Self-assembly of chiral nanoclusters

4 CYSTEINE ON AU(110)

Figure 42: STM images demonstrating the chirality of the nanoclusters.
(a) l cysteine clusters with exclusively the upper left and/or the lower right
corner entity missing. Image size: 65 Å×65 Å. (b) In the case of d cysteine
nanoclusters, the opposite corner units are missing, namely the upper right
and the lower left. Same image size. (c) Nanoclusters formed from the racemic
mixture are identical to those observed for pure l and d cysteine.

ters dissolve when the temperature is further increased, and the poorly ordered
rows are formed as observed after room-temperature deposition (section 4.2),
followed by the formation of cysteine dimers and double rows, as reported upon
in the preceding sections.
The diﬀerent appearance and binding of the corner entities break the mirror
symmetry of the system, demonstrating the chirality of these l cysteine nanoclusters. Nanoclusters formed from d cysteine are depicted in Fig. 42b. They
are similar to those observed for l cysteine, except that now the lower left and
upper right corner entities either appear brighter or are missing. The clusters
formed from d cysteine are thus mirror images of those formed from l cysteine.
When evaporating the racemic mixture of d and l cysteine such that both chiral
forms are present at the surface at the same time, again molecular nanoclusters
are formed, as shown in Fig. 42c. The clusters are identical in appearance to
those observed when depositing the d and l enantiomers separately. Furthermore, not a single structure was observed, which could give an indication for
heterochiral dl clusters such as clusters with bright or missing corner entities
at the same side of a cluster. This strongly suggests that the nanoclusters
formed from the racemic mixture are homochiral, hence demonstrating chiral
recognition during the self-assembly of these supramolecular nanoclusters.
84

4

CYSTEINE ON AU(110)

4.7

Self-assembly of chiral nanoclusters

Figure 43: Lateral manipulation of a cysteine nanocluster.
Sequence of STM images showing the lateral manipulation of nanoclusters with
the STM tip. The arrows mark the tip movement. Image sizes: 163 Å×163 Å.

4.7.2

Cluster manipulation and diﬀusion

To probe cluster-cluster as well as cluster-substrate interactions, manipulation experiments were performed. Lateral manipulation of the clusters with
the STM tip was carried out at temperatures around 260 K. The tip was
brought into close proximity of the surface by increasing the tunnelling current
to ∼0.8 nA and decreasing the tunnelling voltage to 80 mV, corresponding to
a tunnelling resistance of 100 MΩ. A line over the cluster was deﬁned and the
tip was subsequently moved along this pathway. When the tip apex reaches
the cluster, it interacts with the cluster and eventually either pulls or pushes
the entire cluster and thereby manipulates the cluster laterally. From the tipheight curves it can be deduced whether the manipulation is performed in the
pushing or pulling mode [188] when manipulating atoms. In the present case,
the manipulation mode is, however, diﬃcult to clarify, since many molecules
are involved in the manipulation process.
Attempts to manipulate at a temperature of 120 K failed, indicating that thermal activation is necessary to perform the manipulation. With the parameters
mentioned above, the entire cluster can be moved along the close-packed rows,
whereas it was not possible to manipulate the cluster perpendicular to the [110]
direction. This demonstrates that the diﬀusion barrier along the [110] direction is smaller than along the higher corrugated [001] direction. Due to the
anisotropic diﬀusion barriers, the diﬀusion of the clusters is one-dimensional
and along the close-packed row direction. To study the diﬀusion of the clusters, the movie capability of the Aarhus STM was utilised. A movie recorded
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at 260 K demonstrates the one-dimensional diﬀusion of the nanoclusters along
the [110] direction, showing a smaller diﬀusion barrier in this direction compared to the [001] direction, in agreement with the ﬁndings of the manipulation
experiments.
The ability to manipulate the clusters opens up for the possibility to study the
interaction between clusters. Preliminary experiments have been performed
and are shown in Fig. 43. When moving two clusters into close proximity, they
remain in close contact (Fig. 43b), suggesting that no strong repulsion appear
between two clusters. In a second step (Fig. 43c), the clusters can be separated
again, demonstrating that no strong attraction exist between the clusters either, which is already evident from the uniform size of the nanoclusters.
4.7.3

Possible nanocluster structure

In the following, a tentative model is proposed for the molecular structure of the
cysteine nanoclusters. The number of atoms involved in the clusters is beyond
the size manageable by DFT, making reliable ab initio calculations diﬃcult.
As a ﬁrst approximation, the cluster has therefore been treated in terms of the
individual functional groups involved, based on the knowledge that has been
gained from the DFT calculations on the cysteine pairs discussed in section 4.3
and another DFT study on cysteine adsorbed on Au(111) [173]. In the latter
work, it was demonstrated that the separate treatment of the functional groups
of a cysteine molecule adsorbed onto a Au(111) surface agrees well with the
calculation considering the entire molecule. This discussion therefore starts by
reviewing the interactions of the separate functional group with a gold surface.
The formation of hydrogen bonds between the oxygen atoms of the carboxylic
group is very favourable since it is associated with an energy gain of about
-0.68 eV (PW91) compared to two single cysteine molecules (see section 4.3).
On the other hand, an interaction of the carboxylic group with the gold surface results in an increased total energy, conﬁrming the assumption of hydrogen
bonds between the oxygen atoms of the carboxylic groups.
The amino group gains about -0.3 eV by interacting with the substrate via
the lone pair of the nitrogen atom and the gold surface. Additionally, due to
the lone electron pair, the amino group can also be involved in hydrogen bond
formation.
For methylthiolate on Au(111), adsorption on a bridge site has been shown
to be energetically favourable by about -1.7 eV [121]. This situation diﬀers,
of course, from the cysteine molecule, where the mercapto group is bound
to a longer carbon chain, but the adsorption on a bridge site may still be a
reasonable starting point for the molecule adsorption. Since substantial de86
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Figure 44: Structure suggestion for the cysteine nanocluster.
Structural model suggesting a possible arrangements of the molecules in a
hydrogen-bonded network within a d cysteine nanocluster (a) and the corresponding experimental data (b).

hydrogenation and hence thiolate formation is assumed to occur only around
room temperature and above [189], the formation of a strong sulphur–gold
bond, as reported upon in the previous sections, seems unlikely in the present
case of cysteine clusters. For the same reason, a disulphide bond between two
mercapto groups is assumed not to be present here.
With these constraints, a structural model can be suggested, as depicted in
Fig. 44a for a d cysteine cluster. The corresponding experimental data is
shown in Fig. 44b. The central part of the cluster is formed by two bright
features with a top-to-top distance of 8.7 Å, equivalent to three gold distances.
These parts are surrounded by three units at both sides, whose maxima are
separated by about 5.7 Å, corresponding to two gold distances. As mentioned
before, the centre parts appear higher than the surrounding units, and the
height diﬀerence amounts to 0.8 Å.
In the proposed model, the side entities are formed by cysteine molecules adsorbed with the mercapto group at a bridge site between a top gold atom and
an atom in the second row, while the amino group is adsorbed on top of a
neighbouring gold atom of the topmost gold row. The carboxylic group points
away from the surface, forming hydrogen bonds with the neighbouring cysteine
molecule (marked by dashed lines in the ﬁgure). The centre unit is formed
by two cysteine molecules facing each other on top of the close-packed atomic
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row, forming hydrogen bonds between their carboxylic groups. Also the centre
molecules are adsorbed via the mercapto groups. In this geometry, the amino
groups cannot interact with the surface but point sideways towards the two side
entities. Therefore, the amino groups can contribute with the lone electron pair
to the formation of an additional hydrogen bond to the side cysteine molecules
and in this way stabilise the adsorption of two side cysteine molecules. The
third cysteine molecule at the side is too far away to interact with the amino
groups of the centre molecules and is therefore only attached to the cluster via
one hydrogen bond, resulting in a weakly bound side entity.
The positioning of the mercapto group of the side molecules at a bridge site
while simultaneously allowing for a binding of the amino group to the closepacked gold row results in a displacement by 1.44 Å along the [110] direction of
the mercapto group adsorption site. This shift can be seen in the STM image
and is visualised by the black dots marking the estimated sulphur positions.
The observed height diﬀerence between the central and the side units can be
explained in this model by both the amino group protruding outwards and the
diﬀerent position of the mercapto group. The higher appearance of the less
strongly bound corner entities could be explained by the free oxygen atom of
the carboxylic group which is not involved in hydrogen bonding. Thus, the
presented model, despite being rather intuitive, seems to account for several
features observed in the STM images.
This tentative model, however, also has its weak points. First, the assumption
of the mercapto group binding at a bridge site is deduced from the adsorption position of the dehydrogenated thiolate group. With the hydrogen atom
still attached to the sulphur atom, the adsorption position at low temperatures
may diﬀer from the situation at elevated temperatures. Second, when the less
strongly bound corner entity is removed from the cluster, the neighbouring side
molecule remains with only one hydrogen bond left. Thus, after removing the
corner entity, the neighbouring cysteine molecule is equally weakly bound to
the cluster, and clusters with also this molecule missing should exist. This has,
however, never been observed experimentally. It must therefore be stressed
that the presented model is of tentative nature and calls for a more thorough
theoretical analysis that has not been possible in the frame of this thesis.
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The presented experiments allowed a multitude of cysteine structures on the
Au(110)-(1×2) surface to be observed and various phenomena and mechanisms
to be studied. The background for this variety is a subtle balance between
molecule-molecule interaction on the one hand, and molecule-surface interaction on the other hand, whose relative inﬂuence can be controlled by changing

