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CHAPTER 1 

 

Introduction 
 

The aim of this introductory chapter is to motivate the work presented in this thesis. It 
includes a general introduction to the field and short review of the literature on adsorption 
of organic molecules at surfaces investigated by scanning tunneling microscopy. A brief 
outline of the topics studied in this thesis is given in the end.  
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1.1    Motivation  

One of the ultimate goals of the rapidly developing field of nanotechnology is to engineer 
functionalized structures or even devices on surfaces in a controlled manner [1]. To do so 
two approaches are considered; the so-called ‘top down’ and ‘bottom up’ approaches (cf. 
Fig. 1.1). Within the former one, techniques such as advanced lithography by UV, X-ray 
radiation, and electron-beam writing allow creation of features in the sub-100 nm range, 
which are used for the production of computer chips, photonic crystals, etc. The major 
disadvantage is that the cost of production facilities scales exponentially with each 
shrinking step. As a result, developing ‘bottom up’ fabrication methods with their intrinsic 
self-directed growth would be a tremendous advantage [2]. Beyond this, it may be possible 
to gain functionality in the process [3].  
      The basic principle of the ‘bottom-up’ approach is to steer the assembly of atoms and 
molecules into desired structures on surfaces. Extensive knowledge on how to create 
desired nanostructures in supramolecular chemistry through self-assembly exists. This 
involves spontaneous association of supramolecular structures from molecular building 
blocks by non-covalent interactions (mainly hydrogen bonds, H-bonds) in solution [4]. 
However, this knowledge cannot directly be translated to guide the assembly of adsorbates 
on solid surfaces, since the understanding of the interactions of adsorbates with solid 
surfaces remains limited. Steric hindrance will play a crucial role in determining different 
surface molecular conformations when molecules from the gas or solution phases adsorb 
[5-7]. In order to use surfaces as templates for future ‘bottom-up’ fabrication, we need to 
understand the relevant factors that may influence self-assembled structures on solid 
surfaces. For example, the influence of the atomic lattice and the electronic effects of the 
substrate on non-covalent bonds, and in particular the lateral interactions between 
adsorbates and their coupling to the substrate will play a vital role in organizing structures 
on surfaces [8]. Furthermore, by combining such knowledge with supramolecular 
chemistry concepts, it will be possible to steer non-covalent interactions through the choice 
of substrates with proper symmetry, substrate potential corrugation, and chemical 
functionality. All of these can be used to tune the delicate balance of molecule-molecule 
interactions and molecule-substrate interactions to steer supramolecular assembly towards 
desired structures on surfaces. 
      Self-assembly has been widely investigated and receives increasing attention within the 
surface science and materials communities [9,10]. The invention of the scanning tunneling 
microscope (STM), in particular when working under ultrahigh vacuum (UHV) conditions, 
allows us not only to image the local supramolecular structures with molecular resolution, 
but also to manipulate individual adsorbates on surfaces. Due to these strengths of UHV-
STM, this technique has become a powerful tool to study the adsorption geometry, i.e., the 
registry of adsorbates on substrates, the conformations and dynamics of single molecules, 
and self-assembled supramolecular structures.  
      There are a number of studies on self-assembly of organic molecules, biologically 
relevant molecules, chiral or prochiral molecules, and even supramolecular compounds 
into two or three dimensional ordered structures by non-covalent interactions on solid 
surfaces under both ambient and UHV conditions. The advantage of performing the 
studies under ambient condition is that one can deal with relatively large compounds by 
depositing them from solution and then studying at the liquid/solid interface or in dry 
condition. Such studies have been attracting great attention recently [16-20,32-34]. 
However, under the ambient conditions high-resolution imaging of the self-assembled  
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Figure 1.1: Two approaches to control matter at the nanoscale. For top-down fabrication, methods 
such as lithography, writing or stamping are used to define the desired features. The bottom-up 
techniques mainly make use of self-assembly for ordering of supramolecular architectures from 
individual atoms and molecules. 
 
nanostructures is sometime hampered by the instability of the tip, the influence of 
solvent molecules, surface dynamic processes, etc. Thus, to study the fundamental 
molecule-molecule interactions or molecule-substrate interactions without any 
disturbance in the environment, a well-controlled UHV system is needed. However, the 
UHV-STM study is limited by the vacuum deposition methods. Normally, a simple 
thermal sublimation method is adopted to bring the molecules from solid phase to gas 
phase and adsorb on the surface subsequently. The drawback here is that it is difficult to 
deal with fragile compounds since they are labile to fragmentation during thermal 
sublimation or landing on the surface [35,36]. Most of the UHV-STM studies thus 
demonstrated fascinating results on relatively small and robust molecules. Recently, a 
pulsed doser has been developed to deposit molecules from liquid phase under UHV 
conditions to avoid possible thermal fragmentation [37].  
 
1.2    Background review  

The work presented in this thesis mainly consists of molecular adsorption studies covering 
the following topics: self-assembly of supramolecular nanostructures on surfaces (steered 
by H-bonding, van der Waals (vdW) interactions, metal coordination), investigation of 
molecular chirality and chiral recognition on surfaces, STM manipulation, etc. In the 
following several key topics will be briefly discussed to provide a general background for 
the studied systems.  
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1.2.1    Self-assembly       

Self-assembly is a term used to describe processes in which a disordered system of pre-
existing components forms an organized structure as a consequence of specific, local 
interactions among the components themselves, without external direction. This definition 
would apply for the structures in all length scales e.g. macroscopic object up to the 
universe and microscopic object down to human cells. Molecular self-assembly is a key 
concept in the context of supramolecular chemistry. It is defined as ‘spontaneous 
association of molecules under equilibrium conditions into stable, structurally well-defined 
aggregates joined by non-covalent bonds’. Three distinctive features can be singled out 
from this definition: i) The process is autonomous and without human intervention, in 
other words, the nanostructure builds itself. ii) The system undergoes thermodynamic 
equilibrium conditions and thus must lead to a lower Gibbs free energy in order for this 
process to take place. iii) It is joined by non-covalent interactions such as vdW forces, H-
bonds, hydrophobic forces, π-π interactions, metal coordination, etc. with respect to more 
traditional covalent, ionic or metallic bonds. Molecular self-assembly is also crucial in 
biological systems e.g. the formation of double helical DNA structure through H-bonding 
of the complementary bases, and the assembly of proteins to form quaternary structures. 
Furthermore, molecular self-assembly is an important aspect of the emerging area of DNA 
nanotechnology, which uses the unique molecular recognition properties of DNA to create 
desired 2D or even 3D nanostructures in a well-controlled manner.   
      In this thesis we are discussing molecular self-assembly on surfaces, which is an even 
more complicated process. Atoms and/or molecules deposited on the substrates and 
nanostructures evolve as a result of multiple factors of surface dynamical processes, which 
is a non-equilibrium phenomenon and the growth scenario is steered by the competition of 
kinetics and thermodynamics. As pointed out in [1] the growth of molecular nanostructures 
at surfaces is mainly determined by the diffusivity of molecular adsorbates and deposition 
rate. If deposition is slower than diffusion, the adsorbates have enough time to explore the 
potential energy surface (of course the corrugation of the potential energy surface is also a 
limitation here) so that the system reaches a minimum energy configuration; that is, this 
occurs close to thermodynamic equilibrium conditions. On the other hand, if deposition is 
faster than diffusion, then usually metastable structures are kinetically trapped.  
      Normally, planar aromatic molecules would adopt flat geometry when adsorbed on 
inert substrates due to strong interaction between the aromatic π system and the metal 
substrate [1]. Hydrogen bonds are often used to steer the formation of supramolecular 
nanostructures due to the directionality and specificity of this class of interactions. For 
example, the PVBA and PEBA molecules have been systematically studied and coverage 
and annealing temperature dependent molecular structures on various single-crystals were 
reported [11-14]. To study molecular recognition process two-component systems are well 
studied. Such as studies on the biologically relevant molecule adenine and the mixture of 
adenine with amino acids were reported [7]. Such co-adsorption studies are another 
interesting direction of self-assembly. For example studies of self-intermixing C60 and 
subphthalocyanine on Ag(111) surface revealed how the stoichiometry plays a role on the 
mixture adsorption phase [15]. Also, well-ordered supramolecular networks can be formed 
by PTCDI and melamine through complementary hydrogen bonds [51]. Besides hydrogen 
bonds, other less specific interactions such as vdW forces and dipole-dipole interactions 
can also direct the formation of surface nanostructures. For example, it was demonstrated 
that dipole-dipole interactions between cyano-functionalized porphyrin molecules 
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adsorbed on Au(111) can steer the formation of different clusters and assemblies [2]. In the 
case of less directional vdW forces molecular geometry sometimes plays a role in 
organizing the self-assembled structures [168]. If the studied system includes 
multifunctional groups, all these possible intermolecular forces must be balanced against 
each other and against the molecule-substrate interactions [108,169,170]. It has been 
demonstrated that supramolecular networks can be tailored by applying metal-ligand 
interactions. In those cases open networks with controlled shape and size of the 
nanocavities can be formed through tuning the ratio of organic molecules and metal atoms 
or varying the pre-designed molecular building blocks [155-159]. In the Aarhus SPM 
group studies of self-assembly of organic molecules have also resulted in many 
achievements [21-25]. The cysteine molecule has been systematically studied to 
understand the molecular chirality on solid surfaces [26-30]. Large organic molecules such 
as HtBDC and lander molecules have been studied to understand the Lock and Key effect 
(that is the influence of the registry with the atomic lattice on the mobility of molecules) on 
solid surfaces [21,24,25,31]. These studies and many others have provided new insight into 
the physics and chemistry of adsorbates on solid surfaces. In this thesis self-assembly of 
small organic molecules e.g. NDCA and biologically relevant molecules e.g. DNA bases 
on metal surfaces will be described in detail.  

Figure 1.2: Two enantiomers of a generic amino acid.  

1.2.2    Chirality       

An object is called chiral if it cannot be superimposed on its mirror image (cf. Fig. 1.2). A 
chiral object and its mirror image are called enantiomers. A molecule is chiral if it contains 
a carbon atom which has four different substituents. Molecular chirality is abundant in 
biology such as amino acids and sugars are exclusively present as single enantiomers and 
thus many life processes are enantioselective and for example respond to only one chiral 
form of drugs. The origin of this homochirality in biology is still under debate. To gain 
fundamental insight into the discussion about chiral generation in nature and chiral 
recognition processes, a lot of attention has been given to molecular adsorption systems 
that show chiral phenomena on surfaces.   
      Generally, the chirality of a molecule can be transferred to the adsorption system (bring 
the molecule from gas phase to the surface) if the molecule is chiral in the gas phase. Such 
systems have been widely studied by STM to directly identify the molecular chirality and 
to study chiral recognition between amino acids and DNA bases [7,29,30,108-110]. Aside 
from truly chiral molecules, a large number of so-called prochiral molecules exist, which 
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are achiral in the gas phase, but become chiral once adsorbed on a surface with an 
associated loss of symmetry. Adsorption of such molecules always leads to equal amount 
of enantiomers on the surface either in homochiral domains or in heterochiral domains 
[7,111,112]. Another type of adsorption-induced chirality could occur for molecules that 
are even achiral. This is referred to as organizational chirality. In such case molecular 
adsorbates locally interact with each other in different manners resulting in two different 
arrangements that are chiral [168]. In this thesis analysis of chiral properties of the self-
assembled surface nanostructures of DNA bases is performed.  

1.2.3    STM manipulation       

STM in particular with its ability to manipulate individual atoms and molecules has 
become a powerful tool not only to study the adsorption geometry, the conformational 
change, and dynamics of single molecules on solid surfaces, but also to build up 
nanostructures by individual atoms or molecular adsorbates in a controlled manner [97]. In 
the cases of simple adsorbates two main modes of STM manipulation are applied: vertical 
and lateral modes. In the lateral mode, the interaction between the tip and the sample is the 
driving force to move the adsorbate laterally on the surface. In the vertical mode, a voltage 
pulse is applied to transfer the adsorbate from the surface to the tip or vice versa depending 
on the polarity of the pulse. The pioneer works have been exemplified to show that using 
atomic manipulation methods custom-designed nanostructures can be achieved for 
example by moving a CO molecule on a Cu(111) surface [276] and positioning Fe and Co 
atoms on a Cu(111) surface [277,278].  
      Manipulation of large organic molecules has provided new insight into the physics and 
chemistry such as revealing the adsorption geometry and orientation with respect to the 
substrate (the so-called lock and key effect) [31], demonstrating the reconstruction of the 
terraces and step edges of Cu(110) by Lander-type molecular molding [21,23]. From a 
nanotechnology point of view manipulation of organic molecules has also displayed a 
broad range of applications. For example, it was recently shown that a Lander-type 
molecule can trap metal adatoms on the surface and form metallic clusters underneath 
[196]. Also, STM manipulation can serve as an engine to power a molecular wheel or 
nanocar on the surface [37,194].  
      Another possibility of STM manipulation is to create and break individual chemical 
bonds in a controlled manner by exciting particular vibration modes of the molecular 
adsorbates by inelastic tunneling [279]. In a later chapter of this thesis we will discuss how 
we can directly probe the hierarchy of bond-strengths involved in the surface self-assembly 
of multifunctional organic molecules with highly anisotropic interactions by STM 
manipulation. This is done by probing the different resistances that the bonds between 
neighboring molecules and supramolecules oppose to breaking under STM manipulation 
[68].     

1.3    Outline of the thesis 

The work presented in this thesis mainly deals with self-assembly of a variety of different 
adsorbates on solid surfaces ranging from the simplest atom, H, on the graphite surfaces 
over small organic and biologically relevant molecules to supramolecular complexes on 
metallic single-crystal surfaces. The studied systems are investigated by high-resolution 
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STM under UHV conditions. Some of the STM results are further supported by X-ray 
photoelectron spectroscopy (XPS), temperature programmed dessorption (TPD), and 
density functional theory (DFT) calculations. Chapter 2: The experimental setup is 
described along with a brief description of the DFT method. Chapter 3: Adsorption of 
biologically relevant molecules DNA bases [guanine (G), cytosine (C), adenine (A), 
thymine (T)] on Au(111) has been carried out. Moreover, base complementarities have 
been studied by coadsorption of G+C and A+C on Au(111). Interaction between the G-
quartet network and K+ has also been studied. Further, results on DNA base derivatives 
will also be discussed at the end of the chapter. Chapter 4: Adsorption of the rosette 
supramolecular complex and its building blocks have been studied on Au(111). Chapter 5: 
Molecular molds (Lander type molecules) have been studied on Au(111) and Cu(110). 
Chapter 6: Adsorption of small organic molecule 2,6-NDCA on Ag(110) has been carried 
out. Chapter 7: Iridium(III) phosphorescent emitter molecule adsorbed on Cu(110) is 
investigated. Chapter 8: Adsorption of hydrogen atoms on graphite surfaces has been 
studied. Finally, the results are summarized in Chapter 9.   
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CHAPTER 2 

 

Experimental setup and DFT basics 
 

This chapter is devoted to a short description of experimental and theoretical methods 
underlying the work presented in this thesis. The emphasis is placed on our most 
important tool: The Scanning Tunneling Microscope (STM). In addition a brief section 
on density functional theory (DFT) is included. 
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Figure 2.1: Left: The operating principle of a STM. Right: Schematic drawing of the Aarhus STM. 
See the text for details. 

2.1    Scanning tunneling microscopy 

The scanning tunneling microscope (STM) was developed in 1982 by Binning and Rohrer 
[38], who both received the Nobel Prize for their development of the STM in 1986. The 
STM is a local probe with the unique capability of imaging and manipulating single atoms 
or molecules on conducting or semi-conducting surfaces. This capability gives a great 
advantage over the majority of standard surface science tools, and SPM has in general 
provided a tremendous amount of new insight into the physics, chemistry, molecular 
biology, medicine, etc. on solid surfaces. The basic principle of STM is indeed rather 
simple. STM exploits quantum mechanics, which allows electrons to ‘tunnel’ through a 
classically forbidden gap. This effect implies that if a sharp metallic tip is brought into 
such close proximity of the conducting surface, the wave functions of tip and the sample 
start to overlap. This typically occurs when the distance is less than 1 nm. Now if a bias 
voltage is applied between tip and sample, the tunnel current will be measured in 
nanoamper range, and this tunnel current strongly depends on the distance between tip 
and sample. If a positive bias voltage is applied to the sample, electrons will tunnel from 
the filled tip states into the empty sample states and vice verse. Usually STM images are 
recorded in constant current mode. In this mode a feedback loop is used to adjust the 
distance between tip and sample to keep the current constant at a predefined value while 
the tip is raster scanned across the surface. The principle of operation is illustrated in Fig. 
2.1 (left). 

2.1.1    Theory of STM 

In order to understand the STM images, one needs to be able to calculate the tunneling 
current. However, this is a very complicated task, which requires knowledge of quantum 
mechanical states for both the tip and the sample. The formalism that is usually applied 
in theoretical calculations is that of Tersoff and Hamann [39]. They assumed to simplify 
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the tip and sample to be two non-interacting systems, and then in first-order perturbation 
theory the tunnel current is given by: 

          [ ] )()(1)(2 2
νμμνν

μν
μ δπ EEMeVEfEfeI −×+−= ∑

h
  

here f (E) is the Fermi function, μνM  is the tunneling matrix element between the tip 
states ψμ with energy Eμ and the sample states ψυ with energy Eυ. V is the bias voltage 
between the tip and the sample. Only elastic tunneling is taken into account as can be 
seen from the delta function.  
      The evaluation of tunneling matrix element μνM  is the crucial point. Bardeen [40] 
showed that 

          μνμν jSd
m

M •= ∫2

2h
 

where μνj  is the current density operator and m is the electron mass. The integration is 
over any surface lying entirely within the vacuum gap region. Tersoff and Hamann then 
made the assumption that only s-wave tip states. For small bias voltage they get the 
following simple expression for the tunnel current:  
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it shows that the tunnel current is proportional to the bias voltage and the local density of 

states (LDOS) ),( ft Erρ of the surface at the Fermi level evaluated at the centre of the 

tip apex ( tr ). So by using this approximation, the images obtained by STM in the 
constant current mode are images of contours of LDOS at Fermi level of the surface. 
Thus it is important to keep in mind that STM images are a convolution of the geometric 
and electronic structures of the surface. 
      Due to the surface wave functions decay exponentially into the vacuum gap, 
therefore the tunnel current depends exponentially on the tip-surface separation, which 
leads to the following relation between the tunnel current and the sample-tip distance s: 
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where φ  is the work function and m is the electron mass. This exponential dependence 
of the tunneling current on tip-sample separation is indeed what enables the STM to 
obtain atomic resolution. For typical values of the work function, the tunneling current 
changes by a factor of 10 when the distance changes ~1Å. For simple metal surfaces 
STM images will give a true topographic picture [41]. However, for adsorbates on the 
surface the situation is in general complicated [42,43], because the tip can tunnel 
different molecular orbits for example HOMO or LUMO. 

2.1.2    The Aarhus STM 

To utilize the STM principle in real experiments one has to overcome huge barriers to 
ensure the positioning of the tip and sample within sub-Ångström precision. In the present 
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studies all experiments were carried out using the home-built Aarhus STM designed by 
Erik Lægsgaard et al [44].   
      A schematic drawing of Aarhus STM is shown in Fig. 2.1 (right). The sample (1) is 
placed in a tantalum holder (2), which may be removed from the STM, and which is 
normally held down on the STM top by springs (3). The top plate is thermally and 
electrically insulated from the STM body by three quartz balls (10). The top plate is 
mounted on a 0.6 kg Al block, which may be cooled to -160 °C or heated to 100 °C. The 
tip (4) is held by a macro holder (5), which is glued to the top of the scanner tube (6). The 
scanner tube is 4 mm long with an outer/inner diameter of 3.2/2.1 mm and is glued to the 
rod (7), which together with the piezo tube (9) forms a small inchworm motor used for 
coarse approach. The electrode of the tube is divided into three regions. In the tube two 
bearings are placed under the upper and the lower electrode with an extremely good fit to 
the rod (7). Applying a positive voltage to an electrode will clamp this electrode to the rod, 
whereas a negative voltage will free this electrode from the rod. A voltage applied to the 
center electrode will cause it to elongate or contract depending on the polarity of the 
voltage. With the right sequence of voltages applied to the three electrodes the rod will 
move up or down as the tube is fixed to the STM body by the macro ring (8). The motor 
may work in steps of down to 2 Å, but at full speed it moves around 2 mm/min. The scan 
range is up to ±1 µm when using antisymmetrical scan voltages of ±200 V. The Zener 
diode BZY93C75 (11) is used to counter heat the STM body during cooling.  

2.2    Density functional theory 

Density function theory (DFT) based calculation is a powerful tool for description of the 
ground state properties of complex many-body systems such as atomic or molecular 
adsorbates on solid surfaces. In this thesis DFT calculations have been applied to 
determine molecular adsorption geometries, self-assembled supramolecular structures in 
atomistic details, energy barriers, and atomic hydrogen recombination pathways on HOPG 
surface. All the calculations presented in this thesis were performed by theoreticians in the 
group of B. Hammer, University of Aarhus, and in the group of L. N. Kantorovich, King’s 
College London. It should be pointed out that my own contribution to the theoretical 
studies thus lies entirely in the discussion and suggestions.  
      The basic idea in DFT is based on a theorem by Hohenberg and Kohn, which replaces 
the many-body wave-function Ψ with the electron density n(r). Then the total external 
potential v(r) (to within a constant) is a unique functional of n(r) [45]. The Hamiltonian 
and thereby the total ground state energy E of the many-particle system can be expressed 
by the electron density and the sum of external fields v(r) 

          [ ]nGdrdr
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where the universal functional G[n] is independent of v(r). 
      Kohn and Sham split the functional G[n] into two terms [46]:  
 
          [ ] [ ] [ ]nEnTnG xcs +≡  
where Ts[n] is the kinetic energy of non-interacting electron gas with density n(r), and 
Exc[n] is the exchange and correlation energy of interacting electron gas with density n(r). 
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By applying the variation principle of quantum mechanics, Kohn and Sham derived a set 
of single-electron Schrödinger equations: 
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here the electron density is determined by single electron wavefunction )(riψ  
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where N is the total number of electrons. The total electrostatic potential )(rφ is given by  
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and the exchange and correlation contribution to the potential )(rvxc is given by the 
derivative of Exc 
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      In DFT calculations the Kohn-Sham equations will be solved repeatedly by choosing a 
trial density n(r), until self-consistency is reached. The total energy of the system is then 
given by: 
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The only approximation which has to be made is in the parameterization of the exchange 
and correlation functional. Kohn and Sham used the local density approximation (LDA) in 
which the exchange and correlation energy is only a function of the density, which is a 
good approximation if the electron density varies slowly. The exchange and correlation 
energy Exc[n] is given by: 
 
          [ ] ∫= )())(()( rdrnrnnExc ε  

However, LDA-based DFT calculations overestimate the binding energy for adsorbates on 
surfaces. For this reason other approximation such as generalized gradient approximation 
(GGA) has been introduced. In GGA the energy depends both on the electron density and 
the gradient of the electron density: 
 
          [ ] ∫ ∇= )())(),(( rdrnrnfnExc    

However, the GGA fails when the electron density varies too fast. So when DFT is applied 
to surface science studies other approximations have to be made.  