Figure 45: Phase diagram of the cysteine structures on Au(110)-(1 × 2).
Cysteine structures on Au(110)-(1 × 2) in dependence on substrate temperature
and cysteine coverage.
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the temperature of the system. At low temperatures, dehydrogenation of the
mercapto group has not yet taken place, thus a strong molecule–gold interaction via the sulphur atom is not present at these temperatures. Therefore,
molecule-molecule interaction dominates this temperature regime, allowing for
the formation of the internally saturated nanoclusters, when providing suﬃcient energy for the diﬀusion of the individual molecules.
Increasing the temperature above 280 K, however, leads to the dissolution of
the nanoclusters, as this temperature is associated with the transition from
the cysteine to the dehydrogenated cysteinate species. With the formation of
a covalent sulphur–gold bond, the inﬂuence of the substrate surface increases,
leading to the formation of poorly ordered, anisotropic cysteine agglomerates.
When suﬃcient energy is provided to activate an adsorbate-induced rearrangement of the substrate surface, dimer and double-row structure formation is
observed. The ability of the sulphur atom to restructure the surface is based
on both the high sulphur–gold binding energy and the particularly reactive
(1 × 2) missing-row reconstructed surface that enables the molecules to locally
rebuild the surface to create optimum adsorption sites for both cysteine dimers
and rows. When the coverage is increased such that the density of dimers increases, an alignment of cysteine dimers in an ordered array is seen, in which
the expelled gold atoms from the vacancy structures underneath the pairs are
trapped in between the amino groups of two neighbouring cysteine pairs. This
highly restructured surface region seems to be the template for the growth of
chiral, more dense cysteine islands.
Upon further increase of the coverage, such that the whole surface is covered by
cysteine, and subsequent annealing, the molecules adopt another surface structure, namely a c(2 × 2) structure. The c(2 × 2) pattern is achiral, which may
be explained by the fact that the cysteine molecules in this very dense phase
form a “standing-up” geometry as known from alkanethiol ﬁlms on Au(111).
Annealing above 420 K results in the dissociative desorption of the cysteine
molecules, which leaves atomic sulphur behind on the surface. Finally, atomic
sulphur lifts the missing-row reconstruction of the Au(110) surface and forms
a c(4 × 2) structure.
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In the previous chapter, the formation of a c(4 × 2) superstructure on Au(110)
upon decomposition of adsorbed cysteine molecules has been reported. It was
speculated that the origin of this structure was atomic sulphur from the decomposed molecules. To validate this idea, hydrogen sulphide (H2 S) adsorption
studies have been performed. Based on STM images, a model is proposed for
the sulphur adsorption site within this structure, involving the lifting of the
missing-row reconstruction.

5.1

H2 S on Au(110)

Hydrogen sulphide has been deposited onto Au(110)-(1×2) by vapor deposition from a gas bottle, which is connected to a ∼20 cm long dosing tube inside
the chamber via a needle valve. The chamber has been backﬁlled with H2 S at
a pressure of about 5·10−8 mbar. To increase the molecular ﬂux at the sample, the sample has been positioned in front of the tube during H2 S dosing.
These dosing conditions make it diﬃcult to specify the amount of Langmuir
(1 L ≡ 1 × 10−6 torr·s) deposited. The gold substrate has been held at 470 K
during the molecular deposition in order to decompose the molecules at the
surface.
An overview of the surface structures after H2 S dosing is shown in Fig. 46a.
Large islands with a c(4×2) structure can be found, which extend over several hundred Ångströms in the [001] direction, while being relatively conﬁned
along the [110] direction. A rectangular shape is characteristic for these c(4×2)
islands, in agreement with the results presented in section 4.6. Additionally,
small islands of another structure are observed. These islands exhibit an elliptic
shape, slightly elongated along the [001] direction, as demonstrated in Fig. 46b.
The STM images may suggest the elliptic island being adsorbed on top of the
c(4×2) structure, however, the characteristics of this structure contradict this
possibility, as will be discussed below.
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Figure 46: Au(110) after 15 min dosing of H2 S at a sample temperature of
470 K.
(a) Overview of the surface after H2 S dosing. A large region with a c(4×2)
structure and smaller islands of elliptic shape is seen. Image size: 783 Å×783 Å.
(b) Zoom-in on the c(4×2) and (4×1) structures. Image size: 228 Å×228 Å.
(c) High-resolution image of the (4×1) structure shown in the upper part of the
image and the c(4×2) structure in the lower part. Image size: 60 Å×60 Å.

A zoom-in on both structures is given in Fig. 46c, disclosing a p(4×1) periodicity with three entities per unit cell for the elliptic islands and the already
mentioned c(4×2) structure with two features in the unit cell. From this, the
3
= 0.75, while
sulphur coverage in the p(4×1) structure is calculated to θ = 4×1
2
it is θ = 4×2 = 0.25 for the c(4×2) structure.
Upon annealing at 520 K, the c(4×2) structure remains stable, in agreement
with the observation reported previously for atomic sulphur on Au(110), which
has been found to form a c(4×2) pattern [118, 119]. The bright protrusions
of the c(4×2) structure are therefore assigned to originate from atomic sulphur, which is known to be imaged as a protrusion [190]. This c(4×2) sulphur
structure observed after H2 S dosing is in all dimensions identical to the c(4×2)
structure revealed after the cysteine decomposition on Au(110). It is therefore
concluded that the c(4×2) structure obtained after cysteine decomposition is
indeed a sulphur structure. To determine the adsorption positions of the sulphur atoms, an image is analysed that shows both the c(4×2) structure and
molecular cysteine pairs that have been introduced before (section 4.3).
In Fig. 47a, the c(4×2) atomic sulphur structure is found to the left in the STM
image. A height proﬁle along the [110] direction given in Fig. 47b demonstrates
that the close-packed gold row is about 0.2 Å higher than the sulphur structure, strongly suggesting that the topmost close-packed gold rows are removed
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Figure 47: STM image of the c(4×2) sulphur structure.
(a) STM image after cysteine dosing and annealing at 420 K. The c(4×2) structure is seen to the upper left. Image size: 131 Å×144 Å. (b) Height proﬁle over
the c(4×2) structure demonstrating that the close-packed gold rows are about
0.2 Å higher than the c(4×2) structure. The position of this height proﬁle is
indicated by the white line in (a). (c) STM image of the c(4×2) structure. A
unit cell is marked in the image. Image size: 131 Å×144 Å. (d) Structural
model for the adsorption site of the sulphur atoms within this structure, which
involves a lifting of the missing-row reconstruction.

underneath the sulphur structure. By removing the topmost close-packed gold
rows, the (1 × 2) missing-row reconstruction is lifted and an unreconstructed
(110)-(1 × 1) surface emerges. Furthermore, in the [001] direction the sulphur
position is seen to be centred between the on-top position of the added gold rows
and the centre of the atomic troughs, as demonstrated by the white, dashed
lines in Fig. 47c. This is an indication that the sulphur atoms are adsorbed on
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top of the close-packed gold rows of the second gold layer (see Fig. 47d).
To determine the exact sulphur position in the [110] direction, atomic resolution within the close-packed rows along the [110] direction is required. With
tunnel parameters suitable for imaging molecular and atomic adlayers, atomic
resolution within the close-packed rows has not been achieved. However, employing the detailed knowledge of the cysteine pair adsorption site obtained
from the DFT calculations (see section 4.3), the exact position of the sulphur
atoms in the c(4×2) structure can be determined. In Fig. 47a, a cysteine pair
is found on a second gold layer on the terrace with the c(4×2) sulphur structure. The centre of the molecular pair is known to be positioned over a bridge
site of the topmost close-packed gold row. As a bridge position corresponds
to an on-top position in the gold layer underneath, the number of gold layers
separating the molecular pair and the sulphur atoms has to be considered. The
sulphur structure is found in the terrace underneath the smaller gold terrace
with the cysteine pair. Additionally, as argued above, the topmost gold row
is removed underneath the sulphur structure, and the position of the centre
of the cysteine pair thus corresponds to a bridge site in the gold layer where
the sulphur atoms are adsorbed. As shown by a dashed line in Fig. 47a, the
centre of the cysteine pair coincides with the position of the sulphur atoms in
the [110] direction; the sulphur atoms are thus found to adsorb at a bridge site
and a ﬁnal structure suggestion is given in Fig. 47d. In this model, the sulphur
atoms are adsorbed at the bridge sites on top of the topmost close-packed gold
rows of an unreconstructed Au(110) surface.
Having established a model for the adsorption position of the sulphur atoms in
the c(4×2) structure, the position of the entities within the p(4×1) structure
can be determined. First, it is assumed that this structure is adsorbed onto
a gold surface where the missing-row reconstruction has been lifted. This is
motivated by the very small corrugation of the (4×1) structure along the [001]
direction. This is, however, not proof that the reconstruction is lifted. As
shown in Fig. 48a, the rows deﬁned by the position of maxima of the (4×1)
structure along the [110] direction coincide with those of the c(4×2) structure; the entities of the (4×1) structure are thus also adsorbed on top of the
close-packed rows of the unreconstructed gold surface. One of the three species
within the unit cell is imaged brighter, leading to bright stripes running along
the [001] direction in the STM image. The diﬀerent appearance in the STM
image can readily be explained by diﬀerent adsorption sites, which arise from
the fact that three species are placed on top of four lattice spacings along the
[110] direction. If a bright feature is associated with species adsorbed at an ontop position, the neighbouring two dimmer protrusions originate from entities
adsorbed at bridge positions, resulting in a moiré pattern, as illustrated in the
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Figure 48: STM image and model of the p(4×1) sulphur structure.
(a) STM image showing the c(4×2) structure in the lower part and the (4×1)
structure (upper part). Unit cells of both structures are marked in the image.
Image size: 60 Å×60 Å. (b) Structural model for the adsorption site of the
sulphur atoms within the (4×1) structure, showing two inequivalent adsorption
sites.

model in Fig. 48b. The correspondence of the observed features of the (4×1)
structure with the periodicity of the gold substrate rules out the possibility of
the (4×1) structure being a second layer on top of the c(4×2) structure, which
would not give a clear rational for the observed bright lines running along the
[001] direction. The structure does, however, not contradict the missing-row
reconstruction existing underneath the (4×1) structure.