2.3    Experimental methods 

2.3.1    Adsorption of organic molecules on metal substrates 



 14

All STM experiments were performed in a UHV chamber (base pressure 3×10-10 
Torr) equipped with the variable-temperature, fast-scanning Aarhus STM [47,48], 
a home-built molecular evaporator, and standard facilities for sample preparation. 
The Au(111), Cu(110), Ag(111), Ag(110) substrates were prepared by several 
cycles of 1.5 keV Ar+ sputtering followed by annealing to 770-800 K for 15 min. 
Molecular  powder was loaded into a glass crucible in the molecular evaporator. 
After a thorough degassing of the crucible, performed by keeping the crucible at 
temperatures slightly lower than the sublimation temperature for an extended 
period (~24 hours), molecules were deposited onto the clean metal substrate by 
thermal sublimation from the molecular evaporator, while the substrate was held at 
room temperature (RT). The STM experiments were carried out at low 
temperatures (100-150 K) to minimize the surface mobility of the deposited 
molecules and thereby stabilize the molecular nanostructures formed on the 
surface. 

2.3.2    Adsorption of H atoms on HOPG surface 

All experiments were performed using the home-built Aarhus STM under ultrahigh 
vacuum (UHV) at a base pressure below 3×10−10 Torr. HOPG samples were cleaved in air 
immediately prior to being inserted into the UHV chamber. In vacuum the samples were 
annealed to 1300 K by electron bombardment of the sample backside to desorb any 
hydrogen or oxygen bound at the surface and at step edges or defects. Atomic hydrogen 
dosing was performed using a hot (1600-2200 K) hydrogen atom beam source (HABS 40 
from MBE Komponenten). The adsorption of hydrogen on the HOPG surface was 
confirmed by TPD experiments into a differentially pumped quadrupole mass spectrometer 
(QMS), equipped with a Fuelner cap cone with a 3 mm opening, which can be moved to 
within 1 mm of the sample surface. In the majority of the experiments, deuterium atoms 
were used to obtain a better signal-to-background ratio in the TPD experiments. All 
temperature measurements were performed by a type K thermocouple mounted on the 
backside of the HOPG sample. 
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CHAPTER 3 

 

DNA bases and derivatives on Au(111) 
 

In this chapter a systematic investigation of adsorption of DNA bases and its derivatives 
on Au(111) surface will be described. The project was inspired by the discovery of the 
fascinating DNA double helix structure fifty year ago, and base complementarity is 
thought to play a vital role in high-fidelity DNA replication process. However, the nature 
of the fundamental interactions driving this molecular recognition process for DNA 
replication is still being under debated. To simplify the studied system we have chosen 
the four single bases without a molecular backbone as a model system with the aim of 
getting fundamental understanding on the physiochemical interactions between the 
individual bases on surfaces and furthermore to study the base complementarity on 
surfaces. First, we investigated how individual bases adenine (A), thymine (T), guanine 
(G), cytosine (C) behave on the surface; as a result different self-assembled 
nanostructures formed by four bases will be detailed. Next, we investigated the 
molecular recognition process between complementary base pair C+G and non-
complementary base pair C+A, which revealed that at slightly higher temperature than 
room temperature (RT) C could recognize its complementary partner G via forming 
Watson-Crick pair and eliminate its non-complementary partner A via phase separation. 
Meanwhile, the biologically relevant interaction between G-quartet network and K+ has 
been studied and for the first time our high-resolution STM images reveal that K+ could 
be incorporated into the existing G-quartet network, and by varying the dose of K+ four 
different metallosupramolecular networks were formed as a result of balancing between 
hydrogen bonds and metal ligand interactions. In the end of the chapter I will present 
some recent results on DNA base derivatives, which were synthesized in Prof. Kurt 
Gothelf’s group from Center for DNA nanotechnology (CDNA).  
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3.1    Adenine on Au(111) 

3.1.1    Introduction 

The ability of molecules to self-assemble into larger nanoscale structures is an 
important research area due to its potential impact on future nanotechnological 
devices [1,33,49-52]. Many supramolecular structures can be formed by small 
organic molecules including all the DNA and RNA bases [7,53-70]. The self-
assembly of these bases on surfaces may also have played an important role in the 
earliest appearance of life [71].  
      In spite of the great success that scanning probe methods have had in revealing 
the atomic-scale realm of matter, atomic resolution of molecular assemblies cannot 
be achieved since STM images, for example represent images of the local density 
of state at the Fermi level. Therefore, theoretical modelling is an essential step in 
interpreting such experimental scanning tunneling microscopy (STM) or atomic 
force microscopy (AFM) images. In most cases modelling of such systems is 
difficult due to commensurability problems arising from different periodicities of 
the surface potential and the gas-phase monolayer. The problem arises when one 
considers, within periodic boundary conditions, a monolayer of molecules and the 
surface explicitly. In general prohibitively expensive calculations involving large 
supercells are needed to address this problem. Usually, in self-assembled 
supramolecular nanostructures the inter-molecular interactions are expected to 
dominate when compared to the molecule-substrate interactions. Therefore, such 
self-assemblies are usually modelled in the gas phase. 
      However, this may not always be valid since the commensurability problem as 
well as the surface perturbation of the electronic structure of the adsorbed 
molecules may render their consideration in the gas phase approximate or even 
invalid. For instance, DNA bases adsorbed on the Au(111) [66,72] and adenine 
(A) on graphite surfaces lie flat at considerable distances from the surfaces [73], 
which demonstrates that the molecule-surface interactions are rather weak. On the 
other hand, A molecules are adsorbed in a strongly tilted manner on the corrugated 
Cu(110) surface [65,74], indicating much stronger molecule-surface interaction in 
this case. The case of the Ag-terminated Si(111) surface [64] is an intermediate 
case, since here the hydrogen bonding between the A molecules is balanced by 
their interactions with the surface leading to a flat self-assembled structure; this is 
not the most favourable structure in the gas phase and only becomes energetically 
favourably  in the presence of the surface. Note that the essential point is not the 
absolute strength of the molecule-surface interaction, but the lateral corrugation of 
the surface potential. 
      From an interplay between STM imaging and DFT calculations, we address 
the balance between the molecule-surface and molecule-molecule interactions 
using self-assembled A structures on the Au(111) surface as a model system. Two 
A monolayer structures were observed by STM under ultrahigh vacuum (UHV) 
conditions, one of which is reported here for the first time. To interpret the 
structures at the atomistic level we use state-of-the-art density functional theory 
(DFT) calculations to show that the molecule-molecule interaction is affected very 
little by their interaction with the Au surface. This strongly suggests that the gas-
phase analysis for most flat metal surfaces should be appropriate to obtain all the  
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Figure 3.1: Experimental STM images and theoretical models for the adenine monolayers 
on the Au(111) surface. A and B show large areas of the two experimentally observed A 
monolayer structures, whereas C and D give close-up images with overlays of the 
theoretical models of A and B, respectively. Scanning conditions: It= -0.5 nA, Vt= -1250 
mV. 

energetically most favourable structures. These structures were obtained through a 
recently developed systematic approach based on a consideration of all possible A 
dimer connections between molecules in two dimensions [75], followed by 
detailed DFT calculations for specific cases. A comparison of the experimentally 
observed and theoretically deduced structures reveals the subtle role of the surface 
even in the case of a weak molecule-surface interaction, so that the structures 
which are most stable in the gas phase become less favourable on the surface and 
are actually not observed. At the same time, the observed structures, although not 
the most favourable in the gas phase, are accurately predicted by the gas-phase 
calculation. 

3.1.2    Results and discussion 

STM images recorded at 150K (Fig. 3.1A) show that the A molecules, upon 
deposition (at 370 K) onto a clean Au(111) surface held at room temperature, self-
assemble into 2D well-ordered apparently non-chiral islands (phase I). This 
structure is consistent with the previously reported A monolayer structure 
observed on the Ag-terminated Si(111) surface [64]. Surprisingly, we also observe 
small areas of another, also non-chiral, self-assembled monolayer structure (phase 
II), which co-exists on the surface intermixed with phase I, usually at the elbow  
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Figure 3.2: Top (A) and side (B) views of the difference density of the adenine on the Au 
(111) surface. Green contours correspond to positive electron density difference of 0.004 
electrons/Å3 (i.e. charge excess regions), while the red contours correspond to the negative 
electron density difference of -0.004 electrons/Å3 (charge depletion regions). 

sites of the characteristic herringbone reconstruction of the clean Au(111) surface. 
After annealing to 370 K for 10 minutes, phase II (Fig. 3.1B), which has not been 
observed previously, has grown to become the dominating structure at the expense 
of phase I that vanished (Fig. 3.1B). Both structures form honeycomb networks 
where each A molecule is connected with three neighbours. However, as observed 
in the high-resolution STM images depicted in Figs. 3.1C and D and in particular 
in the gaps between the A molecules shown by ovals, we can conclude that the 
orientation of A molecules is different in the two structural phases. It is also seen 
from Figs. 3.1A and B that the adsorption of A molecules does not lift the 
herringbone reconstruction of the Au(111) surface, indicating that the molecule-  
substrate interaction is fairly weak, and that the growth of the 2D self-assembled 
islands is mainly controlled by molecule-molecule interactions.  
      To gain further insight into the experimentally observed A monolayer 
structures at the atomic level, ab initio DFT calculations were performed using the 
SIESTA method [76,77]. In our calculations full atomic relaxation was performed 
until the forces on the atoms were lower than 0.05 eV/Å. When calculating 
stabilization energies, the basis set super-position error (BSSE) corrections were 
included [78]. This methodology has been extensively tested for various DNA and 
RNA base homopairs [79-81] and a large selection of heteropairs [82] by 
comparison with high-level quantum chemistry (QC) calculations [83-86]. We 
started our theoretical analyses by considering the interaction of a single A 
molecule and different A-A pairs with the Au(111) surface. The Au(111) surface 
was modelled using a 2 layer slab with the bottom layer atoms fixed in the bulk 
positions. We checked, using the slabs of up to 6 layers thick, that the 2-layer slab 
was sufficient for our purposes. To position the adenine molecule on the surface 
we chose a 5×5 extended super cell, which was checked to be big enough to avoid 
spurious interaction between the molecules across the surface. After relaxation a 
very small stabilization energy of around -0.1 eV was found for a single adenine 
molecule on the Au(111), in excellent agreement with recent plane-wave DFT 
calculations (-0.1 eV) [72]. Then the molecule was displaced and rotated by  
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Figure 3.3: Side (A and B) and top (C and D) views of the difference density of the most 
stable adenine pair on the Au(111) surface. A and C correspond to the total density 
difference (between all three species) at the level of 0.01 electrons/Å3, whereas B and D 
show the partial density difference between the pair and the surface at 0.004 electrons/Å3. 
Colouring scheme is the same as in Fig. 3.2. 

different random amounts and then allowed to relax again with very similar  
results. This result means that the potential energy surface is very smooth 
laterally, in agreement with similar calculations for guanine on Au(111) [66]. 
      In all cases the A molecule was found to lie flat on the surface at the distance 
of about 3.5 Å, in good agreement with other observations for weakly-bound π*-
systems lying flat on the fcc(111) metal surface [55-58,66,69]. An experimental 
study of adenine adsorption on Au(111) also suggests the planar geometry [87]. 
The planar adsorption geometry is facilitated by a partial charge transfer from the 
surface to the π*-system of the hetero-aromatic molecule. The calculated charge 
difference density of the molecule on the surface (i.e. the electron density of the 
whole system minus the individual densities of all parts in the geometry of the 
whole system) also reveals small charge redistribution between molecule and 
surface (Fig. 3.2). The most notable charge redistribution is for the amino group, 
where the planarity is broken in favour of a pyrimidal formation, indicating sp3 
hybrization, in agreement with the plane wave DFT calculations [69]. 
      To investigate the influence of the gold surface on the ability of the molecules 
to form dimers and self-assembled monolayers, DFT calculations of the six most 
stable (in the gas phase) A pairs on the surface were performed using a 6×6 
extended Au(111) supercell slab with two Au  layers. All A dimers participating in  
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Figure 3.4: Side (A and B) and top (C and D) views of the total difference density (at the 
level of 0.01 electrons/Å3) of two adenine pairs (left panels) and (right panels) on the 
Au(111) surface, where amino group atoms are involved in the bonding. Colouring scheme 
is the same as in Fig. 3.2. 

the monolayer structures responsible for the two observed phases (see below) were 
modeled on the Au(111) surface. The relaxed geometries (some of which are 
shown in Figs. 3.3 and 3.4) for all dimers and their flipped counterparts (B 
corresponds to the A flipped) were found to be planar and extremely similar to 
those in the gas phase.  If the amino groups of the molecules do not participate in 
the hydrogen bonding, as is the case for the most favourable pair shown in Fig. 
3.3, they remain in a sp3 hybridized state with the pyrimidal geometry. Note that 
the hydrogen atoms point downward towards the surface and the nitrogen point 
upwards.  
      From a detailed analysis of the calculations, we find that: (i) deformation 
energies of both the surface and the A dimers are negligible; (ii) A dimers 
adsorption energies are all very small, similar for different pairs and in all cases  
are almost exactly equal to twice the adsorption energy of a monomer reported 
above; (iii) energetics of A dimers and their flipped counterparts are practically 
identical, and are very close to that in the gas phase, and, finally, (iv) the total 
stabilization energies of all systems follow the same order as in the gas-phase. A 
small stability increase can be observed for all A pairs in which the amino group is 
involved in the hydrogen bonding. However, albeit systematic, this effect is within 
the precision of our calculations. 
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      The obtained evidence of the weak effect of the surface on the ability of A 
molecules to form dimers via double hydrogen bonds is further corroborated by 
the charge density differences shown in Figs. 3.3A, C and Fig. 3.4 for selected 
pairs on the Au(111) surface. We find the characteristic “kebab” structure that 
shows regions of excess (green) and depletion (red) in the electron density along 
the donor-acceptor line for each hydrogen bond. Well-developed structures of 
these alternating regions along each bond, clearly seen in the figures, correspond 
to their high stability. If we compare these density differences with those obtained 
in the corresponding gas phase calculations (see Ref. [79]), we find that they are 
practically identical.  
      In spite of these similarities to the gas-phase situation, the charge density 
difference shown in Figs. 3.3 and 3.4 suggests that a certain density redistribution  
occurs due to interaction with the surface. In particular, there is some polarisation 
of the amino groups, clearly visible (see especially Figs. 3.3B and D where only 
the effect of the surface is shown). These results suggest that it is still necessary to 
be cautious when suggesting particular models for the two experimentally 
observed self-assembled A monolayer structures, as there is indeed a small 
influence of the surface.   

Therefore, we have used the following approach for determining the 
appropriate atomistic models for the two A phases observed in the STM images: 
(i) systematically generate all possible gas-phase A monolayer structures by 
considering all possible A dimer connections leading to a hexagonal network; (ii) 
pre-select the ones which have suitable lattice vectors (within some error), are of 
the correct space symmetry, and have high stabilities; (iii) run full-scale SIESTA 
calculations on these structures and then (iv) make the final selection. By means of 
this approach two monolayer structures were identified to explain the observed 
assemblies and these are shown as overlays in Figs. 3.1C and D. The two 
structures have different orientation of the A molecules: in phase I A molecules 
are of the same chirality, whereas in phase II A molecules of both chiralities are 
present in equal amounts in the structure. The structure I is chiral, however, this 
may not be distinguishable in the STM image; the structure II is non-chiral in 
agreement with the observed chirality of this phase. 
      The two structures were found to have very similar gas-phase stabilities of -
0.88 and -0.91 eV per molecule for phases I (Fig. 3.1C) and II (Fig. 3.1D), 
respectively. In fact, the existence of the thermodynamically more stable (in the 
gas phase) structure II is rather surprising and unexpected, because opposite to 
structure I, it does not contain the most stable A pair [79]. Thus, relying only on 
the most stable A pairs in constructing all monolayer possibilities [89] one would 
inevitably fail to identify these particular monolayer structures. 
      The transition between the two self-assembled monolayer structures can be 
explained as follows. Initially, the molecules which are deposited onto the surface 
would aggregate into the strongest base unit, namely the centrosymmetric dimer 
formation. These dimers would be free to join one another to form the monolayer 
phase I with homochiral domains. However, as the temperature is increased, a 
larger phase space is available to the molecules, which should facilitate the 
formation of phase II. Our SIESTA molecular dynamics (MD) simulations indicate 
that an individual molecule on a surface may flip at relatively low temperatures 
(400K). Hence, several processes may contribute to the formation of the 
heterochiral phase II: (i) mixing of molecules from neighbouring homochiral 
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islands of opposite chirality: the molecules detach from the islands edges and then 
diffuse across the surface; (ii) detached molecules flip and then attach again, and, 
(iii) detached molecules may desorb with subsequent adsorption of molecules of 
either chirality.  
      Actually, the two A monolayers that are observed and modelled here are not 
the most stable ones in the gas phase. Interestingly, the most stable gas-phase 
monolayer was used to explain the observed assemblies on the Cu(111), graphite 
and MoS2 surfaces [55-63]. Since the calculation of the monolayers with the gold 
surface is too expensive to perform even for a single monolayer, as was explained 
above, we can only speculate here on the role of the Au(111) surface in picking up 
the particular structures. The observed effect of the surface is especially puzzling, 
as we have carefully proven, comparing geometry, energetics and the electron 
density of the A dimers in the gas phase and on the surface, that the effect of the 
latter on the A-A dimers must be very small. We tentatively suggest that the 
following factors may be in play here: (i) although interaction of a single A 
molecule and even of a A dimer with the Au surface is small, this may not be the 
case for large islands of A molecules observed in STM images: the accumulated 
strain due to mismatch may render some of the monolayers less preferable than the 
others; (ii) we have not taken into account the van der Waals (vdW) interaction 
between the molecules and the surface.  

3.1.3    Conclusion 

In summary, two adenine self-assembled monolayer structures, one of which is 
reported for the first time here, are experimentally observed by STM to co-exist on 
the Au(111) surface. Extensive calculations of adenine and its pairs with the 
Au(111) surface show that the interaction of one or two molecules with the flat 
metal surface, such as Au(111), is very weak. Moreover, the effect of the surface 
on the hydrogen bonding between molecules is also very small. However, 
observations of small redistribution of the electron density between the adenine 
molecules and the Au surface indicate that there might be some lateral registry 
with the underlying surface. This interaction perturbs the much stronger inter-
molecular interactions binding the molecules together in the monolayer. The 
peculiar effect of this is that the most stable gas-phase monolayer [53,67,88,89] 
seems to be distorted so much on the surface that, to relieve the strain, another 
gas-phase monolayer, which has a different periodic pattern, becomes more 
energetically favourable, especially for islands larger than a certain size. Hence, 
although the gas-phase analysis of possible monolayer structures should still be 
considered as an essential step in the modelling of supramolecular assemblies on 
flat metal surfaces, care should be exercised in choosing possible configurations as 
models for the observed structures: one cannot exclusively rely on the order of 
stability of different gas-phase structures as these may be modified by the 
cumulative effect of the surface.  
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3.2    Thymine on Au(111) 

The self-assembly of multifunctional molecules takes place in a hierarchical manner in 
which the stronger bonds steer the growth of smaller supramolecular structures 
composed of fewer molecules, whereas the weaker bonds direct the further aggregation 
of the supramolecules formed in the previous step. The characterization of the hierarchy 
of bond-strengths in self-assembled structures usually involves structural studies of the 
relative position and orientation of the functional groups, as a means of revealing their 
relative interaction strengths. From the interplay of variable-temperature scanning 
tunneling microscopy (STM) experiments and state-of-the-art density functional theory 
(DFT) calculations, here we show that using STM manipulation we can directly probe 
the hierarchy of bond-strengths involved in the surface self-assembly of multifunctional 
organic molecules with highly anisotropic interactions. This is done by probing the 
different resistances that the bonds between neighboring molecules and supramolecules 
oppose to breaking under STM manipulation. The method of selective intermolecular 
STM-induced bond breaking can offer unique possibilities to determine the position of 
the weaker bonds within a self-assembled organic monolayer, and can thus be used to 
help identifying particular features of the molecular architecture in the observed STM 
images. 