5.2

Conclusion

The presented adsorption study of H2 S on Au(110) conﬁrms that the c(4 × 2)
structure observed upon decomposition of adsorbed cysteine indeed originates
from atomic sulphur. This structure includes the lifting of the (1 × 2) missingrow reconstruction underneath, which has been suggested on the basis of LEED
studies [118,119]. Within the c(4 × 2) structure, the sulphur atoms were shown
to adsorb at bridge positions on top of the close-packed rows of the unreconstructed Au(110). Coexisting with the c(4×2) structure, another overlayer
was identiﬁed on Au(110), forming a p(4×1) structure in which the adsorbates
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adopt two diﬀerent adsorption sites, namely on-top and bridge positions.
The presented investigation of sulphur on Au(110) demonstrates that surface
restructuring upon sulphur adsorption is a common phenomenon, even for an
inert surface such as gold. A restructuring of the substrate surface in order
to create the most favourable adsorption sites seems thus more frequent than
generally acknowledged, especially in the case of the adsorption of the very
reactive sulphur [191, 192].
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6.1

Cysteine on Au(111)
Au(111)

The (111) surface of an fcc crystal is the most densely packed and energetically
most favourable plane. Au(111) exhibits the so-called herring bone reconstruction, which
√ is due to a slightly compressed topmost layer with 23 surface atoms
per (22 × 3) unit cell, creating hexagonally closed-packed (hcp) and fcc stacking domains [52]. As mentioned previously, the majority of thiol adsorption
studies have been carried out on this facet of gold. This is due to the fact
that the (111) surface of gold is comparably easy to prepare and relatively
stable in air. Gold (111) surfaces can be obtained by evaporating gold onto
freshly cleaved mica or ﬂat glass slides which are often coated with a few nanometres thick layer of chromium to improve adhesion. These gold samples can
be exposed to air, and after ﬂame annealing, the surface exhibits atomically
ﬂat (111) facets, which are a few hundred nanometres in size. The surfaces
are supposed to be clean, although a thin layer of weakly adsorbed organic
molecules forms within a short period of time when the surface is exposed to
ambient conditions. [193]. For liquid phase adsorption experiments, the gold
sample is simply immersed into a solution containing the molecules of interest
and either studied in situ or subsequently dried and analysed ex situ. The ease
of preparation turns these samples into a cheap and well-suited metal template
for studying molecular adsorption.

6.2

Previous studies

Cysteine adsorption onto Au(111) has been studied in a number of instances
during recent years [135–143]. In these studies, the molecule has been deposited from solution, except for one investigation where cysteine adsorption
has been carried out from the vapor phase in UHV [143]. In the latter study,
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however, polycrystalline surfaces have been used, preventing the determination of ordered superstructures. Several of these investigations have addressed
the adsorption geometry and the binding of cysteine on the gold (111) surface [136–141, 143], concluding that the molecules undergo a transition from
the thiol to the deprotonated thiolate species upon adsorption at room temperature and then bind covalently to the gold surface via the sulphur atom.
X–ray photoelectron spectroscopy experiments have revealed a shift of the
S 2p3/2 peak corresponding to a gold–sulphur bond formation upon adsorption of cysteine onto Au(111) [137], similar to what is seen for the adsorption
of 1-octadecanethiol onto Au(111) [138].
This view is also supported by STM adsorption experiments with the disulphide cysteine species, cystine (COOH–CH(NH2 )–CH2 –S–S–CH2 –CH(NH2 )–
COOH), leading to very similar results as in the cysteine case, suggesting that
the disulphide bond is dissociated upon cystine adsorption [140, 141].
Qingwen et al. have reported that the N 1s peak remained unchanged upon
adsorption, leading to the conclusion that the amino group is not involved in
the binding to the gold surface [139]. This is, however, in contrast to the ﬁndings of Ihs et al. [168] who have performed infrared spectroscopy on cysteine
deposited onto thermally evaporated gold ﬁlms, their results indicate that the
amino group forms a bond to the gold surface via the lone pair.
STM studies have been carried out to determine the order within the cysteine adlayers deposited from solution [136, 140, 141]. Ulstrup and coworkers [140] have established a model for a close-packed√overlayer of cysteine on
Au(111) deposited from solution, consistent with a (3 3 × 6)R30◦ superstructure. In contrast to this, Dodero et al. [136] have presented STM results of
a√cysteine
√ layer deposited from the liquid phase and imaged in air, showing a
( 3 × 3)R30◦ molecular structure. Their STM images demonstrate a lifting
of the herringbone reconstruction upon cysteine deposition and the formation
of monatomically deep holes in the molecular ﬁlm.
From this review it appears that the adsorption of cysteine onto Au(111) is
still a matter of some debate. When prepared by vapor deposition in UHV, the
coverage can be controlled more precisely than when prepared from solution.
In addition, the presence of a solvent during deposition from the liquid may
inﬂuence the adsorption process. Finally, upon vapor deposition the molecule
is supposed to adsorb in its neutral state while in solution cysteine exists in
diﬀerent states of ionisation (anionic, cationic, zwitterionic), depending on the
pH value of the solution.
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Figure 49: STM images after evaporation of cysteine onto Au(111) held at
120 K.
Nucleation of cysteine in the elbows of the herringbone reconstruction after
evaporation at a sample temperature of 120 K. Image size: 500 Å×500 Å.

6.3

Submonolayer coverage

Submonolayer coverages of l cysteine were investigated on Au(111) held at
120 K and at room temperature. Upon evaporation at a sample temperature
of 120 K, cysteine molecules decorate step edges and molecular islands nucleate in the elbows of the herringbone reconstruction, similar to the situation
observed upon evaporation of some metals on Au(111) [194–197]. This suggests a facile diﬀusion of the molecules even at such low temperatures. The
clusters in the elbows are of various sizes, as apparent in the STM image in
Fig. 49.
The situation is similar for evaporation at room temperature, where the molecules also nucleate at the elbows, as depicted in Fig. 50a. Additionally, elongated cysteine islands are observed at this temperature, preferentially growing
from step edges and following the directions deﬁned by the herringbone reconstruction. These islands, which exhibit no internal ordering, grow in size upon
increasing cysteine exposure, as demonstrated in Fig. 50b. In addition, large
domains of an ordered structure are found, coexisting with the unordered islands. A terrace covered with this ordered layer is shown on the upper terrace
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Figure 50: STM images after evaporation of cysteine on Au(111) held at room
temperature.
(a) Nucleation in the elbows of the herringbone reconstruction and formation of
unordered cysteine islands upon evaporation at room temperature. Image size:
1500 Å×1500 Å. (b) Upon increased exposure time, the cysteine islands grow
in size. Image size: 1000 Å×1000 Å. (c) Coexisting with the unordered islands,
a highly ordered overlayer structure is found. Image size: 1000 Å×1000 Å.
(d) Zoom-in on a terrace with an ordered overlayer of cysteine molecules. The
underlying herringbone reconstruction is still seen. Image size: 200 Å×200 Å.

to the left in Fig. 50c, whereas the unordered islands are seen on the lower
terrace to the right. The underlying reconstruction of the Au(111) surface is
preserved under this cysteine layer, as shown in the high-resolution image in
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Fig. 50d, where the herringbone reconstruction modulates the apparent height
of the adsorbate layer. Furthermore, for diﬀerent domains of the overlayer,
diﬀerent orientations with respect to the high-symmetry directions of the substrate surface were observed.
The appearance of this overlayer depends on the tip condition, as demonstrated
in Fig. 51a, where a tip change occurs during data acquisition. In the lower
part of the image, a structure with bright and dark rectangles is observed,
and a high-resolution image acquired with this tip mode is given in Fig. 51b.
The unit cell of this structure (superimposed in the STM image in Fig. 51b)
is quadratic and possesses fourfold symmetry. It has a side length of 12 Å and
consists of four bright features with a top-to-top distance of about 4 Å. As
an individual cysteine molecule has a size of about 5 Å, it is suggested that
each of these protrusions corresponds to one molecule rather than a part of the
molecule imaged with submolecular resolution.
Under diﬀerent tip conditions, the appearance of this structure changes as
shown in the STM image in Fig. 51c, where the four bright features are imaged
larger, demonstrating how the measured dimensions depend on the actual tip
conditions.
Upon annealing the submonolayer-covered gold sample at 380 K, the ordered
structure vanishes. The previously unordered, elongated islands become ordered, as shown in Fig. 52. This ordering is, however, not extended over long
distances, but exists only very locally. The structure observed after annealing
perturbs the herringbone reconstruction, as seen in Fig. 52a, where the regular
herringbone reconstruction lines, imaged by STM as bright lines, are bent in
the vicinity of the island. In Fig. 52b, a high-resolution image of a characteristic
molecular structure within such an island is presented. Parallelograms assembled by four bright features can be recognised, and the distance of the entities
within the structure (∼5 Å) is comparable with that found in the previously
observed ordered structure. These parallelograms are aligned side by side, and
an additional row of dimmer entities is found attached to it. Although, this
type of pattern is characteristic for the islands, it is important to note that a
multitude of slight modiﬁcations was observed.

6.4

Increasing coverage

Upon increasing coverage at room temperature, cysteine forms close-packed
hexagonal overlayers as shown in Fig. 53. Locally, a (2 × 2) structure can be
identiﬁed in Fig. 53a in the upper part of the image, but slight perturbations
of this structure are frequently observed, as exempliﬁed in the lower part of
the STM image, and the (2 × 2) pattern is thus not well developed on a large
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Figure 51: Zoom-in on the ordered structure obtained after evaporation of
cysteine onto Au(111) held at room temperature.
(a) Image recorded with a changing tip, demonstrating two diﬀerent imaging
modes for the ordered overlayer. Image size: 200 Å×115 Å. (b) High-resolution
image of the overlayer as imaged in the lower part in panel (a). A rectangular
unit cell with d = 12 Å is marked in the image. Image size: 70 Å×70 Å.
(c) High-resolution image of the overlayer recorded with a diﬀerent tip state.
Same image size.
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Figure 52: STM images showing the internal structure of the cysteine islands
after annealing the sample to 380 K.
(a) Cysteine island with a perturbed surrounding herringbone reconstruction.
Image size: 500 Å×500 Å. (b) Zoom-in on a characteristic region of the islands.
Image size: 100 Å×100 Å.

scale. In some areas, several cysteine molecules are apparently missing in the
close-packed overlayer, leading to dark rows with a characteristic “zig-zag”
appearance in the STM images. This phenomenon is presented in the STM
image in Fig. 53b.
After annealing √
the high-coverage
structures at 380 K, the whole surface is
√
covered with a ( 3 × 3)R30◦ structure, that is locally well developed, but
with a tendency to form elongated regions (Fig. 54a). A high-resolution image
is displayed
√ in the inset, locally disclosing a hexagonal pattern consistent with
√
a ( 3 × 3)R30◦ structure. Furthermore, about 2.4 Å deep holes are observed
within the molecular layer. The depth of the holes corresponds well with the
step height of 2.35 Å on Au(111), suggesting these holes to be monatomic holes
in the gold surface, as frequently observed for alkanethiol ﬁlms on Au(111) [46].
In Fig. 54b a hole within the ﬁlm is depicted, disclosing the underlying bare
gold surface with a monatomic
√hole in the centre. The bottom of this hole
√ deep
is covered by molecules in a ( 3 × 3)R30◦ arrangement. No indication
√ could,
√
however, be found for the c(4 × 2) superstructure on top of the ( 3 × 3)R30◦
structure, which has been reported before for alkanethiol SAMs on Au(111)
[122, 198].
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Figure 53: High-coverage structures at room temperature.
Ordered overlayers are shown, obtained after high-coverage evaporation of cysteine onto Au(111) held at room temperature. Areas of diﬀerent structures
are found, exhibiting several variations of a hexagonal pattern. Image sizes:
150 Å×150 Å (a) and 200 Å×200 Å (b).