3.2.1    Introduction 

Our knowledge about molecular self-assembly on solid surfaces has increased 
significantly over the last few years [32], motivated by the large number of applications 
based on thin and ultra-thin self-assembled organic films in areas such as organic 
semiconductors [90], organic photovoltaic devices [91], nano-mechanical biosensors 
[92], etc. The molecular systems studied have been continuously growing in complexity, 
and one sub-area which has been studied extensively both experimentally and 
theoretically is self-assembled monolayers of molecules with several kinds of interacting 
functional groups, such as DNA bases or amino acids [7,30,66,93]. It is generally 
expected that for such molecules with multifunctional groups a hierarchical self-
assembly process exists. During this process directional bonds (e.g. hydrogen bonds) 
determine the formation of supramolecular structures in the first place (at low surface 
coverages), while weaker interactions (e.g. van der Waals (vdW) interactions) become 
more important with increasing surface coverages, and then direct the subsequent self-
assembly of the supramolecules formed initially. For this kind of experiment, STM has 
proven to be the technique of choice, since it allows a direct, real-space determination of 
the symmetry properties of the molecular network as well as of unit-mesh distances and 
angles at the atomic scale. However, to obtain further insight into the detailed molecular 
structures from the STM images, to address questions such as the molecular adsorption 
conformations and to distinguish the different interactions in self-assembled structures, 
comparison with advanced theoretical modeling of the STM images is requested 
[30,66,94-96]. 
      In this work we have investigated by means of high-resolution scanning tunneling 
microscopy (STM) imaging and manipulation [97] the spontaneous assembly and STM-
induced disassembly of one of the DNA base molecules, thymine (T), deposited on the 
Au(111) surface under ultrahigh vacuum (UHV) conditions. The Au(111) substrate was 
chosen as a noble inert substrate to minimize molecule-substrate interactions, thus 
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Figure 3.5: (a) STM image of several self-assembled 1D T filaments with random growth 
directions on the Au(111) surface at low surface coverage. The lower inset shows the chemical 
structure of a thymine molecule. (Tunneling conditions: It= -0.23 nA, Vt= -1051 mV). (b) STM 
image containing 1D T filaments and small islands corresponds to an increased surface coverage 
(It= -0.61 nA, Vt= -1486 mV). (c) STM image of extended 2D ordered T islands observed when 
the surface coverage is increased even further to ~0.3−0.4 ML (It= -0.65 nA, Vt= -2102 mV). The 
inset shows a zoom-in STM image of the 2D T island structure with high molecular resolution. 

allowing the self-assembly process to be dominated by intermolecular interactions. 
Thymine is a prime example of the above-mentioned multifunctional organic molecule 
capable of forming strong hydrogen bonds through the carbonyl and imino groups, 
whereas the methyl group enables it to interact via weaker vdW interactions. The STM 
results reveal a two-step hierarchical self-assembly process in which initially hydrogen 
bonds steer the growth of 1D filaments of T molecules that subsequently (for higher 
coverages) self-assemble into 2D T islands via the weaker vdW interactions. This 
growth mode is confirmed by the state-of-the-art density functional theory (DFT) 
calculations, which also enable a clear identification of the 1D T filament structures. We 
furthermore show that by using STM manipulation we can directly probe the hierarchy 
of bond strengths involved in the surface self-assembly of T molecules with highly 
anisotropic interactions. This is done by probing the different resistances that the bonds 
between the neighboring T molecules and between the supramolecular T filaments 
oppose to breaking under STM manipulation. Our experimental results demonstrate that 
STM manipulation can be used to selectively break the weaker vdW bonds, resulting in 
the lateral disassembly of the weakly-bound 2D T islands into their constituent T 
filaments. These manipulation experiments support the hierarchical picture that results 
from a comparison between theory and STM images, and thus demonstrate the 
usefulness of STM manipulation to detect the “weakest link” in hierarchical self-
assembled molecular structures, a hint that can be of the utmost relevance to identify 
molecular adsorption geometries from STM images. 

3.2.2    Results and discussion 
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Figure 3.6: (a) DFT calculated most stable filament structures A and B with very similar 
lattice vectors a and a’. The colour coding is used to distinguish two different hydrogen 
bonded filament structures. (b), (c) and (d) show three possible models for the observed 2D 
islands as shown in (f). All three have very similar lattice vectors as shown in the figures. 
(e) Overlay of two calculated most stable filament structures A and B (as shown in (a)) on 
the STM image of a linear filament, and a theoretically proposed structure for a bent 
filament. The upper inset shows the zoom-in STM image of the T filaments with molecular 
resolution. (f) Comparison of the periodic A-A structure of 2D T island shown in Fig. 
3.6(b) with the STM image. 

As seen from Fig. 3.5a the STM images recorded at 120 K show that at low surface 
coverage (less than 0.1 ML) the T molecules, upon deposition (at 350 K) onto a clean 
Au(111) surface held at room temperature, self-assemble into 1D filaments. It is seen 
from Fig. 3.5a that the filaments grow along random directions on the surface, and the 
adsorption of T molecules does not lift the characteristic herringbone reconstruction of 
the clean Au(111) surface. These two findings suggest that the molecule-substrate 
interaction is fairly weak, and that growth of the 1D filaments is mainly controlled by 
molecule-molecule interactions. The weakness of the interaction between a T molecule 
and the gold surface was also confirmed by our DFT calculations (adsorption energy 
near 0.05 eV) as will be discussed below. Interestingly, upon a gradual increase in the 
coverage of the deposited T molecules up to 0.1~0.2 ML, a local ordering sets in and 
some of the T filaments start to attach to each other side by side and grow into small 
patches of T islands. However, all these structures can still be considered as consisting of 
mainly T filaments (Fig. 3.5b). As the coverage is increased even further (up to 0.3~0.4 
ML), well-ordered 2D T islands nucleate and grow as the overall dominating structure 
on the surface. A few filaments can still be observed at the upper boundaries of the 2D 
islands (Fig. 3.5c). If instead of depositing the T molecules sequentially, we deposit the 
same coverage of T molecules continuously, we observe similar well-ordered 2D T 
islands. This growth mode is different from the growth mode of another DNA base 
molecule (cytosine), which initially also forms 1D filaments along random growth  
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Figure 3.7: In-situ STM images (a) to (c) show that the 2D T islands can be decomposed into 1D T 
filaments by STM tip related manipulation. After giving a pulse on the right down corner of Fig. 
3.7(a), a localized disturbed part (lower part) and unperturbed area (upper part) are found as shown 
in Fig. 3.7(b). After giving several pulses on Fig. 3.7(b), a homogeneous area of filamentary 
structure is found as shown in Fig. 3.7(c). It indicates that weak vdW interactions between parallel 
T filaments can easily be overcome. However, the stronger H-bonding which binds the filaments is 
not affected so much. Imaging conditions are the same for all three images: It= -0.6 nA, Vt= -2102 
mV. 

directions at low surface coverage, but we never observed the cytosine filaments to 
merge into 2D ordered structures even at a saturation surface coverage [69]. 
      To gain further insight into the atomistic structure of the observed T filaments, we 
have carried out ab initio DFT calculations for a variety of different filament structures. 
To systematically construct all possible filament structures, it is convenient to first 
assume that linear T chains (see inset in Fig. 3.6e) are constructed by repeating just two 
molecules (thymine pairs [80]) periodically. Following this method, we find 9 possible  
chain structures, which were all fully relaxed using the DFT method. The two 
energetically most favorable chain structures (referred to as A and B in the following) 
with similar binding energies of 0.77 eV per molecule are shown in Fig. 3.6a. They 
consist of two rows of T molecules linked to each other by hydrogen bonds. The model 
B filament can be obtained from model A by flipping the molecules of one of the rows. 
The two lowest energy chain structures are found to have the same lattice vector of 6.8 Å, 
which fits the experimentally observed linear T filament structures of 6.5 ± 0.5 Å quite 
well. Fig. 3.6e shows a comparison of the two most stable calculated linear filament 
structures (marked A and B) with the filaments observed in the STM images at low 
coverage. An excellent agreement is found for either of them, since the T molecules have 
a symmetrical, featureless appearance in the STM images. Hence, we cannot distinguish 
between the two chain models A and B of T filaments in the STM images out of 
symmetry considerations. Furthermore, the two most stable filaments may also link to 
one another end-to-end (note that end-to-side connections as in the case of cytosine [69] 
are not possible in this case, since they are sterically hindered by the methyl groups). 
These connections can be systematically constructed by considering all possible ends of 
finite filaments and their stability estimated by the binding energies of the corresponding 
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T dimers involved in the link. Some links result in bent T filaments, while others keep 
the linearity of the filament structures (see the overlay in Fig. 3.6e). 
      Based on the different possibilities for which T molecules [80] bind into the chain 
structures discussed above and from the coverage-dependent phase transition from the 
1D filaments to the 2D islands, we suggest that the 2D T islands are hierarchically made 
up by the most stable T filaments attached parallel to each other and bound together by 
vdW interactions between their methyl groups [98,99]. Since the two filament models (A 
and B) are very similar and filaments may mix in a linear structure, many 2D island 
structures exist. Examples of A-A, B-B, and A-B structures are shown in Figs. 3.6b, c 
and d, respectively. The binding energies of all these structures are expected to be very 
similar. As an example, we show in Fig. 3.6f that a good agreement exists between the 
model A-A of T islands and the observed STM image. Such a self-assembled monolayer 
of thymine molecules at the solid/liquid interface has also been proposed previously 
[100]. Therefore, we suggest that the 2D islands present on the surface are actually 
disordered in the sense that they contain various mixtures of T filaments joining end-to-
end as well as side-by-side. The latter connections are stabilized by the vdW interactions 
between the methyl groups of T molecules in neighboring T filaments. 
      Since the T filaments are linked together by the fairly weak vdW interactions, which 
results in the formation of the 2D T islands, one could speculate that the islands might 
somehow be more easily disassembled into randomly distributed filaments than into 
monomeric T molecules or any other supramolecular portion of the ordered islands. This 
hypothesis can indeed be confirmed experimentally since we have succeeded in 
reversing the growth process and forming 1D filaments from 2D islands by perturbing 
the 2D island structures by the STM tip as shown in Figs. 3.7a to c, where the scanning 
temperature is kept at 100-120 K. During the scanning of the T islands we applied a 
voltage pulse, ramping the voltage from 1 V to 10 V in a few ms. Note that after STM 
manipulation (i.e. blowing apart the 2D islands), we only observed 1D filaments rather 
than random T fragments with different shapes and sizes. This observation implies that 
there are different interactions between T molecules that can be split into two types: (i) 
strong H-bonding which binds the molecules in filaments (ii) much weaker vdW 
interactions (at least one order of magnitude weaker than H-bonding) which bind 
filaments together. Although, at the moment the detailed mechanism causing the 
transition from the 2D islands into the 1D filaments is not clear; it might be caused by 
field-assisted manipulation [101], or by inelastic tunneling [102]. At the same time, it 
might also be that some T molecules desorb from the surface due to the voltage pulse 
[103], leading to a slightly lower coverage after the manipulation. However, regardless 
of the detailed mechanism actually in play, we demonstrated that this manipulation 
process is capable of breaking the 2D islands into separate filaments by targeting the 
fragile vdW interactions without disturbing the stronger hydrogen bonds that hold the 
filaments together. 

3.2.3    Conclusion 

In this study, the adsorption of T molecules on the Au(111) surface has been investigated 
at various coverages using STM imaging and manipulation. We have shown that the 
multiple functionalities with which thymine molecules are endowed allow them to 
interact through both strong multiple hydrogen bonds and weak vdW interactions. This 
leads to a kinetically hierarchical self-assembly in which 1D T filaments stabilized by 
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hydrogen bonds are formed initially at low coverages, after which the filaments, steered 
by the vdW interactions, self-assemble laterally into 2D T islands. We have shown that a 
high-voltage pulse applied during scanning leads to a disassembly of the ordered 2D 
islands into the same 1D filaments as obtained by depositing T molecules at low 
coverages. Notice that the assignment of the different interactions leading to 1D 
filaments and 2D islands is done on the basis of high-level theoretical calculations and 
predictions. However, similar conclusions could be obtained exclusively on the basis of 
the selectivity in the intermolecular bond-breaking mechanism. Thus, this technique of 
selective disassembly of hierarchical self-organized molecular structures into their 
higher-level supramolecular constituents might offer valuable new insights into the 
nature of the intermolecular interactions, and thus, in assigning orientations of molecules 
in the observed STM images. 
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3.3    Guanine on Au(111) 

3.3.1    Introduction 

The convergence of two scientific branches, design of low-dimensional systems on the 
nano-scale in condensed matter physics and the controlled growth of nucleotide 
sequence in molecular biology, has the potential to lead to new routes of directed self-
assembly of molecular nanostructures at surfaces [104-107]. Among self-assembly 
processes stereochemistry often plays a crucial role in controlling molecular recognition 
and interaction, not only in nature but also in the field of molecular self-assembly at 
surfaces [29,30,108]. Chiral specificity is therefore of fundamental interest in molecular 
biology and surface science. Scanning Tunneling Microscopy (STM) is the technique of 
choice to locally probe chiral phenomena at surfaces at the single molecule level [33,49]. 
Significant insight has already been obtained from previous STM studies, where it has 
been shown that the chirality of adsorbed molecules can be determined [109], providing 
there is direct evidence for intermolecular chiral recognition between, for example, 
amino acids and DNA base molecules [7,30], and spontaneous assembly of adsorbates 
into extended enantiomerically pure islands [110]. Aside from truly chiral molecules, a 
large number of so-called prochiral molecules exist, which become chiral once they are 
adsorbed on a surface (with an associated loss of symmetry) [111,112]. 
      Here we present STM results for the adsorption of one of the DNA base molecules 
guanine (G) onto the Au(111) surface. Guanine molecules adsorbed onto the surface will 
adopt a flat geometry [66] with an orientation either face up or face down due to 
confinement by the surface, so that guanine is said to be a prochiral molecule. The self-
assembled G nanostructures are found to consist of nearly square building blocks 
(quartets) consisting of four molecules. The inter- and intra-quartets bonds between G 
molecules are hydrogen bonded. Directly upon deposition of G molecules at room 
temperature we found that an overall heterochiral phase including two enantiomerically 
pure homochiral G-quartet networks is formed, whereas upon annealing at 400 K a 
racemic G-quartet network was observed. Ab initio Density Functional Theory (DFT) 
calculations give further insight into the formation of these different G-quartet 
nanostructures, and it is revealed that the racemic G-quartet network is a dual-state 
network stabilized by entropy. 

3.3.2    Results and discussion 

After deposition of G molecules, the sample was transferred in-situ to the STM. Figure 
3.8a shows that upon deposition (at 420 K) onto the clean Au(111) surface held at room 
temperature the G molecules self-assemble into well-ordered molecular nanostructures 
with irregular shape, which is in good agreement with previous findings [66]. The 
adsorption of the guanine molecules does not lift the herringbone reconstruction of the 
Au(111) surface, which implies a rather weak interaction between the molecules and the 
substrate. Furthermore, previous DFT calculations of individual G molecules on the 
Au(111) surface reveal that the G molecules bind weakly to the gold surface in a 
configuration with the G molecules lying flat on the Au(111) surface, so that the 
individual G molecules are highly mobile on the surface and there is no preferential 
position or orientation for adsorption [66]. Hence, the stability of the self-assembled G  
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Figure 3.8: (a) A typical STM image containing mirror phases of R and L G-quartet networks. (b) 
A zoom-in of the R G-quartet network; inset: a molecular-resolved STM image of the R G-quartet 
network. (c) STM image of enantiomerically pure R G-quartet network with the superimposed 
theoretically calculated molecular model, which shows intra- and inter-quartet hydrogen bonding 
stabilizing the structure. (d) The unit cell of the R G-quartet network. (e) The unit cell of the L G-
quartet network. (f) STM image and the theoretically obtained molecular model for the 
enantiomerically pure G-quartet network with L chirality. Scanning conditions: It= -0.5~1 nA, Vt= 
-700~1250 mV. 

nanostructure is predominantly due to inter-molecular interactions, i.e. the hydrogen 
bonding between the G molecules [53]. 
      Fig. 3.8b shows a close-up STM image of the self-assembled molecular 
nanostructure of the G network. Despite the hexagonal symmetry of the substrate, the 
guanine network displays an almost square lattice with the high space group symmetry 
p4. The high-resolution STM image (inset in Fig. 3.8b) shows that the individual G 
molecules are depicted in the STM images as triangular shapes and that four G 
molecules in a chiral arrangement form the unit cell (marked R in Fig. 3.8d). This 
network is associated with the previously reported G-quartet network [53,66]. In Fig. 
3.8c we have superimposed the hydrogen-bonded molecular model obtained from ab 
initio DFT SIESTA calculations [76,77] on top of the STM image. As can be seen eight 
intra-quartet hydrogen bonds are formed to stabilize the quartet motif and another eight 
inter-quartet hydrogen bonds link adjacent quartets to each other to form the observed G-
quartet network. As mentioned above, the surface induced chiral states of the G 
molecule should co-exist in equal portions. It is therefore expected that the other 
enantiomeric phase with respect to that shown in Fig. 3.8b should co-exist on the surface. 
Indeed, Fig. 3.8a shows islands (marked L) which have a different orientation with  
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Figure 3.9: (a) STM image of the racemic G-quartet network. The unit cell is highlighted by a 
green rectangle. (b) The theoretically calculated molecular model A superimposed on the zoom-in 
STM image. (c) The theoretically calculated molecular model B superimposed on the same zoom-
in STM image. Scanning conditions are the same as indicated in Fig. 3.8.  
 
respect to islands marked as R. High-resolution STM images allow us to identify the 
detailed structure of islands L, the unit cell of which is shown in Fig. 3.8e, which is the 
mirror phase of the islands R. The theoretically calculated molecular model 
superimposed on the STM image of island L is shown in Fig. 3.8f. Upon adsorption of 
the prochiral G molecules onto the Au(111) surface, a surface-induced chirality is 
generated, which leads to the formation of two different chiral quartets (R and L, 
respectively). Subsequently, the R and L quartets serve as molecular building blocks to 
grow into enantiomerically pure R and L extended islands through inter-quartet 
hydrogen bonding. The surface-induced chirality is thus amplified from 0 dimension 
(single G-quartet motif) to 2 dimension (homochiral G-quartet islands) during this 
molecular recognition process. In Fig. 3.8a we thus observe a heterochiral phase formed  
by two enantiomerically pure homochiral R and L G-quartet networks coexisting on the 
surface. 
      Interestingly, by annealing the sample at 400 K the heterochiral phase can be 
transformed irreversibly into a racemic G-quartet network as shown in Fig. 3.9a. The 
unit cell of this racemic G-quartet network containing two quartets has been highlighted 
by a green rectangle in Fig. 3.9a. The theoretically calculated molecular model referred 
to as racemic structure A is superimposed on the STM image in Fig. 3.9b. Each quartet 
in this racemic G-quartet network is joined to any of the four adjacent quartets via two 
hydrogen bonds as was the case for the enantiomerically pure G-quartet network. 
However, in the racemic phase each quartet only joins to quartets with the opposite 
chirality as indicated in Fig. 3.9b, which results in a characteristic pattern of G quartets 
forming oval gaps running at 90o to each other through the whole network indicated by 
shadows in Fig. 3.9a. This racemic structure has much lower space symmetry p2. 
      A thorough analysis of the racemic structure A, as superimposed in Fig. 3.9b, shows 
that it is actually prochiral. By flipping the racemic structure A, an atomistically 
different structure, which we shall refer to as racemic structure B, is obtained in which 
quartets are connected with each other in a different manner as seen by comparing the 
molecular models shown in Fig. 3.9b and c. Furthermore, both structures can fit well 
with the STM images as can be seen by superimposing both models onto the same STM 
image as shown in Figs. 3.9b and c. Basically the positions of the quartets and the oval 
gaps between them change very little making them indistinguishable in our STM images.  
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Figure 3.10: (a) The racemic structure A. (b) The racemic structure B. (c) Schematic of the relative 
distortion relating the two racemic structures A and B, where the dashed box corresponds to 
structure A and the solid box to structure B. 
 
This new racemic structure is fascinating, as both of the two prochiral structures A and B 
can be obtained from each other by a continuous transformation corresponding to 
simultaneously pinning of all quartets R and L, and then rotating each of them by the 
same angle of about 17o, as shown schematically in Figs. 3.10a-c. Both structures have 
the same periodicity (lattice vectors) as indicated in Fig. 3.10 and identical stability in 
the gas phase since they are also mirror images of each other. Since the transformation 
from structure A to B or vice versa would require breaking of the existing double 
hydrogen bonds between quartets and establishing new ones after the rotation, an energy 
barrier must exist for the transition from one racemic structure to the other (A↔B). 
Hence, this situation corresponds to a double-well potential configuration where a 
minimum energy path exists on the potential energy surface, which connects the racemic 
structures A and B, with equal barriers on either side. 
      Our DFT calculations show that the racemic structure has a lower stability by 0.54 
eV (per quartet) than the homochiral one (-4.00 eV and -4.54 eV, respectively). However, 
the racemic structure has two states of the same energy (structure A and B), whereas the 
homochiral structure has only one. Hence, the racemic structure should have higher 
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entropy and to a first approximation, it is higher by kBln2. A more thorough and rather 
expensive calculation, (not performed here) should also take into account the different 
vibrational contributions and thus its free energy, G=H−TS, will become lower at high 
enough temperatures. Therefore, we suggest the following explanation for our 
observations. When the G molecules are sublimated onto the surface at RT, they 
primarily form G quartet motifs, as these are the most stable small clusters stabilized by 
cooperative hydrogen bonds as proposed previously [66]. Due to equal supply of R and 
L G molecules, an equal number of R and L G-quartets exist. Since, our calculations 
show that the interaction between homochiral quartets (R-R or L-L) is stronger than the 
interaction between heterochiral quartets (R-L), thus R and L quartets at RT prefer to 
form homochiral G-quartet networks (i.e. R and L G-quartet networks segregate). When 
the sample is annealed at 400 K, the inter-quartet hydrogen bonds can be broken 
relatively easily and the homochiral G-quartet network undergoes the transition into the 
new racemic phase in which it fluctuates between the two structures A and B. After 
subsequent fast cooling to 100 K prior to the STM measurements, one of the racemic 
structures either A or B or both, become kinetically trapped and are observed in the STM 
images. Therefore, our observations and the theoretical analysis clearly demonstrate that 
the homochiral G-quartet network is energetically favorable at RT, while the entropically 
stabilized racemic G-quartet phase becomes energetically more favorable at higher 
temperatures, as observed experimentally. 
      Note that the existence of the racemic G-quartet structure cannot be explained by 
formation at high temperature of guanine tautomers observed experimentally [114,115] 
and studied theoretically [116], since all most stable forms are found to be inconsistent 
with the G-quartet structure as we observed.     

3.3.3    Conclusion 

In summary, we have demonstrated that the surface-induced chirality of the prochiral G 
molecule can be generated and amplified by room-temperature adsorption. 
Enantiomerically pure and racemic phases are observed, the latter being obtained by 
annealing to 400 K and subsequent cooling to 100 K prior to the STM analysis. This 
racemic structure is explained as an entropically stabilized dual-state molecular structure. 
Our findings may lead to a rational design of 2D supramolecular surface nanostructures 
with a specific chirality. This may be of particular interest for creating functionalized 
surfaces for biosensor and heterocatalysis applications, as well as for specific 
applications in drug design based on the biologically relevant G quartets [117].     
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3.4    Cytosine on Au(111) 

Experimental microscopic imaging methods are required if one wants to improve our 
present understanding on the structure of amorphous materials. Non-symmetrical organic 
molecules adsorbed on solid surfaces may assemble into random networks, thereby 
providing us with model systems for organic glasses that can be directly observed by 
scanning tunneling microscopy (STM). Here we report on the structure of the disordered 
cytosine (C) network on the Au(111) surface, created by thermal quenching of the 2D 
fluid present on the surface at room temperature, to temperatures below 150 K. 
Comparison of STM images to density functional theory (DFT) calculations allows us to 
identify three elementary structural motifs (zigzag filaments and five- and six-membered 
rings) that underlie the whole supramolecular random network. The identification of 
elementary structural motifs may provide a new framework to understand medium-range 
order in amorphous and glassy systems. 

3.4.1    Introduction 

The microscopic description of glasses and amorphous solids is in general very 
challenging due to the lack of long-range order in their structure [118]. The structure of 
amorphous solids has traditionally been studied by space-averaging diffraction 
techniques, which provided a very detailed description of such materials on the 
macroscopic scale [118,119]. However, much less is known about the local structure of 
such disordered solids. Important breakthroughs in this respect came from optical 
microscopy studies of colloidal glasses [120,121]. However, due to the non-scalable 
behavior of the energy-relaxation processes with particle size, many details of how the 
molecular glasses persist and the dynamics of the glass transition cannot be answered 
with these model systems [121]. 
      Organic molecules with the ability to form hydrogen bonds via peripheral functional 
groups that may be distributed in a highly anisotropic way have the potential to organize 
in random arrangements when deposited on atomically flat solid surfaces. The structure 
and dynamics of such systems can be addressed by scanning probe techniques at the 
molecular level [49,97,122] (provided the adsorption geometry is planar); thereby they 
have the potential to become a model system for studies on the structure of amorphous 
solids. In principle, the realization of such disordered systems also requires that 
molecule-surface interactions are much weaker than molecule-molecule interactions: if 
the molecules had an ability to arrange themselves in the gas phase in planar disordered 
structures, a strong interaction of the molecules with the surface would force them to 
form well-ordered structures controlled by the surface periodicity. The formation of a 
planar network is exemplified by the case of guanine (G) on Au(111) [66]: in this case, 
G self-assembles into a network of G quartets as determined almost entirely by 
hydrogen-bonding between the adsorbates, the role of the surface being only that of 
promoting planarity, as the corrugation of the potential energy surface is rather flat. 
However, the symmetry of the functional groups around the G molecules enables 
ordered networks to be formed. 
      Here we have studied the molecular-scale self-assembly of a cytosine (C) network on 
the Au (111) surface in real-space using STM and found that a supramolecular network 
forms which, unlike the previously reported case of a G structure, lacks long-range order. 
DNA base molecules adsorb weakly on noble metal surfaces, with an adsorption  
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Figure 3.11: STM images of cytosine structures with increasing surface coverage (the pink arrows). 
Inset to (A): The most important binding sites which are used to form double hydrogen bonds 
between cytosine molecules. Blue arrows indicate mobile C zigzag branches (A) and C molecules 
or clusters trapped in nano-cages that appear as blurs (B, C). At higher coverages the blurs remind 
moving 5- or 6-fold rings (D). Scanning conditions: (A): It= -0.5 nA, Vt= -1767 mV (B): It= -0.3 
nA, Vt= -1767 mV (C): It= -0.7 nA, Vt= -1250 mV (D): It= -0.2 nA, Vt= -1250 mV. 
 
potential-energy surface displaying a small corrugation and a weak molecule-substrate  
charge transfer [7,58,64,66]. Experimentally we find that the C molecules are 
sufficiently mobile on the Au(111) surface, thus the molecular layer can be considered as 
a 2D fluid at room temperature (RT). Previous theoretical studies indicate that, due to the 
large number of hydrogen-bond donor and acceptor groups with which C is provided, a 
relatively large number of stable C-C dimer configurations could form involving double 
hydrogen bonds between groups of neighboring peripheral functionalities (or “binding 
sites”, see inset in Fig. 3.11A) [81]. The multiplicity of the strongest C-C dimer states 
with similar binding energies and the non-symmetrical distribution of the corresponding 
binding sites over the periphery of the molecules suggest that intermolecular interactions 
alone might direct the growth of disordered structures. Indeed, our STM results reveal 
that the 2D fluid of mobile C molecules found at RT, when quenched to low 
temperatures at a cooling rate of about 20 K/min on average, assembles into disordered 
structures, thus behaving like a 2D glass. 

3.4.2    Results and discussion 

When a sub-monolayer coverage of C molecules was deposited (at 390 K) on Au(111) at 
RT and the sample was imaged by STM at temperatures ≥ 180 K, no individual C 
molecules are observed because of their high mobility. Instead a noisy appearance or 
strikes is observed in the STM signal, the origin of which is associated with mobile C 
molecules diffusing much faster under the STM tip than the average STM scanning time 
[123,124]. We refer to this state as a 2D fluid. A series of STM images recorded at low 
temperatures (120-150 K) for increasing coverages on the surface is shown in Fig. 3.11. 
Near 1 ML the observed C structure is clearly disordered (Fig. 3.11D) with no long-
range periodicity and the C structure thus represents an amorphous 2D system. This 
long-range disorder is reflected in its fast-Fourier transform (FFT) shown in the inset of 
Fig. 3.11D, which reveals only a bright rim corresponding roughly to a constant first 
neighbors distance. This short-range order is characteristic of most covalent and metallic 
glasses, thus indicating that the amorphous structure depicted in Fig. 3.11D can be 
described as a 2D glass. 
      The lack of long-range order is also apparent at lower C coverages (Figs. 3.11A to C), 
although a slight anisotropy in the intensity distribution of the FFT of the STM images  
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Figure 3.12: Three elementary structural motifs (filaments, 5- and 6-fold rings) are compared with 
the theoretical models. The color coding in the filament models (see inset in Fig. 3.11A) indicates 
the binding sites 5 and 7 involved in the two filaments, and this also helps to recognize the 
chirality of the molecules. The enlarged image shows that the seemingly straight filaments have no 
translational periodicity. The non-circular shapes of the molecules which are clearly not tip 
artefacts (molecules A are mirror-images of B) can be recognized in the high-resolution STM 
images. A line connecting the centres (indicated by green dots) of molecules 1 and 6 is used as a 
reference. It clearly shows that molecules 1, 3, 4, 6 binding to molecules A are centred along the 
reference line, whereas molecules 2, 5 binding to molecules B are off the reference line. Thus, it 
strongly suggests that the dimers 1-A, 3-A, 4-A, 6-A should be different from dimers 2-B, 5-B, 
indicating that the filament changes its structure after 2-3 dimers. Scanning condition: It= -0.7 nA, 
Vt= -1250 mV. 

along the high-symmetry directions of the gold substrate seems to indicate a small but 
measurable templating effect of the substrate on the molecular arrangement. For low C 
coverages (below 0.5 ML), diffusion dynamics of the C molecules and supramolecular 
clusters is revealed even at 100 K. First, time-lapsed STM movies recorded with the fast-
scanning Aarhus STM reveal rearrangements of the different structural elements with 
respect to each other. Some of the C structures appear as blurred protrusions in the STM 
images and cannot be resolved into their molecular constituents. In Figs. 3.11B to D 
these blurred protrusions can be found in the “nano-cages” between randomly oriented C 
filaments. STM movie shows that the C related protrusions may move in and out of the 
‘‘nano-cages’’ if manipulation with the STM tip breaks one of its “walls.” Upon 
subsequent increase of the C coverage, the number of the blurred protrusions decreases, 
and these initially featureless blurred protrusions (see Fig. 3.11B, where one example is 
indicated by blue arrow) begin to display some internal structure, first appearing like a 
“doughnut” (Fig. 3.11C, indicated by blue arrow), and subsequently like blurred 5- and 
6-fold rings (Fig. 3.11D, indicated by blue arrows). These findings suggest that the  
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Figure 3.13: STM image in (A) and a theoretically predicted structure in (B) show the connections 
between C filaments and 6-fold rings in a ‘‘roundabout’’ fashion. STM image in (C) shows the C 
filaments linked together mainly via T- and bending junctions. The corresponding theoretically 
predicted structures are shown in (D) to (G), respectively. Examples of ‘‘roundabout’’ and T-
junction motifs have been highlighted in (A) and (C), respectively. Scanning conditions: (A): It= -
0.4 nA, Vt= -1051 mV (C): It= -0.7 nA, Vt= -1250 mV 

blurred structures correspond to mobile C molecules or clusters enclosed in the ‘‘nano-
cages’’ of the random C network, unable to attach to it. 
      A thorough and detailed analysis of the STM images obtained for a coverage below 1 
ML reveals that every C molecule belongs to at least one of the following three 
structural units: (i) zig-zag filaments, (ii) 5-fold rings and (iii) 6-fold rings (see Fig. 3.12).  
Over 200 images were analyzed for more than five different coverages, and for each 
coverage at least 20 images were examined. Thus, for our model system, the problem of 
describing this disordered structure can be reduced to the much simpler problem of 
understanding how these three elementary structural motifs link together.  
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      In order to further characterize the structure of the random C network, we have 
performed ab initio density functional theory (DFT) calculations. The minimum-energy 
configurations for C molecules with geometries similar to the zigzag chains, and the 5- 
and 6-fold rings revealed in the STM images are shown in Fig. 3.12. By systematically 
attaching molecules to each other in all possible ways [81], several configurations with 
very similar binding energies were found for all three structures. The two most stable 
models for the periodic zigzag filaments, obtained by assuming that the unit cell is 
composed of two C molecules (that is, a C-C dimer), are denoted C-1D(1) and C-1D(2) 
respectively. The calculated binding energies of about 0.9 eV/molecule for these two 
structures are very similar and significantly larger than the ones obtained for 5- and 6-
fold C rings (0.6 eV/molecule), in good agreement with the experimental finding that the 
filaments are the most common structure observed in the STM images. Since the 
stabilization energies of the two filamentary structures C-1D(1) and C-1D(2)  
corresponding to the same motif are very similar, we assume that all of them do co-exist 
in the random cytosine network, and their very similar geometry makes them 
indistinguishable by STM. From the calculations we find that the interaction with the 
gold surface is much weaker (adsorption energy found to be 0.1 eV) than the identified 
intermolecular hydrogen bonding strength between the C molecules. Although there is a 
weak indication in the FFT images of a preferential alignment of the filaments along the  
symmetry directions of the gold surface (Fig. 3.11C), this effect is much smaller as 
compared to the much stronger hydrogen bonding driving the assembly of C molecules.    
      Next, we addressed how these different elementary structural motifs interconnect 
with each other to form the disordered cytosine networks. The ends of the two stable 
finite filament segments (shown in Fig. 3.12) exhibit a number of exposed hydrogen-
bonding groups, i.e. they are “sticky”, whereas the peripheral functional groups exposed 
on the sides of the filaments are mostly non-polar and thus less prone to form stable 
bonds to neighboring C molecules. Correspondingly, we never observed a “bare”  
filament termination. As shown in Figs. 3.13A and C, the filaments are always linked to 
some other filament through 6-fold ring or in a T-junction fashion (possible models for 
which are displayed in Figs. 3.13B, D, and E). Similarly, the “sticky ends” of any two 
filaments can join head-to-tail resulting in either bent or linear filament structures (Figs. 
3.13F and G). Our STM images show that indeed most of the observed filaments which 
are longer than two to three dimers quite often are bent (Fig. 3.13C). Furthermore, our 
high-resolution STM images reveal a change in the shape of molecules (marked as A and 
B in the enlarged STM image in Fig. 3.12) along straight filaments in positions that 
would be equivalent if there was translational periodicity. This indicates that these 
molecules A and B do not have the same orientation, and thus translational periodicity 
only appears over two to three dimer distances along the filaments. 
      Figs. 3.13A and B depict experimentally and theoretically, respectively, how the 
‘‘sticky ends’’ of cytosine filaments can link together through the 6-fold ring in a 
“roundabout” fashion. As in the case of 5- and 6-fold ring formations, the bonds 
involved in the interconnections among the different elementary structural motifs will be 
weaker than those involved in the stabilization of the C-1D structures. On the other hand, 
the “non-sticky” nature of the filament side-borders makes it difficult for molecules or 
molecular clusters trapped inside ‘‘nano-cages’’ to attach to their ‘‘walls’’, and thus they 
diffuse fast in the enclosed regions (they appear as blurred protrusions in the STM 
images discussed above). Thus, by connecting and combining the three elementary 
structural motifs in the fairly small number of ways just described, the C structures  
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Figure 3.14: STM image of a ‘glassy state’ of cytosine on Au(111) with an overlay illustrating that 
a few elementary hydrogen-bonded structural motifs and their possible connections explain the 
image. Scanning condition: It= -0.15 nA, Vt= -1767 mV. 
 
observed in the STM images can be explicitly characterized, and an example of this is 
shown in Fig. 3.14. 
      Previous STM experiments performed in an electrochemical environment [125] 
reveal that there exists another structure for the system C/Au(111) in which ordered 
arrays of zigzag filaments of C molecules lie parallel to each other bound by weak van 
der Waals (vdW) forces acting between non-polar (non-sticky) areas of the filaments. 
Note that in this arrangement each molecule is also hydrogen bonded to other two 
molecules along the filament, but it also interacts with two molecules of the neighboring 
filaments through vdW interactions. In the random network we observe, only hydrogen 
bonding is involved and the majority of the C molecules are bound to only two 
neighbors through hydrogen bonding. Hence, because of an additional vdW interaction, 
in relatively large islands of parallel C filaments, the binding energy per molecule will 
be greater than in a random network containing the same number of molecules, ensuring 
that the ordered arrangement has the lowest energy, and it thus serves as the 2D cytosine 
ground state. 
      As crystalline islands can only survive if they are larger than some critical size, 
kinetically their formation is highly unlikely. Indeed, upon fast cooling the formation 
rate of a large stable crystalline nucleus cannot compete with the formation rate of much 
smaller structures such as 5- and 6-fold rings, roundabouts and T junctions, which are 
energetically the most stable clusters containing small numbers of C molecules, and the 
system gets trapped in a random network during the first stage of the kinetic process of 
assembly formation. Thus, this kinetic process leads to a dynamical capture of the 2D 
fluid upon fast cooling, when the available thermal energy in the system becomes 
insufficient to facilitate escape from the local order of the liquid state into the ground 
crystalline state. 
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3.4.3    Conclusion 

As a result we can conclude that in spite of the lack of periodicity in the random cytosine 
network, we have revealed that only a few elementary structural motifs exist through 
which C molecules bind to each other, and yet very complex structures can be formed 
from these structural building blocks. The present cytosine model system is kinetically 
trapped in a disordered state, in a similar way as a glass is trapped in the amorphous state, 
since it would need to overcome prohibitively large energy barriers to move away from 
it. Examples of glass-forming systems where the constituents are molecules that can 
form hydrogen bonds in one of their ends, but interact only weakly through the other 
parts, such as for example ethanol, are known in the literature [126]. The results 
presented here may reveal an interesting route for studying the structure of organic 
glasses, by performing a systematic search of particularly stable motifs and their possible 
interconnections. The structure we describe here is similar to a Continuous Random 
Network, where the constituents of the network are not individual atoms or molecules, 
but they rather consist of a small number of supramolecular elementary motifs, some of 
which present medium-range order. The identification of such structural motifs would 
not have been possible without the proper choice of a model system and the application 
of the STM technique to reveal the nano-scale order. 
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3.5    Cytosine+Guanine and Cytosine+Adenine on Au(111) 

Molecular recognition between complementary nucleic acid (NA) bases is vital for the 
replication and transcription of genetic information, especially under prebiotic conditions, 
in which the dedicated molecular machinery of evolved living organisms was not yet 
developed to any extent [127,128]. Therefore, it is of utmost fundamental interest to 
investigate this recognition process under mimic prebiotic conditions in order to explore 
how life could possibly emerged under conditions other than those present on Earth 
today. Here we show that molecular recognition does indeed occur between individual 
NA bases adsorbed on a solid surface such as Au(111) under extremely clean ultra-high 
vacuum (UHV) conditions, that is, even in the absence of any solvents and salts. We 
demonstrate by variable-temperature Scanning Tunneling Microscopy (VT-STM) that 
binary mixtures of the complementary bases guanine (G) and cytosine (C) on the surface 
are stable towards thermal treatments up to their desorption temperature, while mixtures 
of the non-complementary bases adenine (A) and cytosine (C) segregate upon gentle 
annealing. From a thorough analysis of our STM images and an interplay with state-of-
the-art ab initio Density Functional Theory (DFT) calculations we conclude that G could 
indeed recognize its complementary partner C and the complementary mixture’s 
resilience is due to the formation of embedded Watson-Crick pairs between adsorbed G 
and C molecules. These results show that the presence of the solid surface can help the 
recognition of NA base molecules by keeping the molecules in a flat configuration and 
reducing the possibilities in phase space which trap the molecules in 2D and easily 
steered by directional H-bonding, but at the same time the efficiency of the recognition 
process is very sensitive to growth conditions. Such conditions must then be closely 
mimicked by any experiment aimed to understand the origin of the first self-replicating 
molecules. 

3.5.1    Introduction 

Ever since the fascinating double helix structure of DNA was discovered by Watson and 
Crick fifty years ago [129], upon which a simple set of base pairing rules were proposed 
for the four NA bases guanine (G), cytosine (C), adenine (A) and thymine (T), the 
complementarities between the patterns of hydrogen-bonded donors and acceptors in the 
A-T and G-C pairs has been found to play a crucial role in the fidelity with which DNA 
is replicated [129], since it would impose an enthalpy penalty to form double stranded 
DNA from error-containing strands. However, experimental evidence has proven that 
several DNA polymerase enzymes can efficiently incorporate non-natural nucleotides 
containing synthetic bases without the capability of forming hydrogen-bonds, but with a 
shape that closely mimics that of the natural nucleobases [130]. Hydrogen-bonding is 
thus a priori not necessary for a high-fidelity replication of DNA in evolved organisms. 
An important fundamental question to address is thus: Why would the base pairs A-T 
and G-C contain complementary hydrogen-bonding groups, as if they were necessary for 
replication when they are not? One possible answer is that they might indeed have been 
necessary to attain some degree of fidelity in the replication of the first self-replicating 
molecules in the prebiotic soup on Earth, when the elaborated molecular machinery of 
modern living organisms had not yet fully evolved [127]. It has been shown that short 
RNA strands can act as templates, catalyzing the polymerization of complementary RNA 
strands from activated nucleotides in solution. The reaction, though, proceeds slowly and  
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Figure 3.15: STM images of single DNA bases deposited on Au(111) at RT. Guanine (a, d) and 
adenine (b, e) show 2D island growth. The herringbone reconstruction, known from clean Au(111) 
can clearly be seen as modulation on the top of the purine structures, indicating weak interaction 
between the substrate and the molecules. Cytosine (c, f) grows into 1D filaments consisting of 
zigzag branches and ring-like structures. Blurs in areas that are confined by branches are due to 
mobile C molecules. The insets show the chemical structure of the molecules with O, N, C and H 
atoms shown as red, blue, grey and small white circles. All images are acquired in constant current 
mode It= -0.3-0.7 nA, Vt= -800-1500 mV. 

the replication process is rather unfaithful [127]. This is however not very surprising in 
view of the small free energy gain associated with complementary binding of the 
nucleotides in solution [131], which involves the breaking of hydrogen-bonds between 
the nucleobases and the water molecules of the solvent (which is energetically costly) 
and the loss of freedom for the nucleobase dimer, as compared with the solvated bases 
(entropically costly) [130]. 
      It has been proposed that surfaces of solid minerals and graphite grains [132] might 
have played a major role in the evolution of prebiotic molecules and acted as catalysts to 
enhance the RNA replication fidelity and the reaction rate [128], but the detailed role of 
the solid surface in molecular recognition between complementary nucleobases has not 
yet been thoroughly addressed. Here we use variable-temperature STM and DFT 
calculations to investigate the feasibility of molecular recognition in complementary G-C 
system as compared with the non-complementary A-C system using the inert Au(111) 
surface as a model substrate. 

3.5.2    Results and discussion 
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Figure 3.16: Co-deposition experiment for complementary C+G (a-c) and non-complementary 
C+A (d-f) bases. During the first step, similar amounts of C were deposited at RT in each case (a, 
d). After deposition of G (b) a sharp increase in the number of 5-fold rings is found (indicated by 
the green shadows), which was not observed after deposition of A (e). C+G as well as C+A mix 
upon co-deposition (b, e). After annealing the complementary C+G mixture remains disordered 
binary phase (c), while the non-complementary C+A mixture segregates into A islands and C 
zigzag branches (f). 