6.5

Discussion

At low temperatures, the formation of unordered islands nucleating in the elbows of the herringbone reconstruction and growing from the step edges was
disclosed. Depending on the coverage, several coexisting structures were observed at room temperature, including an ordered structure, which preserves
the underneath herringbone reconstruction. This indicates that the cysteine
molecules interact only weakly with the underlying substrate. In particular,
a sulphur-gold bond formation, commonly observed for thiols on Au(111) and
reported in many studies on cysteine on gold [136–138, 143], seems unlikely on
the basis of this observation. Coexisting with this ordered layer, unordered
islands were observed, which grow in size upon increasing exposure.
When annealing at 380 K, the observed ordered structure vanishes and local ordering is introduced in the previously unordered cysteine island. The
surrounding herringbone reconstruction was found to be aﬀected by the cysteine islands. This suggests that a transition from the physisorbed to the
chemisorbed state may have taken place upon annealing, most likely involving
a covalent sulphur–gold bonding.
Upon increasing coverage at room temperature, a (2 × 2) cysteine structure
was found locally. This structure is, however, characterised by various pertur104
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Figure 54: High-coverage structure after annealing.
√
√
(a) Upon annealing the high-coverage structure, a ( 3 × 3)R30◦ superstructure is formed locally. This overlayer is imperfect at a large scale and possesses
holes of 2.4 Å depth. Image size: 500 Å×500 Å. Inset: High-resolution image
√
√
of the ( 3 × 3)R30◦ superstructure, demonstrating some local ordering. Image size: 100 Å×100 Å. (c) Holes within the cysteine layer disclosing the bare
gold surface with a monatomically deep hole covered by molecules. Image size:
500 Å×500 Å.

bations and poor ordering on√a larger
√ scale. Annealing of these cysteine ﬁlms
leads to the formation of a ( 3 × 3)R30◦ structure, in agreement with the
results presented previously for a cysteine layer deposited from solution [136].
This adlayer is only locally ordered and many monatomic holes are observed
in the overlayer.
The variety of coexisting adsorption structures obtained upon cysteine deposition is remarkable. In contrast
√ the commonly reported observation of a
√ to
strongly bound, chemisorbed ( 3× 3)R30◦ thiolate layer on Au(111), cysteine
apparently forms a multitude of diﬀerent overlayers, which may be explained
by diﬀerent arrangements of the functional groups within the structures. The
present study illustrates that coexisting molecular structures are quite common
even for this small molecule.
Compared to the results on the Au(110) surface, the experiments on the less
corrugated Au(111) surface revealed a larger inﬂuence of the molecule-molecule
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interactions on the structure formation compared to the molecule-substrate interactions, since several overlayers are identiﬁed on Au(111) with no or only little dependence on the particular surface geometry. Especially the ordered overlayer observed at room temperature demonstrates the weak molecule-substrate
interaction. In contrast to the situation on Au(110), the molecules appear
to be physisorbed at room temperature, and the transition to the dehydrogenated cysteinate species occurs ﬁrst after annealing the sample. This may
be explained by the reduced reactivity of Au(111) compared to Au(110).
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Dodecanethiol on Cu(110)

The adsorption of dodecanethiol (CH3 (CH2 )11 SH) ﬁlms on Cu(110) by vapor
deposition under UHV conditions was studied in cooperation with S. Vollmer,
G. Witte and Ch. Wöll from the University of Bochum, Germany. The
TPD, XPS and LEED experiments presented in this chapter were performed
by S. Vollmer.
This combined TPD, STM, XPS, and LEED study emphasises the structural changes accompanying the transition from a physisorbed monolayer to
a chemisorbed saturation structure. Adsorption at 110 K leads to the formation of an ordered physisorbed layer with ﬂat-lying thiol molecules. Upon
room-temperature deposition, initially an ordered pin-stripe phase is formed
which may be a molecular double layer. This layer transforms with time into a
stable saturation structure of upright-tilted thiolates in a local c(2×2) arrangement that exhibits a long-range c(12 × 16) modulation, attributed to a moiré
pattern. The XPS measurements show that the room-temperature saturation
structure contains a fraction of sulphide species formed by partial decomposition and desorption of alkyl chains. At 400 K, the thiolate monolayer desorbs
dissociatively, eventually resulting in a p(5 × 2) sulphur structure.

7.1

Introduction

Ultrathin molecular ﬁlms, or self-assembled monolayers (SAMs), have attracted
considerable interest, not least because of their promising technical applications in versatile ﬁelds such as lubrication, corrosion protection, high-resolution
lithography or bio-chemical surface functionalisation [98, 199].
To date, the main body of data has been collected for monolayers of alkanethiols
(CH3 (CH2 )n−1 SH) on Au(111), partly because this system is considered to be
prototypical for SAM formation, but also because such ﬁlms are comparatively
easy to prepare by immersion of a gold sample into a thiol solution [46, 104].
Using an alternative preparation method, vapor-phase deposition, it has proven
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possible to trace the individual steps by which SAMs form in such systems,
starting from mobile, physisorbed thiol molecules followed by dehydrogenation
to chemisorbed thiolate species [102, 200, 201].
Whereas no lateral ordering has been observed for the physisorbed alkanethiol
molecules, a highly ordered “pin-stripe” thiolate phase, formed from molecules
adsorbed with their backbone nearly parallel to the surface, has been identiﬁed at low coverages. With increasing coverage several thiolate phases are
formed, accompanied by a continuous molecular upright tilting until a homogenous and well-ordered, close-packed thiolate saturation phase is formed [202].
This transition can be reversed by partial desorption from the saturated monolayer [47, 103, 203, 204].
Compared to the case of gold, signiﬁcant diﬀerences have been observed for
alkanethiol ﬁlms on other transition metals such as copper [205]. For example, an adsorption-induced reconstruction has been found for the Cu(111) surface [206], and a coexistence of thiolate and sulphide species has been identiﬁed
in the saturated monolayer on Cu(100) [207]. Such observations demonstrate
the need to extend the existing database on the ordering mechanisms and properties of thiolate monolayers to a larger range of substrates.
The current picture of the formation of alkanethiol SAMs on copper surfaces
follows that for gold with some deviations. From He atom scattering, physisorbed alkanethiol molecules have been shown to lie ﬂat on copper surfaces,
but no lateral ordering has been observed for these ﬁlms [208]. No ordered
low-coverage thiolate phase with molecules lying prone on the surface has hitherto been observed on copper neither. An ordered phase where the molecules
stand upright with tilt angles between 12◦ and 25◦ , almost independently of
the molecular chain length (n=6-16), has been identiﬁed from near edge X–ray
absorption ﬁne structure (NEXAFS) measurements on various low Miller-index
copper surfaces [209–213]. Annealing of such monolayers causes molecular dissociation with the sulphur remaining at the surface.
In this study, the adsorption of dodecanethiol (n=12) on a Cu(110) surface is
reported, using TPD, variable temperature STM, XPS, and LEED. The main
focus of the present study is on the structural changes that accompany the
transition from an initially physisorbed layer to a close-packed layer of dehydrogenated thiolate molecules. The study of this transition has, in part, been
enabled by the appropriate choice of an alkyl chain length for the alkanethiol
molecule: Since the molecular physisorption energy increases with the chain
length [102] which is reﬂected by the temperatures for desorption and transition
from physisorbed to chemisorbed states, the transition rate at room temperature is reduced for longer thiols and thus allows a detailed study of the intermediate phases. Previous structural studies were not suited for the investigation
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of the physisorbed phase and the subsequent transition since they were performed at room temperature and with short alkanethiols (n<8) [206, 214–216].
The main results from the present multi-technique investigation can be summarised as follows. At the lowest temperature investigated, 110 K, an ordered
layer of physisorbed molecules is found, lying ﬂat on the surface. At room
temperature, a transition from a physisorbed to a chemisorbed state occurs.
Two transient
“pin-stripe” structures are observed which can be designated

and
c(2
× 8) unit cells, respectively. Interestingly, indications exist
by 81−2
1
that the former structure is a molecular double layer on top of the c(2 × 8)
structure. Still at room temperature, these transient structures convert with
time into a structure where the molecules are standing up, locally with an approximate c(2 × 2) arrangement, but exhibiting a long-range moiré modulation
resulting in a c(12 × 16) unit cell. Within a few hours, or by brieﬂy heating
to 345 K, a partial dissociation of the molecules of this saturated thiolate ﬁlm
is observed, leading to the coexistence of chemisorbed sulphide and thiolate,
while maintaining the c(12 × 16) moiré pattern. Upon annealing above 400 K,
dodecanethiol desorbs dissociatively, resulting in a p(5 × 2) sulphur structure.
The STM images were typically recorded with a bias of -1.25 V applied to the
sample and a tunnelling current of ∼0.6 nA. These parameters were found to
be non-destructive since an inﬂuence from the scanning process on the thiol
ﬁlm was only observed if the tunnelling current was increased to about 4 nA.