Prior to the studies of NA base complementarities, we first studied the adsorption of 
single individual bases. In Fig. 3.15 we show three representative STM images of the 
molecular networks formed by depositing G (Figs. 3.15a and d), A (Figs. 3.15b and e) 
and C (Figs. 3.15c and f) molecules on the Au (111) surface held at room temperature 
(RT). The STM images were recorded at 100-150 K to prevent undesired diffusion 
events and to enhance the tunneling junction stability. The corrugation of the potential 
energy landscape for adsorbed NA bases is small enough to enable molecules to move 
around to form the observed self-assembled molecular networks. The molecular 
assembly, thus, arises from the hydrogen-bonding between the peripheral functional 
groups of the NA base molecules, consistent with previous studies for G [66], C [69], T 
[68] and A networks [133] on Au(111) and on other different substrates [7,58,64,134]. 
NA base molecules adsorbed on noble-metal (111) surfaces are found to adopt a flat-
lying geometry in which the rings in the molecular backbone are parallel to the substrate 
surface [58,66,68,69,133]. 
      For the G and A (purine) molecules the STM images clearly depict the formation of 
self-assembled two-dimensional (2D) well-ordered structures (Figs. 3.15a and b). The 
submolecular-scale structures of the molecular networks for both molecules are clearly 
resolved and the molecular structures are easily distinguishable from each other in the 
STM images. For the guanine case, G molecules self-assemble into a hydrogen-bonded 
network of G-quartets similar to those found in G-quadruplex DNA [66]. For the case of 
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A, we observe a self-assembled molecular structure very similar (but not exactly the 
same [133]) to that obtained after depositing A molecules on Cu(111) [58], Ag/Si(111) 
[64] or graphite [134]. 
      On the contrary, the C molecules do not initially nucleate and grow in 2D self-
assembled islands (Fig. 3.15c). At low coverages (below 0.25 ML), we are not able to 
image the C molecules on Au (111) even when the STM is held at low temperature (100 
K), due to the very high mobility of individual C molecules and small C clusters. 
However, for coverages above 0.25 ML, the C molecules form a disordered molecular 
network of interconnected 1D zigzag filaments interconnected by 5- and 6-fold rings. 
Similar branches consisting of double molecular rows have been reported for C 
deposited on Cu(111), although an exact comparison is hampered by the lack of 
molecular resolution in that study [58]. Even at higher C coverages, we still observe 
some diffusion and rearrangements of the hydrogen-bonded C molecules within the C 
network structures. In the areas enclosed by several C branches, “blurred” ring-shaped 
structures are observed, which are attributed to mobile C molecules or clusters confined 
in such nano-cages. The details of this interesting C structure which has glassy-like 
behaviour were recently discussed in a separate publication [69]. 
      Once we have identified and characterized the adsorption structures of the individual 
single NA bases, we proceed to perform the co-deposition experiments of the binary 
mixtures. First we deposited the C molecules at RT which resulted in the mobile and 
open filament type network we described above, and determined the C coverage with the 
STM. In the second step either the complementary base (G) or the non-complementary 
base (A) were deposited onto the surface (held at RT), already partially covered by C 
molecules, and subsequently imaged both samples with the STM at low temperature. 
Finally, the samples were annealed at a temperature lower than the lowest desorption 
temperature of the three bases for 10-15 min and the surfaces were subsequently imaged 
at low temperature again. 
      STM images of such a deposition-annealing sequence are shown in Figs. 3.16a-c for 
C+G and d-f for C+A, respectively. In the shown experiment we deposited comparable 
amounts of C in the first step (Figs. 3.16a and d), and obtained comparable total 
coverage after deposition of the second base (C+G or C+A in Figs. 3.16b and e, 
respectively). In Fig. 3.16a and d the typical C structure with zigzag branches and ring-
like structures is observed. After deposition of the purine molecules (G or A), the 
structures for both binary mixtures are observed to have a similar appearance in the STM 
images (Figs. 3.16b and e), similar to the pure C structure (Figs. 3.16a and d). The only 
difference that can be straightforwardly noticed is a dramatic increase in the number of 
five-fold rings upon G deposition (Fig. 3.16b, indicated in green), that is not observed 
upon A deposition (Fig. 3.16e). It can be stated that upon deposition at RT both purine 
molecules (G and A) get incorporated into the pre-existing C network (see below the 
detailed analysis of this), and thus both G-C and A-C pairs must exist. 
      However, dramatic differences are observed after annealing the binary mixtures at 
temperatures slightly below the lowest desorption temperature of the pure bases. In the 
case of C+G annealed to 373 K for 10 min, the structure remains the same as before 
annealing, the only noticeable difference being that the blurred mobile molecules have 
disappeared (the imaged region in Fig. 3.16c is typical). The binary structure of C+G is 
thus stable during annealing. Further annealing treatments at higher temperatures (400 
K), however, lead to desorption of the C molecules, and only the pure G molecules are 
left on the surface. On the contrary, in the case of C+A after annealing to 353 K for 10 
min, we mainly find large islands which can be associated with the self-assembled  
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Figure 3.17: (a) High-resolution STM image of the complementary C+G structure after annealing. 
The blue circles indicate G-C dimers involved in filamentary structures and the green circles 
indicate five-fold rings containing G-C dimers. The blue triangles indicate G, while the blue balls 
indicate C molecules, respectively. (b) The enlarged image showing two 5-fold rings both 
containing one G-C Watson-Crick base pair. The superimposed structures are the relaxed 
minimum-energy DFT calculated geometries, which fit quite well to the experimental STM image. 
(c, d) The enlarged STM images show two G-C dimers with different chiralities, which are 
superimposed by the calculated G-C Watson-Crick base pair dimer structure. 
 
structure of pure A and zigzag-branches of pure C, i.e. the binary mixture of non-
complementary bases segregated into pure A and pure C domains (Fig. 3.16f). These 
experiments have been systematically performed with varying amounts of C, G and A 
resulting in the same qualitative results. 
      The random network created by the C molecules contains a considerable amount of 
empty space: in nanocages within C-islands (due to the molecules being mostly 
connected only to two neighbours) and between C-islands. This means that a lot of C 
binding sites are not used. The deposited G (or A) get into these empty spaces and 
connect to the C molecules resulting in their incorporation into the C network. Upon 
annealing, two processes are possible: (i) the initial network is completely disintegrated 
and then reformed thanks to high mobility of the molecules, or (ii) only the weakest pairs 
are broken, the strong pairings between the molecules survive and serve as precursors of  
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the new formation during annealing. In either case of the C+G and C+A mixtures, 
complete disintegration of the initial random-network structures (in which molecules are 
mostly bound to two neighbours) would result in their segregation since both G and A 
molecules, highly mobile at annealing temperature, will first form highly stable network 
structures in which every molecule is hydrogen-bonded to three neighbours. Although 
entropically it is more advantageous to keep the mixture, the temperature is not high 
enough to make this factor dominant. The fact that the C+G mixture, based on 
complementary bases, remains disordered upon annealing suggests that this scenario 
does not work in this case. This leads to the conclusion that the interaction in C-G pairs 
must be much stronger than that in C-C and G-G pairs (and thus the second scenario). 
However, the first scenario must be at work in the case of the C+A mixture formed by 
non-complementary pairs, since it segregates. Since it is thus possible to induce 
segregation of the non-complementary mixture by thermal annealing whereas the 
complementary mixture is “resistant” to annealing, we conclude that by gentle thermal 
treatments it is possible to induce C to somehow recognize its complementary partner G. 
      To obtain a more detailed understanding of the enhanced stability of C+G mixtures 
after annealing, we further analyzed the images of the mixture of the complementary 
bases. A thorough analysis of the high-resolution STM images reveals two different 
kinds of molecules in the observed C+G mixtures, some of them appearing in the STM  
images as larger, elongated triangular protrusions, whereas some of them as small 
equilateral triangles, which can be clearly distinguished in Fig. 3.17a. The apparent 
larger triangular molecules are found to be incorporated in the filament structures, 
basically forming a local dimer structure with one of the small molecules, and they are 
also very common in the five-fold rings (as indicated in Fig. 3.17a). Many of these 
consist of one larger triangular molecule and four smaller molecules that close the five-
fold ring. In a previously reported experimental and theoretical study on the adsorption 
of G on Au (111) [66] it was shown that the G molecules, adsorbed in a flat adsorption 
geometry on the surface, indeed appear as such larger triangular protrusions in the STM 
images. We thus conclude that most of the five-fold rings of C+G mixtures are 
composed of one G molecule with an orientation that can be deduced from the shape of 
the triangle and four C molecules. A similar analysis also reveals that the G-C pairs exist 
in the filament structures as well (see, e.g. Fig. 3.17a), i.e. G and C molecules are 
intermixed in the final structure. In the same way, we have also convinced ourselves that 
G and C molecules are incorporated in the initial mixture formed upon co-deposition 
before the annealing. 
      To obtain further fundamental insight into the atomic-scale structures of the C+G 
mixture, several models were proposed based on the criterion of maximizing the number 
of hydrogen bonds in the structures. The starting point in the analysis is the Watson-
Crick (WC) C-G base pair (with the stabilization energy of -1.21 eV [82,83,135,136]), 
which has the highest stability among all NA bases [82,83]. In comparison, the three 
most stable C-C pairs have binding energies ranging between -0.87 and -0.99 eV [81], 
which are considerably lower than for the WC pair. Note, that they all use different 
binding sites of C to those of the WC pair and thus will not compete with it during the 
growth. However, the most stable G-G pair (with the rather high binding energy of -1.12 
eV, other pairs have much lower stabilities) would be hindered by the WC pair, as both 
use the same binding site of G. Thus, there must be G-G pairs present in the observed 
structures as well, alongside the WC G-C pairs. C and G molecules in the final structure 
will bridge these pairs. 
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      Using the WC pair as the main building block, we constructed a molecular model for 
the five-fold ring containing a single G and four C molecules. The DFT relaxed 
structures of the rings, together with the WC pair, are shown in Figs. 3.17b, c and d 
superimposed on the STM images. We find that both the proposed five-fold ring and the 
G-C dimer structure fit very well with features observed in the STM images of the C+G 
mixture. Hence, we propose that most of the observed elementary structures contain at 
least one WC G-C base pair. This observation offers an explanation for the enhanced 
stability of C+G mixtures with respect to the pure G and C structures. 
      For a relatively large range of temperatures, the Watson-Crick pairs constitute the 
smallest stable structures that can be formed in a C+G mixture. Once a G-C Watson-
Crick pair is formed, it will not break easily, thus preventing the segregation of G and C 
molecules. Formation of isolated G-C and G-G pairs had already been observed in gas-
phase, but the binding selectivity was not discussed [137]. 
      In the case of the non-complementary mixture C+A, the binding energies for the 
most stable C-A pairs (between -0.75 and -0.88 eV) are slightly smaller than or 
comparable with the most stable C-C (-0.99 eV) and A-A (-0.86 eV) pairs [79]. In this 
case upon annealing all pairings must be broken, and the whole network completely 
disintegrated (and thus the second scenario discussed above). Since A can form highly 
stable hexagonal 2D islands with no extra space between the molecules, these islands 
form first. The C molecules present around have no choice but to connect with 
themselves in filaments and attach to the A islands boundaries as observed 
experimentally. 

3.5.3    Conclusion 

In conclusion, from an interplay of STM imaging and DFT calculations we have shown 
that the recognition between complementary NA base molecules adsorbed on solid 
surfaces is indeed feasible, and that the relatively small energy difference between A-C 
and G-C pairs allows us to choose a temperature range in which C binds preferentially to 
its complementary partner G and not to the non-complementary partner A. This 
recognition is helped by the balance between molecule-molecule interactions and the 
constraints to the molecules’ ability to move in 3D space that is set by the surface, which 
restricts molecules’ mobility (both translational and rotational) to the two-dimensional 
above-the-surface phase space. This suggests that solid surfaces can indeed play an 
active role in catalyzing RNA polymerization with replication accuracy. The recognition 
process takes place here in the absence of water, a NA backbone or enzymes: it is simply 
driven by the energy difference between hydrogen bonded A-C and G-C dimers, and the 
temperature. The experiment outlined here fixes the minimum conditions under which a 
high-fidelity, hydrogen-bond directed, replication would be energetically advantageous. 
In this respect it constitutes a minimum benchmark experiment to compare with for more 
realistic experiments in which for example, the role of backbone stiffness and 
conformational freedom, solvents and other biochemical environment must all be taken 
into account. 
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3.6    Guanine and K+ on Au(111) 

3.6.1    Introduction 

Human telomeric DNA with stretches of guanines folds into G-quadruplexes made of 
stacking of G-quartets, have been demonstrated to be promising targets for designing 
novel anti-cancer agents and potentially for controlling gene expression [138,139]. The 
so-called G-quartet motif is a hydrogen-bonded ionophore [140], which has intrigued 
fundamental interest ranging from the areas of structural biology, biophysics, 
supramolecular chemistry, medicine and recently to nanotechnology. To date a number 
of studies have been performed experimentally and theoretically to reveal the detailed 
conformations, hence the physiochemical nature of the G-quartet related structures both 
on solid surfaces and in solutions [141-143]. In particular, our group first reported the 
formation of G-quartet network by guanine molecules alone on Au(111) surface under 
ultrahigh vacuum (UHV) conditions [66]. As important cautions in cellular 
environments, K+ (and Na+) templated G-quartet motifs have been an extensive research 
subject in structural biology and biochemistry, mostly studied in 3D solution phase by 
various spectroscopic techniques [144-148]. Meanwhile the crystal structures of a 
number of lipophilic G-quadruplexes have been solved [149-153]. In order to simplify 
and get further insight into the studied system, we have performed experiments that go 
on step further when incorporation of K ions with guanine molecules has been 
investigated by high-resolution Scanning Tunneling Microscopy (STM) under UHV 
conditions. This unambiguously provides the real-space morphologies of different 2D 
nanoporous G-quartet based metallosupramolecular networks coordinated with K+ for 
the first time. 
      Nanoporous networks were reported to be formed on surfaces either by molecular 
building blocks themselves via hydrogen bond, van der waals interactions or with the 
assistance of metal atoms [154-161]. Considering the great potential of patterning 
surfaces on nanotechnology, it is a challenging and critical subject to generate 
nanoporous networks with designed structures, e.g. controlling the size and the shape of 
the cavities of the networks. Note that the size and even the shape of the cavity in a 
porous network are always considered to be one of the important parameters in the 
studies of host-guest systems, and might need to be varied specifically from case to case 
to adopt different guest molecules. To achieve this goal is however, a technically 
difficult issue, which always involves complicated chemical synthesis to fabricate the 
potential molecular building blocks suitable for further self-assembly process through 
directional and selective hydrogen bond or metal-ligand coordination [155,157]. In this 
work, we have succeeded in creating different nanoporous networks by delicately 
changing the K+ ratio exclusively. Interestingly, by increasing the K+ ratio step by step, 
the size and the shape of the formed cavities can be controlled from square lattice (a=10 
Å) over rectangular lattice (a=10 Å, b=14 Å), square lattice (a=14 Å) to rectangular 
lattice (a=15 Å, b=18 Å). In particular, at low K+ ratio, a biologically relevant G-quartet 
network embedded with K+ ion in the center of each G-quartet motif was found 
unambiguously in real space. All these metallosupramolecular networks are found to be 
stabilized by the interplay of hydrogen bond and metal-ligand coordination. This is 
particularly relevant for the bottom-up fabrication of surface patterning, which holds the 
ultimate goal of building desired nanostructures in a controlled manner from 2D to 3D. 
The identification of G-quartet motif embedded with K+ in real space is of utmost  
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Figure 3.18: (a) High-resolution STM image of G-quartet network and K+ complex with the ratio 
of K:G=1:4. (b) Tentative model for the observed metallosupramolecular network as shown in (a). 
In the model the K ions are presented by the yellow balls. The space-filled molecular model is 
used for guanine molecule, in which red is oxygen, dark blue is nitrogen, white is hydrogen, and 
light blue is carbon. 
 
relevance for understanding the complex G-quadruplexes structures in biological 
systems, and thus helps to advance the strategy for anti-cancer drug design. 

3.6.2    Results and discussion 

To study the binary system of G molecules and K ions we first deposited G molecules 
onto a clean Au(111) substrate held at room temperature (RT). This resulted in the 
formation of G-quartet network, which is consistent with the previous work [66]. The K 
atoms were then subsequently deposited by thermal sublimation at 5.5-6.0 A onto the 
surface covered by G-quartet networks at RT. It is reasonable to consider that K atoms 
become ionized to K+ after deposition onto the surface. Fig. 3.18(a) shows the STM 
topography of the metallosupramolecular G-quartet network embedded with the K+ in 
the center of each G-quartet motif (as referred to Phase I in the following) resulted from 
low K+ dose. The G molecules are imaged as triangular protrusions and the central dot in 
each G-quartet motif represents the K+. It was experimentally and theoretically proved 
that the interaction between G molecule and Au(111) substrate is weak so that the self-
assembly process is predominately steered by the intermolecular interaction i.e. 
hydrogen bond in this system [66]. It is clearly revealed by high-resolution STM images 
that in phase I one K+ is bound by four G molecules (G-quartet) via metal-to-ligand 
bonding (K:G=1:4), and the inter- and intra-quartet hydrogen bonds link the 
metallosupramolecular G-quartet motifs into extend networks as observed in the 
experiment. In this case, the G-quartet network is still maintained and thus the hydrogen 
bonding pattern is assumed to be not much affected by the incorporation of K+ as 
compared with the pure G-quartet network [66]. It was previously suggested that cation 
binding presumably reduces the repulsion of the four central oxygen atoms of the 
hydrogen-bonded quartet, thus enhances hydrogen-bond strength [140]. A proposed 
model of this metallosupramolecular network is shown in Fig. 3.18(b), in which two 
kinds of interactions that hydrogen bonding (N-H···O, N-H···N) and metal-to-ligand 
bonding (K-O) can be identified. 
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Figure 3.19: (a) and (b) High-resolution STM images of the coexisting metallosupramolecular 
networks of G and K+ complex with the ratio of K:G=1:2. (c) and (d) Tentative models for the 
observed metallosupramolecular networks as shown in (a) and (b), respectively. 

      It is worth mentioning that this observed G-quartet motif embedded with K+ is very 
relevant to the reported G-quadruplexes structures found in biological system. Also 
today the interest in G-quartet structures remains unabated. Numerous studies have shed 
light on the structure, conformational diversity and dynamics of the human telomeric G-
quadruplexes by various techniques such as NMR spectroscopy, single-molecule 
fluorescence resonance energy transfer, electrospray mass spectrometric, and single-
crystal X-ray [144-147,162]. But our study provides the first evidence in real space to 
reveal this biologically relevant metallosupramolecular G-quartet motif and thus reduced 
the complexity from 3D to 2D. 
      Interestingly, by delicately increasing the amount of K+ dose, phase I is found to 
undergo a transition to another two coexisting metallosupramolecular networks (phase II 
and III) with the ratio of K:G=1:2. Figs. 3.19(a) and (b) display the high-resolution STM 
images of these two networks. In these two networks the trace of G-quartet motif can 
still be recognized, (cf. the highlighted rectangular units in the STM images). Though, in 
this case the G-quartet motif has been split away from square shape to rectangular shape 
mediated by two coordinated K ions. Fig. 3.19(a) shows that all the rectangular units 
orient along the same direction, which result in the homogeneous nanoporous network, 
whereas in Fig. 3.19(b) the rectangular units alternatively change the orientation 
resulting in the heterogeneous nanoporous network with two kinds of cavities. The 
proposed models shown in Figs. 3.19(c) and (d) elucidate that two pairs of intra-quartet 
double hydrogen bonds (N-H···O, N-H···N) are obviously broken, which could be a 
result of the competition between hydrogen bonding and metal-ligand interaction. 
Meanwhile, the G-quartet shape is still kept by the coordination of two K ions resulting  
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Figure 3.20: (a) High-resolution STM image of the metallosupramolecular network of G and K+ 
complex with the ratio of K:G=2:3. The inset shows that the K+ can be clearly distinguished with 
good tip condition. (b) Tentative model for the observed network as shown in (a). Different colour 
codings indicate different chiralities of G molecules. 

in new metal-ligand coordination motif (cf. the above-mentioned rectangular unit) based 
on G-quartet motif. The inter-linkages between those rectangular units (for both phase II 
and III) are the same type of double hydrogen bonds (N-H···N, N-H···N) as for the 
linkage of quartet motifs in phase I. However, it should be noticed that the double 
hydrogen bonds (N-H···N, N-H···N) linking the rectangular motifs might also have been 
broken in the first stage during adsorption of K ions and reconnected together in the 
further self-assembly process. Otherwise phase III as shown in Fig. 3.19(b) would not be 
expected to exist, since half of the rectangular motifs in that phase have rotated with 
respect to phase II as shown in Fig. 3.19(a) indicating the freedom of the whole 
rectangular motif. Thus, the scenario would be two K ions embedded into each G-quartet 
motif (by breaking part of the intra-quartet hydrogen bonds), resulting in the above-
mentioned rectangular motif after deposition of K+ at higher dose. Meanwhile the inter-
quartet hydrogen bonds were also split apart, probably due to the locally accumulated 
strain induced by incorporating more K ions into quartets than for the case of phase I. 
Also, the rectangular motifs are locally moveable and thus render the formation of both 
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Figure 3.21: (a)-(d) Investigation on the size and shape of different cavities formed by G and K+ 
complex (phase I, II, III, IV, respectively). The proposed models have been superimposed on each 
STM image. 

phase II and III, which adopt the same inter-quartet hydrogen bonds as for phase I, 
though the rectangular motifs are rotated alternatively in phase III. 
      Surprisingly, through further increase of the amount of K+ dose, an unexpected 
metallosupramolecular network with the ratio of K:G=2:3 (phase IV) has been found as 
shown in Fig. 3.20(a). In this case the G-quartet motifs were completely gone; instead, a 
much more open honeycomb network with homogeneous cavities was formed. The inset 
in Fig. 3.20(a) explicitly shows the atomic-resolved structure with unambiguous 
identification of the K ions (small dots among the G molecules). Based on our high-
resolution STM images the proposed model is shown in Fig. 3.20(b), in which a local 
threefold asymmetrical unit comprising of two K ions and three G molecules can be 
identified. Note that the former-mentioned phase I, II and III could be considered as 
homochiral ones (i.e. all of the G molecules have the same chirality: molecule either 
faces up or down with respect to the surface). However, this honeycomb phase IV is 
heterochiral in the sense that one G molecule has different chirality from the other two in 
the threefold unit as indicated in Fig. 3.20(b) (different colour coding indicates different 
chiralities). Considering that each isolated island of G-quartet network is homochiral at 
RT, though different islands were usually found to have different chiralities, no racemic 
structure was found at RT [66]. It implies that phase IV was formed by breaking the 
whole G-quartet motif apart into individual molecules due to incorporation of 
considerable amount of K ions. Then the individual G molecules (with different 
chiralities) diffuse around and reorganize into the complex honeycomb 
metallosupramolecular network from an interplay of hydrogen bonding and metal-to-
ligand bonding. Therefore the former three metallosupramolecular networks (phase I, II 
and III) are suggested to be kinetically trapped structures, and the hydrogen bonding 
situation (with respect to the G-quartet network) is only locally affected by the K ions. 
However, the honeycomb metallosupramolecular network (phase IV) is considered to be 
a thermodynamically stable structure at RT, since both inter-and intra-quartet hydrogen 
bonds are largely disturbed as G molecules and K ions diffuse around on the surface and 
finally reorganize into the experimentally observed phase IV. 
      Further investigation on these four different metallosupramolecular nanoporous 
networks formed on the surface reveals that though the same molecule is employed, by 
delicately changing the ratio of K ion, we have succeeded in creating various 
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nanocavities in a controlled manner. Figs. 3.21(a)-(d) illustrates various cavities with 
different shapes and sizes fabricated in this study. Notice that previously reported studies 
on creating nanoporous structures were based on employing different molecular building 
blocks with different lengths, functional groups, symmetries, etc., or balancing the 
molecule-substrate interactions and registries [154-159]. While in this study, by varying 
the ratio of K+ dose, the competition between hydrogen bonding and metal-to-ligand 
bonding can be delicately adjusted. Hence the resulted metallosupramolecular 
nanoporous structures, which opens a new avenue to create nanoporous networks in a 
controlled manner.    

3.6.3    Conclusion 

In conclusion, for the first time the biologically relevant K+-embedded G-quartet 
metallosupramolecular netwok was observed on the surface in real space. Different 
metallosupramolecular nanoporous networks which are dependent on the K+ ratio are 
formed with various cavities in size and shape. Those networks are found to be as a 
result of balancing between hydrogen bonding and metal-to-ligand bonding. The current 
work might provide new insight into the G-quadruplex structure in biological 
community and thus anti-cancer drug design.   
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3.7    DNA base derivatives on Au(111) 

3.7.1    Introduction 

DNA has been shown to have the potential to lead to new avenues for directed self-
assembly of nanostructures with controlled functionalities on a surface. While Watson-
Crick base pairing is dominant within nucleic acids, it is important to note that the 
nucleobases are not exclusive in their binding behavior. There are for example at least 
28 possible base-pairing motifs that involve at least two hydrogen bonds which can be 
formed between the four natural bases. These, and other nucleobase binding modes, 
can play an important role in any nucleobase self-assembly process, which is 
controlled by hydrogen bonding. Single nucleobases have the ability to form one- or 
two-dimensional supramolecular nanostructures, when deposited onto various 
surfaces. To understand the DNA replication mechanism in further details it is natural 
to simplify the studied system by appropriately choosing the model system. In this 
study non-natural modified DNA bases have been investigated by high-resolution 
STM imaging. In these non-natural bases the nitrogen atom normally attached to the 
sugar moiety in DNA has been replaced by a bulky group. Such modification will lead 
the studied system to be closer to the hydrogen-bonded situation of base pairing in 
DNA structure by replacing one of the H donor groups, thus reducing the possibilities 
of base pairing steered by hydrogen bonding. Therefore it would be more vivid to 
explore the base complementarities in such a system, since all of the hydrogen 
bonding sites on the non-natural bases should be the same as the ones in real DNA 
structure. Here we briefly show some very recent results on those modified bases on 
the Au(111) surface.  

3.7.2    Results and discussion 

To investigate how the modified bases behave on the surface we deposited A_derivative, 
T_derivative, G_derivative, and C_derivative by thermal sublimation at 370 K, 360 K, 
420 K, 360 K, respectively, onto a clean Au(111) substrate held at room temperature 
(RT). For co-deposition experiments C_derivative was first deposited and then followed 
by G_derivative. After deposition the sample was transferred in-situ to the cold STM. 
From Fig. 3.22 it is clearly seen that by replacing one of the H donor groups in G and A 
molecules the self-assembled structures are dramatically changed. The G_derivative is 
imaged as a triangle and a ball representing the G moiety and phenyl moiety, 
respectively. The G_derivatives form 1D hydrogen-bonded zigzag chains that are 
laterally linked by the phenyl groups resulting in the observed 2D structure. The 
A_derivative is imaged as a stick including the A moiety, phenyl moiety and Br atom 
which shows bright contrast in the end of the molecule. It is also clear that the 
A_derivatives form an interdigitated chain structure that is obviously distinguishable 
from the network structure formed by A.  
      Fig. 3.23 (left) shows the DFT calculated structure of G_derivative superimposed on 
the high-resolution STM image and a good agreement is achieved. It can be seen from 
both the experimental and theoretical results that the structure formed by G_derivative is 
heterochiral (i.e. molecules have different chiralities and in equal amount). Fig. 3.23  
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Figure 3.22: Comparison of the self-assembled nanostructures formed by G and G_derivative, A 
and A_derivative, respectively. For G and A derivatives: red: O, dark blue: N, light blue: C, white: 
H, green: Br.  
 
(right) shows the tentatively proposed structure of A_derivative (a heterochiral one as 
well) superimposed on the high-resolution STM image. 
      Fig. 3.24 shows the self-assembled structures formed by C_derivative and 
T_derivative, as compared with the structures formed by C and T. It clearly reveals that 
ordering can be achieved by the C_derivative as compared with the C nanostructures. 
However, deposition of T_derivative results in some disordering. Another T_derivative 
with a bigger bulky group is still under investigation. 
      Fig. 3.25 shows a very interesting honeycomb network formed by co-deposition of 
C_derivative and G_derivative. Considering there is only locally ordered structures 
formed by co-deposition of C and G, this honeycomb network formation provides a step 
forward with respect to the studies of molecular recognition between complementary 
base pairs. The modeling of this honeycomb network is being investigated.  

3.7.3    Conclusion 

Four DNA base derivatives have been studied which reveals dramatic changes of the 
self-assembled nanostructures formed on the Au(111) surface as compared with the 
original bases. Co-deposition of C_derivative and G_derivative results in an unexpected 
honeycomb network, which might provide useful information on the studies of 
molecular recognition between complementary base pairs. 
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Figure 3.23: DFT calculated structure of G-derivative and tentative model of A_derivative have 
been superimposed on the high-resolution STM images. 

 

 

Figure 3.24: Comparison of the self-assembled nanostructures formed by C and C_derivative, T 
and T_derivative, respectively. For C and T derivatives: red: O, dark blue: N, light blue: C, white: 
H, green: F.  
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Figure 3.25: The honeycomb network formed by co-deposition of G_derivative and C_derivative.  
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CHAPTER 4 

 

Rosette assembly and its building blocks 
on Au(111) 
 

In this chapter a systematic investigation of adsorption of rosette assembly and its 
building blocks on a Au(111) surface will be described in detailed. As a first step, we 
investigated how self-assembled nanostructures are influenced by slight variations in the 
molecules that are used as small building blocks in rosette assemblies. Here I present 
different well-ordered nanostructures on Au(111) by variation of submolecular group on 
the cyanuric acid (CYA) molecule, which provides information on the control of 
supramolecular structures on surfaces by balancing different intermolecular interactions. 
As a next step, we investigated how to build up 2D nanostructures using complementary 
hydrogen bonds between different molecules. Here one of the most extensively studied 
model systems involving complementary hydrogen bonds between CYA and melamine 
(M) has been investigated. In our study, we found that stoichiometry plays an important 
role in determining the assembled structures from CYA and M on the surface. Then we 
changed our attention to the investigation of a realistic supramolecular assembly. The 3D 
highly ordered rosette assembly, which includes complementary hydrogen bonds, was 
chosen to explore the possibility of bringing such giant supramolecular complex to 
vacuum/solid interface and to investigate the influence of surface on the self-assembly 
process of such supramolecular complex. 
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Figure 4.1: Illustrative scheme showing the self-assembly process of rosette assembly (SV-22) in 
solution. The rosette assemblies are built up from three big building blocks (SV-21) and six small 
building blocks (CYA/DEB/BuCYA). These small building blocks are simple organic molecules 
and can be interchanged at will. The SV-21 is a 3D complex compound built up of melamine 
derivatives. The essential bonding in the self-assembly of rosette assemblies occurs between the 
molecules shown on the right panel. The central blue one (1) is a melamine molecule which can 
form complementary hydrogen bonds to the other small building blocks (the purple one without 
tail is CYA (2), the green one with two tails (3) is DEB, the purple one with one tail (4) is 
BuCYA). 

4.1    The rosette system 

4.1.1    Introduction 

Supramolecular chemistry based on noncovalent interactions is a powerful synthetic tool 
for the preparation of complex molecular architectures [172,173]. In particular, hydrogen 
bonds are considered to be useful for controlling molecular self-assembly due to the 
reversibility, specificity, directionality, and cooperative strength of this class of 
interactions [174,175]. An extensively studied heteromolecular H-bonding motif results 
from the interaction between diaminopyridine and diimide moieties, exhibiting three 
complementary NH···O and NH···N hydrogen bonds [174,179-181]. This classic H-
bonding interaction has been exploited in the solution phase [180,181], in the solid state 
[174], and more recently at interfaces [51,52,176,182,183]. A prototypical molecular 
system exhibiting this complementary interaction is the cyanuric acid/melamine 
(CYA/M) system. The basic structure formed from these compounds both in solution, in 
bulk, and on surfaces is a symmetric two-dimensional (2D) array consisting of cyclic 
hexamers of 3M and 3CYA molecules, which was predicted in early studies [179] and 
later characterized by bulk X-ray diffraction [184,185].  
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      Based on such classic H-bonding interaction between diaminopyridine and diimide 
moieties, a complex self-assembled supramolecular system, the so-called rosette 
assembly as shown in Fig. 4.1, has been recently synthesized [4,173]. From Fig. 4.1 it 
can be seen that the essential process during self-assembly is the formation of 
complementary hydrogen bonds between melamine derivatives and other small building 
blocks (such as DEB/CYA/BuCYA). This assembly which is formed in a liquid 
environment includes 36 hydrogen bonds and has a well-defined shape and size in 3D. 
One big advantage of this compound is that slight modification of the building blocks 
yields differently functionalized rosette assemblies. As a result, it is relatively easy to 
design the functionalities.  
      The ultimate goal and the most challenging part of ‘bottom up’ self-assembly is to 
construct 3D supramolecular structures on solid surfaces, which could be potentially 
used as functional molecular devices on surfaces. In this project we explored the 
transferability of such giant supramolecular complex to vacuum/solid interface and in 
particular studied one of the rosette assemblies, the so-called SV-22 (see Fig. 4.1), which 
is built up from big building blocks calix[4]arene dimelamines (SV-21) (which is a 
complex compound containing melamine derivatives) and small building blocks (DEB). 
By changing the small building blocks from DEB to CYA or BuCYA (both of which 
have very similar chemical structures to DEB) or by modifying the side groups of SV-21, 
other functionalized rosette assemblies can be synthesized. In the following sections I 
will detail the studies on this rosette assembly.      

4.2    CYA, DEB, BuCYA on Au(111) 

4.2.1    Introduction 

First we studied these three small building blocks with the aim to achieve predictive 
power with respect to how molecular building blocks may be designed to form desired 
surface nanostructures. Although impressively ordered and complex structures have by 
now been synthesised and characterised, there is still a pronounced need to extend the 
database on molecular surface structures and, most importantly, systematically explore 
the relative importance and interplay between the different types of interactions involved. 
Here we used high-resolution STM imaging under UHV conditions to characterise and 
systematically compare adsorption structures formed from three closely related 
compounds with strong hydrogen-bonding capability on the Au(111) surface. We 
surprisingly find that slight variations of a submolecular alkyl group, not directly 
involved in the H-bonding, can have a pronounced effect on the self-assembled surface 
nanostructures causing a change from extended periodic rows to localised chains and 
polygonal clusters. The change is attributed to subtle differences in vdW interaction 
between the alkyl side-chains found on some of the compounds, an insight that can be 
employed to control the self-assembled surface nanostructures when multifunctional 
groups are involved in the molecular building blocks. 

4.2.2    Results and discussion 

The molecules investigated here are CYA, DEB and BuCYA, see Fig. 4.2. CYA is a 
three-fold symmetric molecule with three NH proton donating groups and three O  
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Figure 4.2: Model of the CYA, DEB, and BuCYA molecule, respectively. 

acceptors allowing for NH···O H-bonds between the CYA molecules. In DEB one of the 
NH donor groups of CYA is replaced by two short alkyl chains (di-ethyl) attached at a 
carbon atom (C-alkyl) removing one of the H-donating sites. In BuCYA one of the NH 
donor groups of CYA is instead replaced by a longer alkyl chain (n-butyl) attached at a 
nitrogen atom (N-alkyl). Note that these modifications leave the same potential H-
bonding sites available for DEB and BuCYA. The CYA, DEB, and BuCYA molecules 
were evaporated from glass crucibles in a home-built molecular evaporator by thermal 
sublimation at 350 K, 370 K, and 380 K, respectively, onto a clean Au(111) substrate 
held at room temperature. The Au(111) substrate was chosen as a noble inert substrate to 
minimize molecule–substrate interactions, thus allowing the self-assembly process to be 
dominated by intermolecular interactions. 
      Deposition of CYA onto the Au(111) surface leads to extended, ordered islands with 
a close-packed molecular structure as shown in Fig. 4.3a. The characteristic herringbone 
reconstruction of Au(111) can still be observed as a modulation of the molecular 
overlayer, indicating that the molecule-substrate interaction is not sufficiently strong to 
perturb the reconstruction. Each compact, slightly triangular protrusion corresponds to 
one CYA molecule. As displayed in the structural model of Fig. 4.3b, each CYA 
molecule forms H-bonds to its six nearest neighbours, creating a close-packed three-fold 
symmetric network. The unit cell dimensions are a= 7.3 ± 0.7 Å and b= 7.0 ± 0.7 Å as 
determined from the STM data. All of the molecular proton donating/accepting groups 
are involved in H-bonds. 
      Deposition of DEB also leads to extended molecular islands, but with a different 
molecular packing. As shown in Fig. 4.3c, zigzag molecular chains are formed, 
consisting of elongated molecular features displaying two sub-protrusions. The 
molecular orientation in adjacent chains is slightly different, but the structure is repeated 
for every two rows of molecules as indicated by the dashed lines. A unit cell for the 
molecular overlayer is shown with dimensions a= 7 ± 0.5 Å and b= 26 ± 1 Å. A 
corresponding molecular model is displayed in Fig. 4.3d. The structure is explained as 
molecular chains in which each DEB molecule is linked to four neighbouring molecules 
via NH···O H-bonds similar to the situation for the CYA structure. The alkyl side-chains 
of the di-ethyl groups face away from the chain interiors. This prevents the formation of 
inter-chain H-bonds, consistent with the dark regions between the chains revealed in the 
STM image (Fig. 4.3c), but may be favourable for intermolecular vdW interaction. For 
adsorption with the ring-plane parallel to the surface, the di-ethyl chains will point away  
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Figure 4.3: (a) STM image (It= −0.72 nA, Vt= −1250 mV) of self-assembled close-packed 
structure of CYA molecule on the Au(111) surface. The white rhomboid indicates the unit cell of 
this structure. (b) Model of the close-packed structure formed by CYA. The unit cell is indicated 
by the black rhomboid. (c) STM image (It= −0.66 nA, Vt= −371 mV) of twin chain structure 
formed by DEB on the Au(111) surface. A unit cell is indicated by the white rhomboid. (d) Model 
of the DEB twin chain structure with a unit cell indicated by the black rhomboid. 
 
from and into the surface, due to the 3D molecular geometry. In the displayed model the 
two alkyl-chains are aligned exactly below each other and consequently only one is 
visible. 
      It is evident that replacing one of the donor groups of CYA with an alkyl group leads 
to a completely different self-assembled nanostructure. This is to be expected as the 
number of potential hydrogen-bonding sites is reduced and the three-fold symmetry of 
the molecule is broken. As the modification in BuCYA is very similar to DEB in the 
sense that one donor group is replaced by an alkyl chain, one might expect formation of 
similar structures for BuCYA and DEB. However, in sharp contrast to the results 
obtained for CYA and DEB, only locally ordered structures were formed upon 
deposition of BuCYA on Au(111) as shown in the overview image of Fig. 4.4a. The 
characteristic features observed are short segments of molecular chains and a few 
instances of polygonal ring-structures. The short molecular chains are randomly oriented, 
indicating lack of epitaxial order and a corresponding weak molecule-substrate 
interaction. The BuCYA molecular chains are shown in more detail in Fig. 4.4b, along  
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Figure 4.4: (a) STM image (It= −0.39 nA, Vt= −1050 mV) of short range ordered structures 
formed by BuCYA molecules on the Au(111) surface. (b) Close-up of the molecular chain 
structure (c) Model of the chain structure. (d) Close-up of pentagon and hexagon structures. 
Corresponding models are shown in (e) and (f), respectively. 
 
with a structural model in Fig. 4.4c. The repeat distance along the chain is measured to 
be a= 7 ± 0.5 Å. The chains have a similar zigzag hydrogen bonding motif as described 
for the DEB chains with each BuCYA molecule linked to four neighbours. The butyl 
side groups are assumed to extend to the sides of the chains, but do not provide contrast 
in the STM images. The co-existing pentagon and hexagon BuCYA structures are shown 
in Fig. 4.4d with structural models in Fig. 4.4e and f. In both structures, each BuCYA 
molecule is H-bonded to its nearest neighbours via two H-bonds.  
      By comparing the structures formed by DEB and BuCYA to the close-packed 
network formed by CYA, it becomes clear that all the observed structures are strongly 
guided by the anticipated NH···O hydrogen bonding interactions as evidenced by the 
similar triangular arrangement of molecules found in all the structures in which the 
intermolecular separation is ~7 Å. It is, however, intriguing, why the overall self-
assembled nanostructures are so dramatically different for DEB and BuCYA although 
the two compounds have the same available H-bonding sites. In principle the binding 
strength of these sites may be slightly different for the two molecules due to subtle 
differences in their charge distribution caused by the intrinsically different C-alkyl (DEB) 
and N-alkyl (BuCYA) chains which are sp3 and sp2 bonded respectively. However, this 
is expected to be a minor effect. One clue to the difference between the two situations 
may be obtained from Fig. 4.4a where it is noticeable that the short fragments of the 
BuCYA chains are never aligned next to each other similar to the extended chains 
observed for DEB. We therefore speculate that the main difference between the two 
situations is an increased vdW attraction between the alkyl chains of DEB compared to 
BuCYA, leading to a higher degree of order for DEB. The side-chains on the two 
molecules have the same number of C-atoms. The increased vdW interaction is therefore 
attributed to partial detachment of one of the ethyl side-chains of DEB from the substrate 



 65

caused by the sp3 bonding geometry of the di-ethyl group. This enables the side-chains 
to align in closer proximity to each other as compared to the case of BuCYA. Moreover, 
the end-groups may benefit from additional degrees of conformational freedom available 
in partially detached molecules further strengthening the vdW interactions. 

4.2.3    Conclusion 

In summary, we have systematically compared adsorption structures formed from a class 
of compounds that all display the same type of strong hydrogen bonding groups. The 
observed structures all appear to be dominated by the anticipated hydrogen-bonding 
interactions, but we surprisingly find that subtle changes to a side-group not directly 
involved in the H-bonding itself has a pronounced influence on the formed structures. 
This highlights the importance of obtaining an improved fundamental understanding of 
the hierarchy of interactions that underlie formation of well-defined nanostructures on 
surfaces and may guide future efforts to fine-tune intermolecular interactions to create 
desired self-assembled nanostructures. 
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4.3    Coadsorption of CYA and M on Au(111) 

4.3.1    Introduction 

We continue our work to investigate the classic H-bonding interaction in the CYA·M 
model system via coadsorption of CYA and M on a Au(111) surface. From the 
submolecularly resolved images, the M and CYA molecules are clearly distinguishable. 
The presence of the expected 1:1 stoichiometric phase after simultaneous deposition of 
CYA and M is verified. In addition, a novel nonstoichiometric phase (CYA1M3) is 
identified, which forms upon sequential deposition of M followed by CYA. The 
energetics of the homo- and heteromolecular interactions of M and CYA has been 
evaluated from self-consistent charge density-functional-based tight-binding (SCC-
DFTB) calculations to explain the observed structures. 
 

 
Figure 4.5: (a) Schematic representation of the CYA1M1 lattice stabilized by O···HN and N···HN 
hydrogen bonds. (b–d) Homo- and heteromolecular interactions between CYA and M molecules 
(red: O, blue: N, white: H, gray: carbon). 