7.2

TPD results

To survey the adsorption states of dodecanethiol on Cu(110), ﬁrst the results
from TPD measurements are described. Because of a high fragmentation probability of dodecanethiol upon ionisation in the mass spectrometer, TPD spectra
were recorded simultaneously for the mass of the entire molecule (m = 202)
and the C3 H5 -fragment (m = 41) which was found to be the most probable
fragment in the dodecanethiol gas-phase mass spectrum. Figure 55a shows a
typical TPD spectrum obtained after exposing the Cu(110) surface to 200 L
dodecanethiol (1 L ≡ 1 × 10−6 torr·s) at a sample temperature of 170 K. Three
diﬀerent desorption peaks are observed at temperatures of 242, 362 and 392 K,
respectively. Whereas the low-temperature peak could be measured for the
mass of the entire molecule and the C3 H5 -fragment, the other two peaks appeared only for the fragment. A similar result has been observed previously
for the desorption of heptanethiol from Cu(110) [213] as well as for various
alkanethiols on Cu(100) [207]. In analogy to these studies, the lower temperature peak is attributed to multilayer desorption while the other desorption
peaks reﬂect the dissociative desorption of alkyl chains upon sulphur–carbon
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Figure 55: Thermal desorption spectra for dodecanethiol on Cu(110).
Series of TPD spectra for dodecanethiol adsorbed on Cu(110) recorded for the
mass of the molecule ion (m/z = 202; grey line) and of the most prominent
fragment C3 H5 (m/z = 41; black line), at a heating rate of β = 2 K/s (a) for a
multilayer ﬁlm after exposure of 200 L at 170 K, (b) for a saturated monolayer
(250 L) prepared at room temperature and (c) a saturated monolayer after
additional annealing at 345 K for 10 min. The shaded region around 340 K
indicates the desorption temperature of physisorbed dodecanethiol estimated
from an extrapolation of the corresponding desorption temperatures of shorter
alkanethiols (see discussion section). Spectra courtesy of S. Vollmer.

bond breaking, which is characteristic for alkanethiolate ﬁlms on copper surfaces [207, 213]. The presence of a double peak is tentatively attributed to two
slightly diﬀerent adsorption geometries for the thiolates.
Activation energies of 63 kJ/mol for desorption, and 95 kJ/mol and 103 kJ/mol
for dissociation, respectively, were calculated from the temperatures of the corresponding desorption peak maxima by applying the Redhead formula [64] with
a typical pre-exponential factor of 1013 s−1 (see equation 10).
To enable comparison with the STM data presented below, TPD spectra were
measured for two other adsorption conditions. First, TPD spectra were recorded directly after saturating the surface with thiols at room temperature
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(Fig. 55b), in which case the same high-temperature desorption doublet is observed. Second, TPD spectra were recorded after annealing such a saturated
monolayer for 10 min at 345 K. As shown in Fig. 55c, this leads to a quenching
of the lower temperature peak of the doublet, while the desorption peak at
392 K remains.

7.3
7.3.1

STM results
Low-temperature deposition

Upon deposition of dodecanethiol at 110 K, an ordered overlayer is formed,
as shown in the STM image in Fig. 56a. The overlayer structure consists of
elongated features approximately 6 Å wide and 17 Å long, stacked in parallel to
form rows. The size of these molecular features agrees well with the length of
a dodecanethiol molecule (15.2 Å), suggesting that the molecules are adsorbed
parallel to the surface. Comparing STM images of this thiol structure to images
of the bare surface, it is found that the main axis of the molecules is rotated by
± 6◦ with respect to the [110] direction of the substrate. The rotation leads to
two mirror domains as indicated by the grids superimposed in the STM image
(see Fig. 56a).
The existence of ordered domains implies that individual molecules are mobile
at 110 K. They diﬀuse on the surface until they are incorporated into the
close-packed domains and become immobile. This picture is supported by the
STM ﬁnding that the ordered domains have fuzzy edges, which is ascribed to
molecules attaching and detaching in equilibrium with a surrounding lattice-gas
phase.
7.3.2

Room-temperature deposition

Next, results obtained by depositing and imaging the molecules at room temperature are presented. Upon gradually increasing the exposure, clear evidence
for adsorbed dodecanethiol was not observed until the surface was completely
covered by an unordered molecular layer. This layer developed within few
minutes into the ordered structures discussed below. The failure to observe dodecanethiol at submonolayer coverage is attributed to a high molecular mobility
on the unsaturated surface at room temperature. This is further supported by
the ﬁnding that the STM images recorded at low coverage show a high degree
of noise and streakiness. Figure 56b shows a large-scale STM image of the
dodecanethiol monolayer after room-temperature saturation. Two coexisting
structures (denoted α and β) can be identiﬁed, with the α phase existing as
two reﬂection domains, α1 and α2 . A high-resolution STM image of the α2
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Figure 56: Dodecanethiol on Cu(110) at 110 K and at room temperature.
(a) STM image (283 Å×274 Å) recorded at 110 K after dodecanethiol adsorption at 110 K. Two reﬂection domains of an ordered overlayer (marked
by grinds) are seen. (b) STM overview (1830 Å×1770 Å) recorded at room
temperature after dodecanethiol deposition at room temperature showing the
coexistence of the transient α structure with two reﬂection domains (α1 , α2 )
and the β structure.

structure is depicted in Fig. 57a. The structure consists of elongated entities
arranged in rows to give the characteristic striped appearance seen in Fig. 56b.
The periodic length along/perpendicular to the stripes amounts to 4.4 Å and
21.6 Å, respectively, and the stripes are oriented at angles of ± 55◦ with respect
domains. In matrix notation, the
to the [110] direction for the tworeﬂection

−2
α phase can be described by the ±8
±1 1 unit cell shown in Fig. 57a. A height
proﬁle of the α structure is shown in Fig. 57e, disclosing a corrugation of about
0.9 Å. The STM images do not allow an unambiguous determination of the detailed molecular arrangement within this layer. To relate the structure of the α
phase to the size of the dodecanethiol molecules, however, a possible molecular
adsorption geometry, consisting of molecules adsorbed parallel to the surface
with their sulphur atoms at the bright terminations of the elongated features,
is indicated in Fig. 57a. At some places, features were observed, which appear
to be holes in the α ﬁlm, as indicated by the arrow in Fig. 57b. As can be seen
in the height proﬁle depicted in Fig. 57f, these holes have a depth of about
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Figure 57: High-resolution STM images of dodecanethiol structures at room
temperature.
(a) Image (85 Å×83 Å) showing one reﬂection domain of the transient α
structure. A tentative structure suggestion is given by sketched lying-down
molecules. (b) Image (637 Å×616 Å) showing a hole in the α structure with
the underlying γ structure. (c) Zoom-in on the γ structure (122 Å×118 Å).
One unit cell is indicated corresponding to a c(2 × 8) structure. (d) β structure
exhibiting a c(2 × 2) structure with a c(12 × 16) moiré pattern. A c(12 × 16)
unit cell is marked (187 Å×177 Å). (e-f) Height proﬁles of the lines marked in
the images (a), (b) and (d).

0.7 Å. The structure found at the bottom of the holes, denoted γ, is depicted
at high resolution in Fig. 57c. The γ structure exhibits periodicities of 5.1 Å
and 28.9 Å along the [110] and [001] directions, respectively, corresponding to
a c(2×8) unit cell as shown. A tentative explanation for the molecular adsorption geometry in the γ structure is superposed on the STM image in Fig. 57c.
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The observation of the γ structure suggests the interesting possibility that the
α phase described above may be a molecular double layer.
A zoom-in on the β structure is shown in Fig. 57d. This structure exhibits
a characteristic long-wavelength modulation with a corrugation amplitude of
approximately 1.1 Å, as can be seen in the line scan in Fig. 57g. The centreto-centre distances between the protrusions of this long-range pattern are 31 Å
and 58 Å along the [110] and [001] directions, respectively, corresponding to
a c(12 × 16) structure (indicated in Fig. 57d). By zooming further in on this
β structure, a molecular-level ﬁne structure is revealed which appears to be
consistent with a local c(2 × 2) arrangement of the adsorbed species (a comparatively high noise level in these images prevents direct, unequivocal identiﬁcation of long-range c(2 × 2) order in this layer). The β structure is attributed
to molecules in an upright geometry and, as will be discussed in more detail
below, the c(12 × 16) modulation is ascribed to a moiré pattern resulting from
a mismatch between the overlayer of the approximate c(2 × 2) structure and
the underlying substrate.
To directly investigate the evolution over time of the molecular overlayer structures, series of consecutive STM images were acquired of the same area on the
surface (STM movies). By following the area depicted in Fig. 56b for 130 minutes at room temperature it was found that the two reﬂection domains of the α
structure convert reversibly into each other. More interestingly, both α structures could be seen to convert into the β structure. This eventually resulted in
the β phase covering the entire surface after about two hours, demonstrating
that this phase is the energetically most favourable. It is noteworthy, however, that the reverse β to α conversion was also observed occasionally at the
boundaries between these phases, demonstrating a local reversibility of the
phase transition.
If the saturated monolayer formed at room temperature is annealed at 345 K
for 10 minutes, a β  structure shown in Fig. 58 is formed. This structure differs only slightly from the β structure observed at room temperature and still
reveals the long-range order associated with the c(12 × 16) moiré pattern. A
probable reason for the diﬀerent appearance of the two structures may be the
onset of a partial dissociative desorption, as evidenced by the above-mentioned
TPD results and the XPS measurements discussed in the following.
When the molecular ﬁlm is annealed above 420 K, the molecules desorb dissociatively resulting in a p(5 × 2) sulphur structure as also observed by other
authors [217].
Finally, it is noted that the evaporation of dodecanethiol at room temperature
introduces step-faceting, changing the steps of the clean Cu(110) surface into
the rectangular step features noticeable in Fig. 56b. This eﬀect becomes even
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Figure 58: Saturation dodecanethiol structure after annealing at 345 K.
STM image of the saturation structure (845 Å×826 Å) after annealing the β
phase at 345 K for 10 min, resulting in a slightly modiﬁed β  structure.

more pronounced when the β structure is fully developed. This step faceting
evidences a substantial mobility of the substrate atoms at room temperature
and/or possible adsorbate-mediated substrate modiﬁcations.

7.4

XPS results

To identify and characterise the diﬀerent chemical adsorption states, variabletemperature XPS measurements were carried out. Fig. 59 shows a comparison
of S 2p and C 1s XP spectra for dodecanethiol ﬁlms on the Cu(110) surface
taken after an exposure of about 10 L at 110 K and after saturating the surface at 300 K and 350 K, respectively. All spectra have been referenced to a
Cu 2p3/2 line energy of 932.4 eV [218]. To determine the exact peak positions,
the S 2p doublets were ﬁtted by two gaussian curves with a ﬁxed intensity ratio
of I3/2 /I1/2 = 2 and a ﬁxed energy separation of 1.3 eV. While the position of
the carbon peak remains almost constant at 285 eV, a temperature-dependent
shift of the S 2p3/2 binding energy was observed. A ﬁt to the room-temperature
data yielded a S 2p3/2 binding energy of EB =162 eV. By comparison, the
sulphur peak observed for the low-temperature preparation is substantially
broader and can be decomposed into two S 2p doublets with S 2p3/2 binding
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Figure 59: XP spectra for dodecanethiol ﬁlms.
Series of XP spectra of the S 2p3/2 and C 1s peaks for dodecanethiol ﬁlms
prepared at 110 K (about 10 L) and for saturation dosage (200 L) at 300 K
and 350 K. The data (grey circles) have been ﬁtted by a set of one and two
gaussian curves for carbon and sulphur, respectively. The two sulphur doublets
at low temperature can be attributed to a physisorbed monolayer (solid line)
and thiol multilayers (dashed line). Spectra courtesy of S. Vollmer.

energies of 162.8 and 164.0 eV. A very similar result has been observed recently
in a high-resolution XPS study of the adsorption of butanthiol on Cu(110) by
employing synchrotron radiation. In that study, a physisorbed thiol monolayer
and thiol multilayers could clearly be distinguished, and corresponding S 2p3/2
binding energies of 162.6 eV and 164.0 eV have been determined. The present
low-temperature measurements thus indicate a coexistence of a physisorbed
monolayer and a thiol multilayer. The reduction of the sulphur binding energy
by about 1 eV when going to room temperature has been observed before also
for other alkanethiols on copper surfaces and reﬂects the thiolate formation
upon deprotonation of the sulphur headgroup [207, 213, 219].
The analysis of the corresponding peak intensities, determined by integration of the ﬁtted Gaussians after a linear background subtraction, yielded a
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Figure 60: Evolution of the intensity ratio of the C 1s and S 2p3/2 XP peaks.
Evolution of the intensity ratio of the C 1s and S 2p3/2 XP peaks for dodecanethiol adsorbed at room temperature as a function of (a) time and (b) the
subsequent annealing temperature. The data of panel (b) were all recorded at
room temperature after the sample was held at the displayed annealing temperatures for 1 min. Data courtesy of S. Vollmer.