4.3.2    Results and discussion 

Fig. 4.5a depicts a 2D array consisting of cyclic hexamers of 3M and 3CYA molecules. 
Homo- and heteromolecular dimers formed from M and CYA are depicted in Fig. 4.5b–
d. The M dimer in Fig. 4.5b involves two H bonds between the NH donor and N 
acceptor groups and the calculated binding energy (Eb) for the optimized structure is 
0.17 eV/molecule. The dimer formed from CYA molecules shown in Fig. 4.5c has a 
binding energy of 0.11 eV/molecule. Finally, the heterodimer formed through 
complementary coupling of one M and one CYA involves one NH···N and two NH···O 
hydrogen bonds and has a binding energy of 0.24 eV/molecule. 
      Both CYA and M were deposited by thermal sublimation from molecular 
evaporators held at ~356 K. Simultaneous deposition of CYA and M was achieved by 
heating both evaporators and overlapping their output beam on the surface. Molecules  
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Figure 4.6: (a) STM image (102 × 104 Å2) of M network (It = 0.5 nA, Vt = 1250 mV) on Au (111). 
(b) Optimized model for the H-bonded M network. 
 
were deposited onto the Au(111) sample held at room temperature. Adsorption structure 
formed upon deposition of CYA has been discussed in the last chapter. The adsorption 
structure formed by M on Au(111) is shown in Fig. 4.6. After deposition of M large 
well-ordered islands are observed. The herringbone reconstruction does not appear to 
change upon molecular adsorption or affect the self-assembly patterns observed in this 
study. This confirms that the molecule–substrate interaction here plays a minor role for 
the molecular ordering. STM image of M as shown in Fig. 4.6a shows that individual M 
molecules are resolved with a characteristic three-spoke shape, attributed to the position 
of the amino groups, which is distinctly different from the appearance of the CYA 
molecules with near-circular symmetry (cf. Fig. 4.3a). M forms a more complicated 
structure than CYA in which the spokes of neighboring molecules interdigitate, leading 
to the formation of six-membered rings surrounding open pores in the network. From the 
corresponding optimized model for M (Fig. 4.6b) the structure is seen to involve double 
H-bonding interactions to three neighbors surrounding each molecule. The lattice 
parameters for the calculated networks of M and CYA correspond well to those obtained 
from the STM images, as can be seen in Table 4.1. 
      The binding energies for the optimized periodic networks shown in Fig. 4.6b and Fig. 
4.3b are 0.47 eV/molecule (M) and 0.65 eV/molecule (CYA), respectively. The 
networks are built up of homodimers of the type depicted in Fig. 4.5. The corresponding 
binding energies obtained by appropriately summing the pairwise interaction energies 
for these dimers are 0.51 eV for M and 0.66 eV for CYA (see also Table 4.2), that is, 
they are close to the calculated values for the extended networks. This is in contrast to, 
for example, networks of guanine molecules [66], where pronounced cooperative effects 
lead to a non-additive scaling of binding energy with the number of hydrogen bonds. In 
both the M and CYA networks, each molecule forms six H bonds, and the stronger 
binding energy of the CYA networks reflects that the NH···O hydrogen bonding 
interactions are stronger than the NH···N bonds, as expected [175]. 
      Simultaneous deposition of CYA and M leads to a self-assembled network as shown 
in Fig. 4.7a. The characteristic circular and three-spoke shape for CYA and M is 
resolved (most clearly seen at the top-left side of the image), showing that the structure 
is a binary mixed phase involving heteromolecular H-bonding. Domains of pure CYA 
islands are found to coexist with this mixed phase, most likely due to a slight excess of  

(a) (b)
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Table 4.1: Measured and calculated lattice parameters for the unit cells displayed in Fig. 4.3a and 
Figs. 4.6–4.8. A good agreement is found for the M and CYA networks. Thermal drift during the 
measurements on the CYA–M networks hampers an accurate determination of the lattice 
parameters in these cases. 
 

 
 
Figure 4.7: (a) STM image (102 × 104 Å2) of a self-assembled network resulting from 
simultaneous deposition of M and CYA on Au(111). The characteristic ball- and three-spoke 
shapes for CYA and M are clearly resolved. The structure is a mixed phase corresponding to the 
CYA1M1 network presented in Figure 4.5 (It = 0.56 nA, Vt = 1250 mV). (b) Optimized model for 
CYA1M1 network. The hexagons marked ‘‘1’’ and “2” in (a) and (b) show corresponding areas as 
a guide to the eye. 
 
CYA molecules on the surface. Comparison of the area indicated with the hexagon 
marked “1” in Fig. 4.7a to the model for the CYA1M1 structure shown in Fig. 4.5a 
reveals that the observed structure corresponds to a motif based on the complementary 
CYA···M coupling of Fig. 4.5d. A binding energy of 0.82 eV/molecule is found for this 
stoichiometric CYA1M1 network, which is thus energetically preferred over the 
structures formed from the individual constituents. The corresponding binding energy 
calculated from the pairwise M···CYA dimer interaction energies is 0.72 eV/molecule 
(see Table 4.2), showing a slight tendency to additional stabilization in the extended 
network, which may result from each amino group on the M molecules engaging in two 
H-bonds to oxygen atoms on adjacent CYA molecules. The calculated H-bond lengths of 



 69

 
 
Table 4.2: Calculated binding energy (Eb) by the SCC-DFTB method for dimers and extended 
networks (see 1st and 5th column). These numbers can be rationalized by counting the molecules 
present in the unit cells (see 2nd column) as well as the interactions between pairs of molecules (see 
3rd column) in each of the networks in Fig. 4.3a,b and Figs. 4.6–4.8. Note that interactions with 
molecules in an adjacent unit cell only count for half. This allows for the estimation of the binding 
energy purely based on Eb of the respective dimers, as shown in the 4th column.  
 

 
 
Figure 4.8: (a) STM image (105 × 128 Å2) of a self-assembled network on Au(111) resulting from 
deposition of CYA after M. The inset (38 × 41 Å2) shows the typical hexagon showing the shape 
of the individual molecules. Dividing such an hexagon in triangles as depicted schematically 
shows that in this network each CYA molecule bonds to three M molecules (It = 0.52 nA, Vt = 
1250 mV). (b) Optimized model for this novel CYA1M3 network. 
 
1.86 Å (O···H) and 1.96 Å (N···H) for the CYA1M1 network are in good agreement to the 
values of 1.93 Å and 2.01 Å obtained by bulk X-ray diffraction experiments [184,185]. 
The strength of the interaction between M and CYA has been addressed in bulk 
chemistry [187,188], but a direct comparison to the values obtained here is hampered by 
the complicated nature of the dissociation process for large rosette assemblies and also 
by solvent effects. 
      To investigate the influence of the deposition conditions on the formation of the 
CYA–M network we performed experiments in which the compounds were deposited 
sequentially onto samples held at room temperature. The thermal stability of the pure 
CYA and M phases was assessed by imaging the surface with the STM held at 300 K,  
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Figure 4.9: Systematic illustration shows the formation process of CYA·M complexes from 
individual component. (a) and (b) show how the individual component CYA and M behave on the 
surface. The schematic drawings (c) and (d) illustrate two different characteristic triangular 
structures formed by CYA and M. The three structural motifs of CYA·M complexes with their 
calculated molecular models are shown as (e)-(g). 
 
showing that both the CYA and M networks are stable and can be imaged at room 
temperature, though diffusion process was found at the boundary of molecular islands 
for both CYA and M. In the sequential deposition experiments, molecules of the second 
component deposited may thus land both on top of and adjacent to islands of the first 
deposited component. If M is deposited after CYA, we observe primarily a separation 
into individual islands of CYA and M. However, if CYA is deposited after M we find 
extended regions of a binary mixture of CYA and M, of which an STM image is shown 
in Fig. 4.8a. Simultaneously, areas of pure M and CYA can also be seen, the occurrence 
of which depends on the relative ratio between the two compounds. The characteristic 
hexagons which are observable in these networks, as shown in the inset of Fig. 4.8a, 
shows that the ratio of M to CYA in this network is 3:1. We conclude that sequential 
deposition leads to a novel CYA1M3 network not present in the originally suggested  
structure. This novel network is only observed as a locally ordered structure as visible in 
Fig. 4.8a. 
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Figure 4.10: Calculated binding energies of different structures as a function of CYA fraction with 
respect to M in the CYA·M complexes. 
 
      From the structural model in Fig. 4.8b, the intermolecular interaction in this novel 
phase is seen to be identical to those of the pure M and the M–CYA structures. In 
particular the characteristic six-membered ring of M molecules is found in the center of 
the indicated hexagons. A binding energy of 0.68 eV/molecule has been calculated for 
the CYA1M3 network in the optimized structure shown in Fig. 4.8b. To rationalize this 
value, one may evaluate the number of M–M and M–CYA interactions in each unit cell 
of the rather complicated network structure (see Table 4.2). If each of these interactions 
is assumed to contribute the same binding energy as in the M and the CYA dimers, 
respectively, a binding energy for the CYA1M3 network of 0.62 eV is found, which is 
close to the calculated value for the optimized structure. Hence, the binding energies of 
all the extended networks are well accounted for by the pairwise interaction energies of 
the involved molecular building blocks. 
      The binding energy for the CYA1M3 phase is lower than the 0.82 eV/molecule found 
for the CYA1M1 phase while it is of comparable magnitude to the 0.65 eV/molecule of 
the CYA network. Incorporating CYA into an existing M network to form a CYA1M3 
structure is thus energetically favorable. The formation of a CYA1M3 network may be 
explained as an intermediate step to convert to a thermodynamically stable CYA1M1 
binary mixture phase. One may speculate whether the added CYA molecules are 
embedded in the pores of the existing M islands upon direct impingement from the gas 
phase or primarily interdiffuse from the edges of the islands after deposition on the free 
terraces. Experiments performed at low CYA dose indicate that the latter mechanism is 
dominant, since intermixing is primarily observed at the perimeters of the M islands 
while the M structure is unperturbed in the central areas of the islands. This would be 
consistent with the observation that nearly no binary mixture phase is observed when 
depositing M on top of existing CYA networks, due to the higher binding energies of the 
CYA networks and associated problems with incorporating a molecule into it. 

4.3.3    Summary 
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Systematic studies with variation of the ratio of CYA to M and annealing temperatures 
show that the simultaneous co-deposition also results in another novel phase as shown in 
Fig. 4.9(g) which intermixes with the 1:1 phase, but with very few fractions comparing 
to the 1:1 phase. This novel phase can be identified as 3:1 phase of CYA:M, where the 
central cyclic CYA hexamer is unexpected and not observed for the pure CYA structure. 
We can then summarize the experimental results and theoretical calculations about the 
coadsorption of CYA and M system on Au(111) as illustrated in Fig. 4.9 and Fig. 4.10, 
respectively. We speculate that these two novel rosette motifs could be kinetically 
trapped during deposition on the surface. It can be seen from Fig. 4.10 that intermixing 
CYA and M always have the energy gain compared with the individual components. The 
detailed analysis of the kinetic effects on this system is still under investigation. By 
quantifying the hierarchy of homo- and heteromolecular interaction strengths, we have 
gained insight that can guide future efforts towards using this important complementary 
hydrogen-bonding motif in the synthesis of self-assembled surface nanostructures. 
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4.4    SV-21 and its derivative on Au(111) 

4.4.1    Introduction 

After investigation of the individual small building blocks (CYA, DEB, and BuCYA) 
and the coadsorption system of CYA and M in the last sections we go on for the next 
step by exploring the big building blocks (SV-21 and its derivative) of the rosette 
supramolecular complex. The stability against fragmentation of SV-21 sublimated onto a 
Au(111) surface under UHV conditions has been investigated by STM.  
      Adsorption and organization of molecules at the vacuum-solid interface [97] have 
received particular attention for fundamental studies, motivated by the high degree of 
cleanliness achievable, the large suite of vacuum-based surface science analysis 
techniques that can be employed, and the superior control of substrate temperature and 
coverage. Difficulties in this bottom-up self-assembly route arise, as larger and more 
complex molecular building blocks are being studied. In particular thermal 
fragmentation during vacuum sublimation or induced breaking due to molecule-substrate 
interactions during/after landing onto surfaces may occur and prevent formation of 
desired nanostructures [36,190]. Although advanced deposition strategies have 
successfully been employed to alleviate these problems, such as pulsevalve [191] or 
electrospray [192] injection of dissolved molecules as well as molecular soft-landing 
[193] by mass-spectrometry methods, it is nevertheless of general interest to explore 
comparatively simple routes toward stabilization of large organic compounds on surfaces. 
      Using the STM we here show that the stability against fragmentation of a large 
organic compound (SV-21) sublimated onto a Au(111) surface UHV conditions can be 
significantly enhanced by coordinating it to gold atoms prior to deposition. Vacuum 
deposition of metal-containing organic compounds has previously been achieved in 
several instances [36,170,190,191], but this is to our knowledge the first time that the 
incorporation of coordinated metal atoms is shown explicitly to have a stabilizing effect. 
The compounds used in this study (calix[4]arene dimelamine derivatives, see Fig. 4.11a 
and Fig. 4.12a) have previously been investigated as building blocks in liquid-phase self-
assembly of the hydrogen bonded “rosette” complexes [16].  

4.4.2    Results and discussion 

Deposition of the gold-containing complex C1 (at 360 K) dominantly leads to regular 
domains as shown in Fig. 4.11b, coexisting with a smaller fraction of disordered phase. 
The regular domains consist of v-shaped entities stacked to form densely packed 
lamellae. The individual entities are imaged as one central protrusion with two arms 
extending from it, each terminating in a region of enhanced contrast in the STM images. 
This STM signature fits well with the structure of intact C1, and a schematic adsorption 
model for the lamellae is displayed in Fig. 4.11d. The distance between the bright 
features at the end of the two arms is 22 ± 1.5 Å, which, by comparison to the molecular 
model of Fig. 4.11d, suggests that these features can be attributed to the coordinated gold 
atoms. 
      Considering that C2 only deviates from C1 by removal of the coordinated gold 
atoms, we anticipated to find a similar structure after deposition of this compound. 
Instead, however, we observed a considerably less-ordered surface morphology as  
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Figure 4.11: (a) Gold-functionalized compound (C1) consisting of a central head formed from a 
calix[4]arene moiety connected to two identical arms, each starting at a melamine unit and 
terminating in a triphenylphosphine group that coordinatively binds a Au(I) atom. (b) STM image 
showing the well-ordered lamella structure formed by C1 (green lines indicate lamellae 
boundaries). The two molecular arms are imaged with slightly different apparent heights (by 0.3 
Å), which is attributed to the 3D conformation of C1 as indicated by light/dark blue colors in (a). 
It=0.4 nA, Vt=1250 mV. (c) Zoom-in on the region indicated in (b) showing tip-induced 
fragmentation. (d) Proposed molecular model for the lamellae. The distance between gold atoms at 
the terminal of the molecule is 23.3 Å. The experimentally observed periodicity along the lamellae 
(4.8 ± 0.5 Å) is less than that of the adsorption model, suggesting that the calix[4]arene head unit 
adopts a more upright-standing orientation than shown in the model. 
 
displayed in Fig. 4.12b. The dominating features are (i) bright clusters which appear to 
be pinned at the ridges of the Au(111) herringbone reconstruction and (ii) domains of 
regularly spaced stripes occupying both fcc and hcp regions of the Au(111) substrate and  
oriented along two main directions (indicated by green arrows in Fig. 4.12b). The stripes 
have a narrow size distribution (Fig. 4.12c) with a mean length of 21.5 ± 1.5 Å. The 
cluster sizes predominantly lie in the range from 60 to 100 Å2 (Fig. 4.12d). The ratio 
between the number of stripes and clusters is approximately 3:1 (445:132 as determined 
from Fig. 4.12b). We interpret these features as the result of fragmentation of C2. 
Tentatively, we suggest that fragmentation occurs at the two equivalent amine bonds 
(marked with red dashed lines in Fig. 4.12a) and that the two resulting arm fragments, 
each of ~11.3 Å extent, dimerize to form the observed stripe features of roughly the  
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Figure 4.12: (a) Triphenylphosphine calix[4]arene derivative (C2) deviating from C1 by the lack 
of coordinated gold atoms. Approximate molecular dimensions are indicated. (b) STM image of 
the surface morphology after deposition of C2. It=0.4 nA, Vt=1250mV. (c) Histogram over the 
length of the observed stripes. (d) Histogram over the lateral size of the observed clusters. 
 
double length e.g. through hydrogen bonding of the melamine groups of C2 [96]. The 
observed clusters are accordingly ascribed to several nucleated calix[4]arene head-units. 
      The stability of the compound C1 was probed directly by molecular-scale 
manipulation with the STM tip. By performing a line scan over an intact C1 molecule at 
tunneling parameters that bring the tip close to the surface (It = 1.5 nA, Vt = 200 mV), 
the bright head can be pushed to the side while the two arms remain relatively 
unperturbed on the surface (see Fig. 4.11c). This indicates that also C1 is particularly 
labile to fragmentation at the position where the head and arms are connected, and 
supports the conclusion that the structure observed for C2 is due to fragmentation at the 
amine bonds. Overall more than 20 distinct sample positions (each corresponding to 
~500 deposited molecules) were examined without finding any evidence for intact C2 
molecules, while for C1 ~90% of the deposited compounds were found in the ordered 
regions ascribed to intact molecules. We therefore conclude that the stability of the gold-
coordinated compound C1 is significantly enhanced compared to the compound C2 
without gold atoms. 
      The stabilization of C1 may occur either during thermal sublimation or during/after 
adsorption to the surface as observed previously [36]. We find it most likely that the 
stabilizing effect occurs on the surface since (i) the coordinated gold atoms are 
peripheral to the compound and thus have no obvious stabilizing effect, and (ii) the 
sublimation temperature of 360 K is not particularly high compared to the anticipated 
stability against pyrolytic dissociation for these compounds. We speculate that the 
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dissociation is induced by charge transfer between molecule and substrate which may be 
affected by the presence of the coordinated Au(I) atoms, leading to a larger stability of 
C1. 

4.4.3    Conclusion 

In conclusion, the described results suggest a new route toward self-assembly of 
molecular nanoscale structures from large organic building blocks and warrants further 
experimental or theoretical studies into the origin and generality of this unanticipated 
stabilizing effect. 
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4.5    Rosette assembly SV-22 on Au(111) 

After characterizing both the small building blocks and big building blocks we then 
explored the transferability of the whole rosette supramolecular complex to the 
vacuum/solid interface.  
      After deposition of SV-22 large well-ordered islands were observed as shown in Fig. 
4.13a. A close-up STM image (Fig. 4.13c) clearly shows that this structure is different 
from the previously discussed structures formed by SV-21 and DEB. So we believe the 
observed structure shown in Fig. 4.13c should be associated with deposition of SV-22. 
However, the line scan taken in Fig. 4.13a rules out the possibility that the structure is 
formed by intact SV-22, since the profile (cf. Fig. 4.13b) shows that the island is only 
about 3 Å in height. By comparing with the molecular model and dimensions shown in 
Fig. 4.13d one should expect an apparent height of about 1.3 nm for a ‘face-on’ manner 
or about 3 nm for an ‘edge-on’ manner adopted by the intact SV-22. The structure shown 
in Fig. 4.13c exhibits lateral periodicity of 3± 0.3 nm (periodicity is indicated by the 
green lines), which fits well with the width of SV-22. In addition, the periodicity along 
the rows is 1.5± 0.1 nm which is in good agreement with the thickness of SV-22. Both 
periodicities of the observed structure show the signature of SV-22 except for the height. 
We thus think the observed structure is related to partially decomposed SV-22, which is 
broken either during the thermal sublimation process or during the landing process on 
the surface. We find that the dissociation process most likely occurs on the surface, as 
the sublimation temperature is far below the decomposition temperature for SV-22 
examined during the synthesis process. It is interesting that by annealing the self-
assembled structure associated with SV-22 (Fig. 4.13a) to 370 K a polymerized 
filamentary structure was formed on the surface as shown in Fig. 4.14 and it is stable at 
least up to 900 K. Moreover, codeposition of DEB and SV-21 does not result in the 
observed well-ordered structure (Fig. 4.13a,c) associated with SV-22 complex. The 
thermal treatment experiments further confirm that anneal of the coadsorbates of DEB 
and SV-21 dose not form the above-mentioned filamentary structure (Fig. 4.14).   
      In summary the rosette supramolecular complex was tried to deposit on the surface 
from the conventional thermal sublimation method, and well-ordered structure formed 
on the surface, which could be associated with partially decomposed SV-22 complex. 
The results presented in this work would warrant further studies on proceeding delicate 
chemical modifications on SV-22 complex to make it more robust or with other 
functional groups embedded that are responsible for the soft-landing process toward 
building the desired 3D supramolecular architectures on surfaces. 
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Figure 4.13: (a) STM image of the overview structure associated with deposition of SV-22. (b) 
Profile of the line scan shown in (a). (c) A zoom-in STM image shows the detailed molecular 
structure associated with deposition of SV-22. It= -0.4 nA, Vt= -1250 mV (d) molecular model of 
SV-22 together with the dimensions. 
 

 
Figure 4.14: Filamentary structure formed by annealing at 370 K after deposition of SV-22, which 
is stable at least up to 900 K. It= -0.4 nA, Vt= -1250 mV. 
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CHAPTER 5 

 

Molecular mould on Au(111) and Cu(110) 
 

In this chapter a systematic investigation of adsorption of Lander-type molecular mould 
on Au(111) and Cu(110) surfaces will be described in detail. As a first step, the Lander 
molecule was deposited on both Au(111) and Cu(110), and the molecule-substrate 
interactions on both substrates were directly probed by STM manipulation. Then we 
investigated the self-assembled nanostructures of Lander molecules (with/without 
diaminopyridine functional group) on Au(111). As the next step, we studied the complex 
system of combination of Lander molecule with Ni coordinated PTCDI supramolecular 
matrix.  
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5.1    Aim of the project 

The aim of this project is to create 1D well-defined metallic nanostructure on solid 
surfaces in relation to the field of molecular electronics engineering. The strategy 
applied here is that we need to form 1D supramolecular chains on surfaces that could 
hopefully serve as moulds to accommodate the metallic atoms underneath. In the next 
step one can remove the covered molecules and only the formed metallic wires survive 
on the surface. To approach this direction joint efforts are required. We decided to 
choose Lander molecules as candidates, since it was shown that Lander molecules were 
able to restructure the step edges of Cu(110) surface [23], and to trap metallic adatoms 
underneath due to the decoupling from surfaces by the spacer bulky groups [196]. In 
order to form 1D supramolecular chains on surfaces two kinds of functionalized Lander 
molecules were synthesized in the group of A. Gourdon at Toulouse. As seen from 
Scheme 5.1 two Lander molecules are respectively embedded with diaminopyridine and 
diimide moieties with the capability of forming triple complementary hydrogen bonds 
and subsequently forming the ABAB-type supramolecular chains. Such classic 
interactions have been discussed in detail in a model system of melamine and cyanuric 
acid in Chapter 4. Since this is still an ongoing project we have presently characterisized 
the Lander A (C64H68N10, bis-diaminotriazine, referred to as DAT in the following) on 
both Cu(110) and Au(111). Furthermore, we have picked up PTCDI (with the same 
diimide groups as Lander B) as a simpler candidate to perform the coadsorption 
experiment with DAT to investigate the feasibility of forming 1D supramolecular chains. 
These will be briefly described in the following sections.      