C 1s/S 2p3/2 intensity ratio of 12.6±1 for 110 K, while the ratio increases to
16.2±1 for a ﬁlm preparation at 300 K. This change is attributed to an enhanced
attenuation of the electrons originating from the sulphur atoms through the upright tilted alkyl chains [209–211] of the saturated thiolate phase compared to
the ﬂat-lying, physisorbed alkanethiol molecules on copper [208]. By following
the XPS intensities as a function of time, the changes in the saturated monolayer ﬁlms could be followed. As shown in Fig. 60a, the C 1s/S 2p3/2 intensity
ratio decreases from an initial value of 16.2±1 after preparation to about 12±1
within 200 min and subsequently remains constant at this level for a further
800 min. A similar reduction of the C 1s/S 2p3/2 intensity ratio was observed
upon a brief annealing of the thiolate ﬁlm to 350 K. Since the close packing of
the saturated thiolate monolayer does not allow the molecules to tilt downwards
again, this decrease in the ratio is explained by a partial degradation of the
dodecanethiol ﬁlm causing the carbon intensity to decrease while the sulphur
coverage remains essentially constant. The alkyl-chain density is estimated to
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be reduced by about 20-25% at room temperature after equilibration.
A similar change in intensities was observed previously for various alkanethiol
ﬁlms on Cu(100) [207], where it was shown that the partial deterioration was
not caused by radiation-induced damage. To exclude radiation damage in the
present experiment, the recording time for each XP spectrum was limited to
about 10 min and the X–ray source was switched oﬀ between the diﬀerent measurements.
It is noteworthy that a small shift of the sulphur S 2p3/2 binding energy to
EB =161.5 eV accompanies the decrease in the C 1s/S 2p3/2 intensity ratio
upon annealing at 345 K (see Fig. 59). Unfortunately, the resolution in the
present experiments was not suﬃcient to directly resolve the anticipated sulphide species in the XPS data. It is, however, noted that the presence of such
a sulphide species has been clearly identiﬁed in a recent high-resolution XPS
experiment using synchrotron radiation.
Upon additional annealing at elevated temperatures, a further decrease of the
C 1s/S 2p3/2 intensity ratio was observed, as shown in Fig. 60b. The corresponding XP spectra were all recorded at room temperature after the sample
was held at the indicated temperature for about 1 min. The intensity ratio
starts to decrease already slightly above room temperature and vanishes almost completely after heating to 400 K. This reﬂects that at temperatures
above 400 K, a complete dissociative desorption of all alkyl chains occurs with
the sulphur remaining at the copper surface, in good agreement with the conclusions from the TPD and STM measurements.

7.5

LEED results

LEED measurements were carried out to further characterise the long-range
ordering of the dodecanethiol ﬁlms. To prevent possible electron beam damage to the ﬁlm, all LEED measurements were performed with a microchannelplate LEED system operated with an incident electron beam current of
typically 100 pA. In view of the soft external vibrational modes of thin organic ﬁlms [208, 220], which lead to a strong Debye–Waller attenuation of
the diﬀraction peaks, the sample was cooled to a temperature below 120 K after preparation before recording the LEED pattern. Attempts to observe any
diﬀraction pattern for a physisorbed dodecanethiol layer prepared by exposing
the sample held at 120 K were not successful. Instead, only an enhanced diﬀuse
background signal was obtained.
After saturating the Cu(110) surface with dodecanethiol at room temperature,
rather broad diﬀraction peaks at c(2 × 2) positions were obtained accompanied
by an enhanced diﬀuse background as displayed in Fig. 61a. Although, these
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Figure 61: LEED pattern for a room-temperature saturation structure of dodecanethiol on the Cu(110).
(a) LEED pattern for a room-temperature saturation structure of dodecanethiol on the Cu(110) surface taken at an incident energy of 27 eV. For
comparison a LEED pattern (Ei = 73 eV) for a saturated ethanethiolate monolayer on Cu(110) is displayed in (b). Both diﬀraction patterns were recorded at
TS = 120 K. For clariﬁcation the diﬀraction pattern of a c(12 × 16) structure is
shown in panel (c) together with the unit cells of the superstructure (grey parallelogram) and the substrate (dashed rectangle). The visible diﬀraction spots
(ﬁlled grey circles) are located near the c(2×2) positions. Images courtesy of
S. Vollmer.

spots clearly show an internal intensity modulation, analysis of the underlying
superstructure is hampered by a weak contrast. Previous studies have shown
that saturation thiolate structures on various copper surfaces do not depend
on the chain length [206, 207, 214], while the contrast of the corresponding
LEED patterns decreases with increasing chain length due to an attenuation
of the diﬀraction intensity by the chains itself [207]. Inspired by these observations and to facilitate a more detailed structure analysis, additional LEED
data were recorded for saturated monolayers of shorter alkanethiols with chain
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length ranging from n=2-7 on the Cu(110) surface. Figure 61b displays the corresponding LEED pattern for ethanethiol, which has a structure identical to
those obtained for the other chain lengths. A narrow mesh of diﬀraction spots
is clearly observed, as depicted schematically in Fig. 61c, in agreement with a
c(12 × 16) superstructure. Since diﬀraction spots were only observed near the
c(2 × 2) positions, these data can be interpreted in terms of a moiré pattern
consisting locally of a c(2 × 2) structure with a slight lattice mismatch forming
the large c(12 × 16) unit cell as shown schematically in Fig. 61c. The LEED
data for the ethanethiolate monolayer is thus consistent with the large-scale
periodicity observed in the STM images for the saturated dodecanethiol layer.
Returning to the LEED data for dodecanethiol, it is noted that no diﬀraction
pattern was found corresponding to the intermediate pin-stripe phases observed
in the STM measurements. After annealing the dodecanethiol ﬁlm (as well as
the ﬁlms of the shorter alkanethiols) above 400 K, a sharp p(5 × 2) LEED pattern was observed, in agreement with the STM observation of such a sulphur
structure [217].

7.6

Discussion

In the following discussion, the diﬀerent observations from the present multitechnique study of the adsorption of dodecanethiol on Cu(110) will be interrelated and related to ﬁndings published in literature in order to form a coherent
picture.
Adsorption of dodecanethiol at low temperatures (110 K) leads to the formation of a physisorbed layer with an ordered, pin-stripe structure exhibiting two
reﬂection domains (see Fig. 56a). The STM data suggests an orientation of
the molecules parallel to the surface which is corroborated by the C 1s/S 2p3/2
intensity ratio in the corresponding XPS measurements. The same molecular
orientation has been derived from an analysis of the low-energy vibrational
modes for heptanethiol physisorbed on Cu(110) [208].
It is interesting to compare this physisorbed phase with the monolayer structure
adopted by saturated hydrocarbon chains on the same surface. For octane on
Cu(110), a p(5 × 6) monolayer structure has been identiﬁed in which the alkane
molecules are aligned with the close-packed [110] direction of the anisotropic
surface. In the present low-temperature dodecanethiol ﬁlm, the molecules are
rotated by ± 6◦ with respect to the close-packed direction, demonstrating the
important inﬂuence of the endgroups on the resulting ﬁlm structure.
The low-temperature physisorption structure could not be observed by LEED.
This is attributed to the wide spread of diﬀraction spots due to the large unit
cell size together with the domain structure and the small scattering cross sec120
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tion of sulphur and carbon compared to the substrate which in combination
result in weak diﬀraction spots (especially at out-of-phase conditions with respect to the substrate).
The observed shift of the XP S 2p3/2 peak binding energy from 163 eV at 110 K
to 162 eV at room temperature indicates that a full or partial conversion from
physisorbed molecules to thiolates has occurred at the latter temperature. The
expected desorption temperature for physisorbed dodecanethiol molecules can
be obtained from extrapolation of the corresponding desorption temperatures
obtained for shorter alkanethiols. This is possible because the physisorption
energy scales almost linearly with the chain length due to the molecular adsorption geometry parallel to the surface [102]. By this approach, the expected desorption temperature for physisorbed dodecanethiol is estimated to
be 320 ± 10 K. This temperature band is indicated by the shaded region in
Fig. 55, but does not coincide with any of the desorption peaks. In fact, the
TPD signal for the mass of the entire molecule shows no spectral features above
the multilayer desorption peak at about 240 K. In combination with the XPS
results, this points to a complete conversion from dodecanethiol molecules to
chemisorbed thiolate species during the thermal ramp of the desorption measurements. On the other hand, the chemical transition rate is reduced at room
temperature, where typical conversion times of up to several hours were found
from the time-lapsed XPS data of Fig. 60a. This allows the observation by
room-temperature STM of several intermediate structures appearing during
the formation of a saturated thiolate layer.
Upon evaporation of dodecanethiol at room temperature, an initial surface mobility was inferred from inabilities in STM imaging at submonolayer coverages.
Again, this suggests that the individual molecules are initially adsorbed in a
physisorbed precursor state, and only become observable with STM once the
molecules form a continuous island or ﬁlm.
The ﬁrst ordered structure formed
upon room-temperature deposition is the

unit
cell. With time, this structure converts
pin-stripe α phase with a 81−2
1
into the β phase characterised by local approximate c(2 × 2) order and a long
wavelength moiré modulation described by a c(12 × 16) unit cell.
It may seem tempting to equate the physisorption to chemisorption transition
observed with XPS and TPD with the structural α to β phase transition observed by STM. Since a hydrogen atom is, however, lost upon dehydrogenation
to form chemisorbed thiolate species, the local reversibility of this phase transition, as seen in the STM movies at the boundaries between the two phases,
strongly suggests that the molecular species in both the α and β phases are in

121

7.6

Discussion

7 DODECANETHIOL ON CU(110)

the same, chemisorbed, state.12
The saturated monolayer of the β structure is thermally metastable. Already
gentle annealing of the ﬁlm at 345 K leads to a partial, dissociative desorption
of the alkyl chains and causes a reduction of the ﬁlm density. This is evidenced
by the observed decrease in the C 1s/S 2p3/2 intensity ratio in the XPS data.
Interestingly, the resulting β  structure has essentially the same structure as
the β structure, as seen by STM. The time-lapsed XPS measurements shown
in Fig. 60a indicate that a similar partial degradation of the ﬁlm takes place at
a time scale of several hours already at room temperature. The stable roomtemperature saturation phase is thus demonstrated to comprise coexisting thiolate and sulphide species. Such an instability has been observed previously
for the adsorption of alkanethiols of various chain lengths on Cu(100) [207]
and thus seems to be quite general for the adsorption of thiolates on copper
surfaces.
Heating the saturated ﬁlm above 400 K causes a complete dissociative desorption of the alkyl chains, as observed by XPS and TPD, and leads to the
formation of locally ordered domains of a p(5 × 2) sulphur structure identical
to the one observed earlier upon deposition of sulphur on Cu(110) [217].
Now the β structure is discussed in further detail. In general, the formation
of a moiré pattern can be explained by a coincidence mesh between two layers
with a slight lattice mismatch. In the present case, this could be realised either
by a periodic substrate relaxation or by a slight expansion/compression of the
molecular overlayer away from a commensurate c(2 × 2) structure (as shown
schematically in Figs. 62a and b, respectively). Although the appearance of
surface stress upon chemisorption of molecules has been demonstrated [221], a
stress-release pattern being the reason for a periodic substrate surface relaxation seems unlikely in the present case, since no evidence for such a modulation
was found even for the stronger bound sulphur in the bare p(5 × 2) structure
after thermal desorption of the alkyl chains. A primitive c(2 × 2) structure on
the Cu(110) surface (i.e., with one molecule per unit cell) yields a molecular
packing area of 18.4 Å2 per molecule, very close to the molecular packing area
of 18.6 Å2 found in bulk alkanethiols. A closer inspection discloses, however,
very anisotropic nearest-neighbour distances. While the molecules are separated by 5.1 Å along the [110] direction, the separation is only 4.4 Å along
[111] compared to a spacing of 4.6 Å in a hexagonally close-packed conﬁguration. A driving force for small relaxations in the c(2×2) structure could thus be
a tendency of the alkane chains to maintain an isotropic intermolecular packing
12 Rehydrogenation of the molecules in the β phase to allow a transition from chemisorbed
to physisorbed molecules seems unlikely as the strong sulphur–copper interaction does not
favour reformation of the comparatively weak sulphur–hydrogen bond.
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Figure 62: Origin of the observed moiré pattern.
Panels (a) and (b) illustrate two possible reasons for the appearance of the
c(12 × 16) moiré pattern. (a) A c(2 × 2) phase with an additional modulation
of the substrate (large parallelogram) due to a stress release pattern and (b) an
anisotropically relaxed c(2×2) overlayer (the overlayer is compressed in the [110]
direction to place seven molecules over 12 copper atoms and expanded in the
[001] direction to place seven molecules over 16 copper atoms). (c) STM image
showing the moiré pattern observed at room temperature. (d) Simulated moiré
pattern resulting from a simple hardball stacking model of structure (b). This
modiﬁcation results in an almost hexagonal overlayer with (12 × 16) periodicity.

distance close to the bulk value. Using a simple hardball stacking model, the
coincidence meshes for a large variety of modiﬁed c(2 × 2) overlayers have been
explored on an unperturbed (110) substrate, resulting in moiré periodicities
with, or close to, the experimentally observed c(12 × 16) unit cell. The best
agreement with the STM data is found for the model displayed in Fig. 62b,
obtained by anisotropic relaxation of a c(2 × 2) overlayer involving a 14% com123
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pression in the [110] direction and a 14% expansion in the [001] direction. These
relaxations yield an almost hexagonal overlayer with a molecular packing area
of 18.0 Å2 . This model clearly reproduces the protrusions (Fig. 62d) indicated
in the STM image (Fig. 62c), but in addition exhibits a number of slightly
smaller protrusions along the [110] direction. These additional protrusions in
the model are not seen in the STM image, but interconnections seem to exist between the experimentally observed protrusions along the [110] direction,
whereas no interconnections are present for other high-symmetry directions in
the STM image. These interconnections are even more pronounced after annealing, as shown in Fig. 58. The lack of complete agreement between the
STM image and a simple hardball stacking model on an unperturbed substrate
suggests that the observed moiré pattern may result from a more complicated
mechanism, perhaps also involving a lateral relaxation of the copper substrate,
similar to that observed for a sulphate-covered Cu(111) surface [222].
No evidence of a pronounced reconstruction of the Cu(110) substrate underneath the dodecanethiol layer was found in the present STM and LEED data.
This is in contrast to the complete rearrangement of the top layer that has
been observed following the adsorption of thiols on Cu(111) [206, 214]. The reconstruction on Cu(111) has been attributed to the tendency of sulphur atoms
to occupy fourfold coordinated sites. The observed stability of the rather open
Cu(110) surface is likely to be explained by the availability of such speciﬁc adsorption sites in combination with the close agreement between the molecular
packing area in the β structure and in bulk alkanethiols. While the surface
terraces do not appear to reconstruct, it should be noted that signiﬁcant step
faceting occurred upon formation of the saturation structure, as seen from
Fig. 56b.
As mentioned earlier, indications exist that the α phase is a molecular bilayer.
First, high-resolution STM images, like the one shown in Fig. 57b, directly reveal features which appear to be holes within the α phase, exhibiting a c(2 × 8)
superstructure (γ phase). Second, the existence of a bilayer is corroborated
by the consideration of the molecular densities of the diﬀerent structures. The
2
2
area per molecule in the α and γ phases are 92.1 Å
 and 73.6 Å , respectively, if
±8 −2
one/two dodecanethiol molecules for each ±1 1 /c(2 × 8) unit cell is assumed,
as seems reasonable from the dimensions of the dodecanethiol molecules tentatively superposed on the corresponding STM images. The c(2 × 2) saturation
structure has a considerably higher molecular packing density with one upright
molecule per 18.4 Å2 . The observed local reversibility of the α to β phase transition can only be facilitated when extensive mass transport is not required.
Although the combined density of the α and γ structures do still not fully sufﬁce to provide the molecular density in the β structure, these considerations

124

7

DODECANETHIOL ON CU(110)

7.7

Conclusion

support the conclusion that the α phase is a molecular double layer.

7.7

Conclusion

The adsorption of dodecanethiol on a Cu(110) surface was studied by STM,
LEED, XPS, and TPD with particular emphasis on the transient structures
that appear upon formation of a saturated thiolate monolayer.
At the lowest temperature of 110 K, an ordered layer of physisorbed molecules
is observed. By choosing a fairly long-chained alkanethiol, the physisorption
energy becomes so large that the transition into chemisorbed species, i.e., thiolate formation, sets in before the desorption of the physisorbed species occurs.
This allows a number of intermediate adsorption structures to be observed at
room temperature. Two intermediate pin-stripe structures are observed and
indications exist that they are both part of a molecular double layer. These
structures transform into an approximate c(2× 2) saturation phase. This closepacked structure exhibits a long-range c(12 × 16) modulation. The saturated
thiolate ﬁlm is thermally metastable since the partial dissociative desorption of
about 25% of the alkyl chains was observed after several hours. The resulting
saturation structure consists of coexisting thiolate and sulphide species. Heating the saturated ﬁlm above 400 K causes a complete desorption of the alkyl
chains, resulting in a p(5 × 2) sulphur structure.
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Die vorliegende Arbeit befaßt sich mit der Adsorption von organischen und insbesondere biologisch relevanten Molekülen auf verschiedenen Metalloberﬂächen
im Ultrahochvakuum (UHV). Die vorwiegend eingesetzte experimentelle Technik ist die Rastertunnelmikroskopie (scanning tunnelling microscopy (STM)),
die es erlaubt, einzelne Atome und Moleküle auf einer metallischen Oberﬂäche
abzubilden. Ziel der Untersuchung ist ein tieferes Verständnis der intermolekularen Wechselwirkungen sowie der Wechselwirkungen zwischen den Molekülen
und der Oberﬂäche. Diese Wechselwirkungen, Coulomb-Anziehung, vander-Waals Wechselwirkung, Ausbildung von Wasserstoﬀbrückenbindungen
bis hin zu kovalenten Bindungen, bestimmen die Struktur, d.h. Ordnung und
Orientierung der Moleküle auf der Oberﬂäche. Durch eine geeignete Wahl von
Molekülen verschiedener Größe mit verschiedenen funktionellen Gruppen und
durch die Variation von Oberﬂächeneigenschaften können die relativen Einﬂüsse der wirkenden Kräfte variiert und letzendlich zur Herstellung deﬁnierter
Strukturen gezielt eingesetzt werden.
Eine vielversprechende Strategie zur schnellen und ökonomischen Herstellung
von geordneten Nanostrukturen mit deﬁnierten Eigenschaften ist die Ausnutzung von Selbstorganisation, self-assembly. Diese spontane, reversible Anordnung von Molekülen zu größeren, funktionalen Einheiten ist allgegenwärtig
in der belebten Natur, zum Beispiel bei der Entstehung eines so komplexen,
dreidimensionalen Gebildes wie eines Proteins aus einer linearen Kette von
Aminosäuren. Das Verständnis der Prozesse, die diese Selbstorganisation steuern, ist nicht nur notwendig für die Anwendung von self-assembly in der Nanotechnologie, es ist auch eine Voraussetzung, zentrale Prozesse der belebten
Natur zu verstehen.
Im Rahmen dieser Arbeit wurde die Adsorption zweier Moleküle, Dodecanthiol
und Cystein, auf Kupfer beziehungsweise auf Gold untersucht. Dodecanthiol
gehört zur Gruppe der Alkanthiole, die aufgrund der starken Wechselwirkung
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von Schwefel mit Goldoberﬂächen im Zusammenhang mit sogenannten selfassembled monolayers (SAMs) intensiv untersucht wurden und inzwischen zum
Paradebeispiel für self-assembly wurden. Alkanthiolstrukturen auf Kupfer dagegen wurden bisher nur wenig untersucht, und das vergleichende Studium der
sich bildenden Moleküllagen erlaubt Rückschlüsse auf den Einﬂuß der Substratoberﬂäche auf die Strukturbildung. In dieser Arbeit wurden der temperaturabhängige Übergang von einer physisorbierten Dodecanthiollage zu chemisorbiertem Dodecanthiol und die damit verbundene Veränderung der Molekülstrukturen auf der Oberﬂäche untersucht. Neben Aufnahmen mit dem Rastertunnelmikroskop wurden in Zusammenarbeit mit S. Vollmer, G. Witte und
Ch. Wöll von der Ruhr-Universität Bochum auch Röntgen-Photoelektronenspektroskopie Experimente durchgeführt.
Der Schwerpunkt dieser Arbeit aber liegt auf Adsorptionsexperimenten von
Cystein auf Gold. Cystein ist eine natürliche Aminosäure, d.h. es ist eine
der zwanzig Aminosäuren, die unter anderem für den Menschen zum Aufbau der Proteine notwendig sind. Darüber hinaus ist Cystein die einzige
natürliche Aminosäure, die eine Mercapto Gruppe (–SH) besitzt und damit
gleichzeitig zu der bereits diskutierten Klasse der Thiole gehört. Der Einﬂuß der
Oberﬂäche wurde durch Experimente auf zwei verschiedenen Kristallﬂächen,
(111) und (110), untersucht. Während auf der relativ gering korrugierten
Au(111) Oberﬂäche eine Vielzahl von leicht unterschiedlichen, geordneten wie
auch ungeordneten Molekülstrukturen existiert, spielt im Falle von Au(110)
aufgrund der rekonstruierten Oberﬂäche die deutlich ausgeprägtere Korrugation eine entscheidende Rolle für die Strukturbildung.
Abhängig von Temperatur und Bedeckungsgrad lassen sich auf Au(111) zahlreiche, leicht variierende Strukturen beobachten, die auf der Oberﬂäche koexistieren und auf die Wechselwirkung der drei funktionellen Gruppen von
Cystein zurückzuführen sind. Auf der (110) Oberﬂäche dagegen bilden sich
Strukturen, die auf der Wechselwirkung mit der Oberﬂäche basieren, wie zum
Beispiel Cystein Dimere, deren Bildung nur durch die besondere Oberﬂächengeometrie mit der sogenannten missing-row Oberﬂächenrekonstruktion möglich
ist. Die Experimente mit dem Rastertunnelmikroskop wurden durch InfrarotSpektroskopie Messungen ergänzt, die in Zusammenarbeit mit Q. Chen und
N. V. Richardson von der Universität St. Andrews, Großbritannien, durchgeführt wurden. Diese Messungen lieferten zusätzliche Informationen über die
Bindungsverhältnisse von Cysteine auf Gold.
Experimente bei tiefen Temperaturen zeigten ein besonders markantes Beispiel
der Selbstorganisation, nämlich die Bildung von Cystein Nanoclustern, welche,
im Gegensatz zu sogenannten metallischen “magic clusters”, keine Größenvariation aufweisen, sondern absolut identisch sind. Diese Uniformität ist in-
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teressant, da die Eigenschaften von Quantenstrukturen untrennbar mit deren
Dimensionen verknüpft sind.
Eine weitere, wichtige Eigenschaft von Cystein ist seine Chiralität. Chiralität,
oder auch “Händigkeit”, beschreibt die geometrische Eigenschaft eines Objekts,
nicht mit seinem Spiegelbild kongruent zu sein. Chiralität ist von größter Bedeutung in der belebten Natur, da fundamentale chemische und biologische
Prozesse von der Chiralität der beteiligten Moleküle abhängig sind. In der
Molekularbiologie zentrale Makromoleküle sind häuﬁg chiral, und ihre korrekte
Wirkungsweise ist von ihrer Chiralität abhängig. Proteine zum Beispiel bestehen ausschließlich aus l Aminosäuren, während die Zuckermoleküle in der DNA
ausschließlich d Konﬁguration besitzen. Chirale Wiedererkennung, molekulare
Wiedererkennung mit chiraler Speziﬁzität, spielt eine zentrale Rolle in enzymatischen und anderen Ligand-Rezeptor Reaktionen, unter anderem auch für
Medikamente, da verschiedene Enantiomere eines Medikaments unterschiedliche Wirkungen haben können. Ein alltägliches Beispiel chiraler Wiedererkennung ist der Geruch von Kümmel und grüner Minze, der, für uns deutlich
unterscheidbar, von den zwei chiralen Konﬁgurationen eines ansonsten identischen Moleküls herrührt.
In dieser Arbeit wird ein Prozeß vorgestellt, der chirale Wiedererkennung auf
molekularer Skala demonstriert. Bei der Dimerisierung von Cysteinmolekülen
auf der Au(110) Oberﬂäche zeigt sich, daß sich ausschließlich homochirale
Molekülpaare bilden, wenn beide Enantiomere gleichzeitig adsorbiert werden.
B. Hammer und L. Molina von der Universität Aarhus haben density-functional theory (DFT) Berechnungen zur Adsorption von Cysteine durchgeführt.
In enger Zusammenarbeit zwischen Experiment und Theorie konnten die Hintergründe für die enantioselektive Paarbildung verstanden werden: Die Optimierung von drei Bindungen für jedes Cysteinmolekül in einem Paar ist für
die beobachtete Enantioselektivität verantwortlich. Diese drei Bindungen sind
gegeben durch eine kovalente Bindung des Schwefels zur Goldoberﬂäche, durch
die Wechselwirkung der Aminogruppe mit der Oberﬂäche und durch die Bildung von Wasserstoﬀbrückenbindungen der Carboxylgruppe zur Carboxylgruppe des zweiten Cysteinmoleküls im Paar. Damit ist das vorgestellte System eine
Illustration eines bekannten Modells für chirale Wiedererkennung, das sogenannte 3-Punkt-Kontakt-Modell. Dieses Modell, im Jahre 1933 von L. H. Easson und E. Stedman formuliert, beschreibt als geometrische Voraussetzung
für chirale Wiedererkennung die Wechselwirkung eines chiralen Objekts (z. B.
eines Liganden) mit einer Adsorptionsstelle (ein Rezeptor) an mindestens drei
Kontaktpunkten. Nachdem Chiralität eine mit der räumlichen Morphologie,
d.h. dreidimensionalen Ausdehnung verknüpfte Eigenschaft ist, leuchtet unmittelbar ein, daß die Chiralität eines Objekts mit der Deﬁnition von drei
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Punkten eindeutig bestimmt ist. Die vorgestellten Experimente illustrieren
dieses Modell anschaulich, indem jeder Kontaktpunkt einer Bindung im Cysteinpaar zugeordnet werden kann. Damit ist ein Modellsystem vorgestellt, für
welches die von L. H. Easson und E. Stedman beschriebenen Kontaktpunkte
erstmalig auf kleinster, d.h. molekularer Ebene bestimmt werden konnten.
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Besides the studies discussed here, I have been involved in other projects that
are not included in this thesis. One study was performed in collaboration with
M. Schunack and has concentrated on the investigation of a largish organic
molecule, hexa-tert-buty-decacyclene (C60 H66 ), on the (110) facet of copper
with a low and variable-temperature STM [223]. This work revealed another
interesting example of adsorbate-induced surface reconstruction, demonstrating that these large hydrocarbons are able to restructure the surface to improve
the binding to the surface.
An obvious question in relation to the presented results regarding the cysteine
dimerisation reported in section 4.3 is whether the molecular pairing is still
observable after small perturbations in the molecular structure. To investigate
the inﬂuence of a slightly modiﬁed molecular size, the adsorption of homocysteine (HS–CH2 –CH2 –CH(NH2 )–COOH) onto Au(110) has been investigated.
Homocysteine resembles cysteine apart from an additional CH2 group. Homocysteine forms diﬀerent phases on Au(110), but no dimerisation is found as
in the case of cysteine, illustrating the crucial role of the detailed adsorption
geometry. In the view of the presented model for the cysteine adsorption, the
choice of homocysteine may not have been the optimum, as the insertion of a
CH2 group not only leads to a change in molecule size, but also in the geometry due to the angle of ∼109◦ introduced by the sp3 hybridised carbon atom.
A cysteine molecule with two additional CH2 groups inserted (HS–CH2 –CH2 –
CH2 –CH(NH2 )–COOH), would allow the angles between the functional groups
to remain nearly unchanged. Such a molecule may be a more promising candidate for the formation of molecular dimers.
Preliminary cysteine adsorption experiments have been obtained on titanium
dioxide. TiO2 is an important material for the study of biomolecular adsorption
as titanium is used in implants [43], and a detailed knowledge of the adsorption of amino acids is of interest for understanding complex processes such as
cell adhesion and biocompatibility [8]. In this context, adsorption studies in a
more natural environment are desired, and eventually one has to move towards
scanning force microscopy (SFM) in liquids. I have been involved in testing
diﬀerent SFMs and performing preliminary liquid-phase protein adsorption experiments on diﬀerent nanostructured surface that have been prepared in the
group of B. Kasemo at Chalmers in Gothenburg, Sweden [224, 225].
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List of abbreviations

In this thesis, the following abbreviations have been introduced:
AES
DFT
DNA
EMT
fcc
GGA
HAS
hcp
LDA
LDOS
LEED
NEXAFS
RAIRS
RNA
SAM
SFM
STM
TPD
UHV
XPS

auger electron spectroscopy
density-functional theory
desoxyribonucleic acid
eﬀective-medium theory
face-centred cubic
generalised gradient approximation
helium-atom scattering
hexagonally closed-packed
local density approximation
local density of states
low-energy electron diﬀraction
near edge X–ray absorption ﬁne structure
reﬂection absorption infrared spectroscopy
ribonucleic acid
self-assembled monolayer
scanning force microscopy (or microscope)
scanning tunnelling microscopy (or microscope)
temperature-programmed desorption
ultrahigh vacuum
X–ray photoelectron spectroscopy
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