5.2    DAT on Cu(110) and Au(111) 

5.2.1    Introduction 

In the first step, we investigated DAT adsorbed on both Cu(110) and Au(111) surfaces 
by means of high-resolution STM imaging and manipulation to probe the relevant 
molecule-substrate interactions on both surfaces under UHV conditions. It is generally 
expected that adsorbed molecules on Au(111) would feel a very small corrugation of the 
potential energy surface, which is in contrast to the anisotropic Cu(110) surface, where 
specific favorable adsorption sites or larger corrugation would impose on the adsorbed 
molecules. As shown in Fig. 5.1(a), the DAT molecule consists of hexaphenyl benzene 
attached with four tert-butyl lifting groups as spacer legs and two diamino-pyridine 
functional groups for potential formation of hydrogen bonding, where the phenyls can 
rotate around their σ bonds resulting in a non-planar conformation for the molecular 
backbone. The results presented here show by lateral STM manipulation that the DAT 
molecule can be translated and rotated on the Cu(110) surface, and only adopt four 
favorable orientations with respect to the underlying Cu(110) lattice, and the DAT 
molecule can be manipulated from lower terrace to upper terrace of Cu(110). On the 
contrary, the DAT molecule is experimentally demonstrated to be rather mobile on 
Au(111) surface and by triggering the molecule by STM tip it was found to run out of 
the scanning regime. 
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Scheme 5.1: (a) Schematic models of Lander A (DAT) and Lander B molecules, respectively. (b) 
Proposed model for 1D molecular chain formed by Lander A and Lander B via complementary H-
bonds.  
 

 

Figure 5.1: (a) Space-filled model of bis(diaminotriazine) (DAT) molecule (C64H68N10) where the 
carbon, hydrogen and nitrogen atoms are represented respectively in pale blue, white and blue.(b) 
Typical high-resolution STM image of an individual DAT molecule on Cu(110) (It= -0.66 nA, Vt= 
-1.73V). (c) ESQC-simulated STM image of the DAT on Cu(110) using the same tunneling 
conditions as the experimental result in (b). 

5.2.2    Results and discussion 

DAT molecules were deposited at 510 K onto the substrate held at RT. Fig. 5.1(b) 
presents a high-resolution STM image of a DAT molecule on Cu(110), showing four 
bright lobes in the corner forming a rectangular shape (11.0 Å × 6.5 Å), two dim lobes 
on each sides and some subtle protrusions in the centre. The morphology of this 
molecule on Cu(110) is identical to that on Au(111). We interpret that each bright lobe 
corresponds to tunneling through one of the four tert-butyl groups, while the side dim 
lobes and subtle protrusions are attributed to the hexa-phenyl rings, which are connected 
with the central benzene by σ bonds. There is, however, no obvious feature that can be 
attributed to the diamino-pyridine groups in this image. Under the same tunneling 
conditions as those for the result in Fig. 5.1(b) (sample voltage, -1.73 V; tunneling  
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Figure 5.2: High-resolution STM images showing the atomically resolved Cu(110) surface in (a) 
and the manipulation sequences of individual DAT molecules on Cu(110) in (b-j) and on Au(111) 
in (k, l). On Cu(110), three different manipulation processes can be performed: the DAT molecule 
marked ‘A’ can be rotated on terrace as shown in (b,c);  molecule marked ‘B’ can be moved along 
the step edge while changing its orientation as shown in (c-f); the molecule can even climb over 
the step edge from lower to upper terrace as shown in (g-j). On Au(111), the DAT molecule is 
relatively mobile. As shown in (k,j), the molecule ‘C’ can be easily removed from the step edge 
triggered by STM tip while the neighboring molecule ‘D’ was rotated simultaneously.  

current, -0.66 nA) on Cu(110), theoretical simulations have been performed using 
elastic-scattering quantum chemistry (ESQC) [197] combined with molecular mechanics 
(MM2). As seen from the simulated STM image in Fig. 5.1(c), the contribution of 
diamino-pyridine groups to the tunneling current is apparently minor. This is in good 
agreement with the experimental result. The invisibility of diamino-pyridine groups may 
result from decoupling from the substrate by the spacer legs of a DAT molecule. 
      The high-resolution STM images in Fig. 5.2 present the manipulation sequences of 
individual DAT molecules on Cu(110) and Au(111), with the white dash arrows 
showing the directions of the applied operations. Fig. 5.2(a) shows an atomically 
resolved clean Cu(110) surface, where the two close-packed directions are indicated. At 
low temperature (~110 K) the orientation of the single DAT molecule (marked ‘A’ in 
Fig. 5.2(b,c)) can be manipulated on a Cu(110) terrace from -45° to 15° with respect to 
the [110] direction of the substrate. Based on the statistical analysis of STM 
manipulation results of both individual DAT and DAT dimer on terraces, it is found that 
there are only four different stable adsorption orientations of DAT on Cu(110), i.e. the 
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longer molecular axis is -45°, -15°, 45°, 15° off, respectively, with respect to the [110] 
direction of the substrate. 
      As shown in the sequence of Fig. 5.2(c-f), the molecule ‘B’ is steered by STM tip 
and displaced gradually along the step edge of Cu(110) from the top toward another 
DAT molecule adsorbed on the step edge near the bottom of the images. During this 
lateral translation, the orientation of the molecule ‘B’ is simultaneously varied. Notice 
that compared to the smooth and flat step edge along [110] in Fig. 5.2(c), there are 
protrusion formations at the step edge induced by the interaction with molecule ‘B’ 
during movement, as pointed out in Fig. 5.2(d) and (e) by the yellow arrows. The ability 
of Lander molecules to mould nanostructures at the step edge of Cu(110) have been 
reported previously [23]. In those cases the reshaping of the step edges occurred at room 
temperature. However, the results presented here reveal that even at low temperature 
(~110 K) the DAT molecule is still capable of affecting the shape of the step edge. But 
this influence is temporary and reversible, i.e. once the molecule is removed the 
protrusions vanish. 
      The consecutive images shown in Fig. 5.2(g-j) demonstrate that by manipulating a 
single DAT molecule to climb over the step edge from lower terrace to upper one, 
various contact configurations of DAT with respect to the step edge can be created. In 
Fig. 5.2(g), the obvious difference in the apparent height of the four lobes of DAT 
suggests that the molecule is tilt and leans at the step edge. Through continuous 
movements triggered by the STM tip, the molecule climbs up step by step, and the whole 
molecule is finally moved to the upper terrace. It is noticeable that the intramolecular 
conformation is also apparently changed during the manipulation process revealing the 
flexibility of the molecular backbone of DAT molecule. 
      As a comparison, similar STM manipulation is also performed on Au(111) at the 
same low temperature. In Fig. 5.2(k), the molecule ‘C’ is supposed to be rotated at the 
step edge. Surprisingly, after being trigged by the STM tip molecule ‘C’ is completely 
gone from the step edge and even diffuse out of the scanning region. At the same time, 
as seen in Fig. 5.2(l), this manipulation on molecule ‘C’ also induces the rotation of its 
neighbouring molecule ‘D’ from sort of leaning at the step edge to be parallel to it. This 
manipulation process further confirms that the local interaction between the DAT 
molecule and Au(111) substrate is obviously lower than that for Cu(110). 

5.2.3    Conclusion 

Through lateral STM manipulation various contact configurations of DAT molecule at 
the step edge of Cu(110) were engineered in a controlled manner; through rotation, 
lateral translation, and hurdle over the step edge. However, on Au(111) at the same 
temperature regime (~110 K), the DAT molecule is facile to move away under STM 
manipulation. This study provides direct experimental evidence on choosing appropriate 
molecular components and substrates towards future applications on molecular 
electronics.    
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5.3    Lander A (with/without diaminopyridine functional   
         groups) on Au(111) 

In this section the results of Lander A (with/without diaminopyridine functional groups, 
as shown in Fig. 5.3) supramolecular nanostructures on Au(111) will be briefly 
presented. As described previously this Lander A molecule is embedded with two 
diaminopyridine functional groups with the capability of forming hydrogen bond [96]. 
One might expect the formation of 1D hydrogen-bonded molecular chain as shown in 
Fig. 5.4. However, experimentally we did not observe such 1D molecular chain, but 
instead, three supramolecular networks were found, which might originate from 
interplay between steric effect, vdW interactions and hydrogen bonding.  
      Fig. 5.5a shows the close-packed structure formed by direct deposition of Lander A 
molecules on the Au(111) surface held at room temperature. In this structure the 
molecules adopt a crisscross arrangement with respect to each other. As shown in the 
tentative model (see Fig. 5.5b), the diaminopyridine groups are placed between two tert-
butyl groups of nearest neighbouring molecules. This arrangement may simply be 
dominated by vdW close-packing interactions. 
      After deposition of Lander A molecules at high coverage and followed by 
subsequent anneal at ~100°C another two phases were formed as shown in Fig. 5.5c and 
e. For the four-blade dimer structure (cf. Fig. 5.5c) and the six-blade dimer structure (cf. 
Fig. 5.5e), the Lander A molecules form more complex arrangements that may contain 
elements of H-bonding. An elementary structural motif in both structures is a Lander A 
dimer in which the anticipated H-bonding between the diaminopyridine groups may be 
achieved (the dimers are indicated by bars in Fig. 5.5c and e). The observed networks 
can be rationalised from arranging these dimer units in different ways (cf. Fig. 5.5d and f 
for the proposed molecular models).  
      For the complementary experiment of identifying the role of the diaminopyridine 
groups in the formation of the above-mentioned networks, we further performed the 
experiment by deposition of another Lander molecule without diaminopyridine 
functional groups (cf. Fig. 5.3d) on the surface. As a result, we found this Lander 
molecule formed another close-packed structure direct after deposition as shown in Fig. 
5.6a along with a tentative model shown in Fig. 5.6b. It illustrates that in this structure 
the molecules form compact rows in one direction (possibly via the interactions between 
phenyl rings of the neighboring molecules) and laterally interdigitate together by the tert-
butyl groups of the neighboring molecules.  
      As the next step we are interested in receiving input from theoretical point of view to 
see if the diaminopyridine groups can be rotated and tilted in 3D to optimise the 
hydrogen bonding formation in Lander A dimers. This is an interesting aspect as the 
Lander-type molecule has bulky tert-butyl spacer groups that lift the molecular board, 
and thus the attached diaminopyridine functional groups, away from the surface. Hence, 
the diaminopyridine groups should have more conformational flexibility than 2D planar 
compounds adsorbed directly at the surface.  
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Figure 5.3: (a) Molecular model of Lander A molecule. (b) ESQC simulated STM image of 
Lander A molecule compared with the experimental result as shown in (c). (d) Molecular model of 
Lander A molecule without diaminopyridine functional groups. (e) ESQC simulated STM image 
of Lander A molecule without diaminopyridine functional groups as compared with the 
experimental result as shown in (f).  

 

 

Figure 5.4: The expected 1D hydrogen-bonded supramolecular wire formed by Lander A 
molecules.  
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Figure 5.5: (a) High-resolution STM image of the close-packed structure formed by Lander A 
molecules along with the tentatively proposed molecular model as shown in (b). The bars in (a) 
show the molecular arrangement. (c) High-resolution STM image of the four-blade dimer structure 
along with the tentatively proposed molecular model as shown in (d). The bars in (c) show the 
Lander A dimers arrangement. Different colour coding in (d) helps to distinguish different dimers. 
(e) High-resolution STM image of the six-blade dimer structure along with the tentatively 
proposed molecular model as shown in (f). The bars in (e) show the Lander A dimers arrangement.  

 

 

Figure 5.6: (a) High-resolution STM image of the close-packed structure formed by Lander A 
molecule without diaminopyridine functional groups. (b) Tentatively proposed molecular model 
for this structure.  

 



 87

5.4    Lander A caged by Ni-PTCDI matrix on Au(111) 

To explore the possibility of forming hydrogen bonded supramolecular chains by Lander 
A and PTCDI codeposition experiment was performed. Furthermore, we have also 
extended the complexity of the studied system by dosing Ni atoms together with PTCDI 
to investigate the metal ligand interactions. In this section a triple-component system 
including Ni atoms (Fig. 5.7a), PTCDI molecules (Fig. 5.7b), and Lander A molecules 
(Fig. 5.3a-c) will be briefly discussed. When depositing Ni atoms and PTCDI molecules 
simultaneously or sequentially onto a clean Au(111) surface, we have observed Ni-
PTCDI clusters, filamentary structures with different types of junctions, and 2D matrix. 
Interestingly, coadsorption of the three components shows that the Lander A molecules 
can be caged and aligned by PTCDI-Ni matrix.  
      After deposition of PTCDI on Au(111), large islands with ordered structure are 
formed as shown in Fig. 5.7b. The proposed model superimposed on the STM image 
suggests that the molecule stripes (along vector a) are formed by the double hydrogen 
bond between diimide groups of the neighbouring molecules and those stripes are 
laterally (along vector b) packed by vdW interactions into 2D ordered structure. 
      To study the metal-ligand interactions between Ni and PTCDI we first deposited Ni 
atoms on the Au(111) surface as shown in Fig. 5.7a. As can be seen Ni clusters mainly 
nucleated at the elbows of the Au(111) herringbone reconstruction. Codeposition of Ni 
and PTCDI from low coverages to high coverages, different Ni-PTCDI coordinated 
structures can be formed. At low coverage of Ni atoms and PTCDI molecules PTCDI-Ni 
clusters can be formed, which nucleated at the elbows as well (Fig. 5.8a). The majority 
of clusters consists of Ni coordinated PTCDI trimer. The inset of Fig. 5.8a shows the 
proposed model of such trimer structure superimposed on the high-resolution STM 
image. At a higher coverage, one-dimensional filamentary structures (which are 
interconnected somehow) were formed as shown in Fig. 5.8b. Some characteristic 
junctions extracted from the filamentary structures are shown in Fig. 5.8e along with the 
superimposed proposed models. It is noticeable that the Ni coordinated PTCDI filaments 
do have the similar hydrogen bonding situation to the case of pure PTCDI structure (cf. 
Fig. 5.7b). However, such Ni-coordinated PTCDI filaments repulse each other to prevent 
formation of close-packed structure. At even higher coverage and an appropriate ratio of 
PTCDI and Ni, a 2D matrix can be formed as shown in Fig. 5.8c. As seen from the 
proposed model shown in Fig. 5.8d the molecular rails in the matrix form the same 
hydrogen bonded and Ni coordinated structure as the case for Ni-PTCDI filaments), and 
the molecules in between the molecular rails are also coordinated by Ni atoms as 
crossties with two different orientations. The matrix is thus stabilized by the interplay 
between hydrogen bonding and metal-ligand interaction.  
      Surprisingly, after codeposition of the triple components of Lander A, PTCDI and Ni 
and followed by anneal @ ~100°C we found that some of the Lander A molecules are 
caged and thus aligned by the molecular rails of Ni-PTCDI matrix (cf. Fig. 5.9). The 
detailed structural models are still under investigation from theoretical point of view. 
However, codeposition of Lander A with PTCDI does not turn out an ordering formation, 
which is in contrast to our expectation that they will form hydrogen bonded structure 
through the diimide groups of PTCDI and diaminopyridine groups of Lander A. This 
could be attributed to the height difference between Lander A and PTCDI adsorbed on 
the surface, which hampers these two functional groups to couple from each other. So 
our next step is to first study the Lander B individually and try to codeposit Lander A 



 88

and Lander B on the proper surface to explore the feasibility of forming desired 
hydrogen-bonded structures.  

 

Figure 5.7: (a) STM image shows that Ni clusters grow at the elbow sites of the Au(111) surface. 
(b) PTCDI islands form on the terrace of the Au(111) surface. The tentatively proposed model is 
superimposed on the high-resolution STM image.  

 
Figure 5.8: Codeposition of Ni and PTCDI from low to high coverage shows the formation of Ni-
PTCDI clusters nucleated at the elbows of the Au(111) (a), Ni-PTCDI filamentary structures (b), 
and 2D Ni-PTCDI matrix (c) together with tentatively proposed model (d). (e) Tentatively 
proposed models of Ni-PTCDI coordinations are superimposed on the high-resolution STM 
images of filament and different junctions extracted from the filamentary structures.   
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Figure 5.9: (a) codeposition of triple components of Lander A, PTCDI, and Ni shows that the 
Lander A molecules are caged by the Ni-PTCDI matrix and thus aligned by the matrix. The high-
resolution STM images are shown in (b,c).  
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CHAPTER 6 

 

NDCA on Ag(110) 
 

2,6-naphthalene-dicarboxylic acid (2,6-NDCA) was adsorbed on a Ag(110) surface with 
an average terrace width of only some tens of a nm. STM result shows that the adsorbates 
self-assemble into one-dimensional mesoscale length chains. These extend over several 
hundred nanometers and thus the structure exhibits an unprecedented tolerance to 
monatomic surface steps. DFT and XPS explain the behavior by a strong intermolecular 
hydrogen bond plus a distinct template-mediated directionality and a high degree of 
molecular backbone flexibility. 
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6.1    Introduction  

It is well known that organic molecules can self-assemble on surfaces through hydrogen 
bond formation [2,11,13,50-52,66,136,154,198-210]. Self-assembly, besides being of 
fundamental scientific interest in itself, is thought to be a viable pathway towards 
functional supramolecular architectures in nanotechnology. One challenge in the field is 
to design self-assembled structures which are insensitive to native surface defects. As an 
example, on perfect surfaces the formation of one-dimensional (1D) structures can be 
controlled relatively easily [2,11,13,50,198,199], while on surfaces with many structural 
defects such as step edges the formation of 1D structures represents a much greater 
challenge. The defects can hinder the mesoscopic-scale ordering of the molecular 
building blocks and make a proper functioning of the assembly impossible. Here we 
show how hydrogen bonding of organic molecules on a stepped metal surface leads to 
linear self-assembled structures, "1D chains", that extend into the mesoscale length 
regime. The system is tolerant to monoatomic step edges. 

6.2    Results and discussion 

The 1D chains, formed upon adsorption of sub-monolayer (ML) amounts of 2,6-
naphthalene-dicarboxylic acid (NDCA, C10H6(COOH)2) on a stepped Ag(110) single 
crystal surface, were characterized by STM and XPS. Sub-ML amounts of NDCA were 
sublimated onto the room temperature sample from a thermal evaporator at ~530 K. The 
large-scale STM topograph in Fig. 6.1(a) reveals that the NDCA self-assembly on 
Ag(110) results in close-to-straight 1D chains in the [-110] direction, which extend on 
the mesoscale length regime in spite of the stepped character of the surface. An analysis 
of the STM image yields a lower limit to the average 1D chain length of about 0.14 μm. 
This is a lower limit since ~50 % of all 1D chains extend into the surrounding area not 
imaged. The longest 1D chain is at least 0.65 μm long. Owing to their large size, more 
than 90 % of all 1D chains cross at least one step edge; the average number of steps 
crossed by a single 1D chain is 2.3 and the highest is 13. 24% of the 1D chains end at the 
steps. Comparing this to an estimated 5% or less of the total area belonging to the step 
edges (counting the atoms adjacent to the edge on the terraces) shows that the steps 
constitute a barrier for the molecular 1D chains. Nevertheless, since the large majority of 
all 1D chains cross one or more step edges, the continuation of the 1D chains over the 
step edges is energetically more favorable than the formation of open 1D chains that 
terminate at the steps. 
      Figures 6.1(b-c) are STM images of parts of 1D chains on flat terrace regions of the 
surface. Each bright protrusion in the 1D chains corresponds to one single NDCA 
molecule. There exist two distinct orientations of the adsorbates, either aligned with [-
110] (species A) or slightly tilted with respect to [-110] (species B). Both A and B bind 
to neighboring molecules along [-110] in a head-to-tail fashion. An analysis of a large 
number of STM images shows that ~2/3 of all molecules adsorb as species A and ~1/3 as 
species B. In Fig. 6.1(c) an accidental tip change resulted in an STM image with atomic 
resolution on an uncovered part of Ag(110) and imaging of the NDCA molecules on a 
covered part. From this image the location of the substrate close-packed rows within the 
1D chains (white lines) and the adsorbate-substrate registry can be determined (the black 
lines indicate two periods of four Ag atoms each). From a detailed analysis of this and  
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Figure 6.1: STM and XPS results. (a) 6200 × 7000 Å2, I= −0.39 nA, V= −220 mV. 1D molecular 
chains of NDCA on Ag(110). (b) 35 × 35 Å2, I= −0.25 nA, V= −185.8 mV. The molecular model 
stems from the optimization of a gas phase network (see text). (c) 60 × 60 Å2, I= −0.79 nA, V= 
−883.8 mV. Investigation of the registry of NDCA with the Ag(110) surface. (d) 195 × 195 Å2, I= 
−0.20 nA, V= −262.8 mV. The lines indicate the traces of the line scans in the inset. Inset: line 
scan over an adsorbate-covered step edge (black) and a free step edge (red). The relative alignment 
of the scans is arbitrary. (e,f) O 1s XPS, (e) ~0.3 ML NDCA deposited onto Ag(110) at room 
temperature and not treated any further, (f) 1 ML NDCA deposited onto a room temperature 
Ag(110) surface and annealed to 200 °C for 20 min. 
 
many other STM images (without tip change and atomic resolution, but with 
simultaneous resolution of the molecules and the substrate close-packed rows) we find 
that species A is adsorbed with the molecular axis aligned with and centered over the 
substrate trough. Along [001], i.e., perpendicular to the 1D chains, we find a minimum 
distance between any two adsorbates of two Ag atomic rows. Species B, in contrast, is 
rotated by an angle of about 40° to [-110] and positioned with its center on top of the 
substrate rows. Finally, Fig. 6.1(d) presents an STM image of a 1D chain extending 
across a step edge. The inserted line scan with a regular structure in the NDCA 
protrusions across the step edge suggests that the bonding in the 1D chains is largely 
unaffected by the monatomic step and that the molecules on the lower terraces do not lie 
flat at the steps.     
      The O 1s XPS results in Fig. 6.1(e) reveal a broad peak with two components of 
equal weight. This spectrum was obtained on NDCA sublimated onto a room 
temperature Ag(110) surface and not further treated, and thus the results directly 
correspond to the STM measurements of Fig. 6.1(a-d). The two components stem from 
the two distinct oxygen species of the protonated carboxylic group [211,212]. The larger 
width of the high binding energy as compared to the low binding energy peak is 
suggested to be related to the effect of intermolecular hydrogen bonding. Important here 
is that both components exist and that they have the same spectral weight. This proves 
that the carboxylic groups are protonated and that the molecules thus cannot form a 
covalent bond to the Ag substrate. However, owing to the XPS detection limit, the  
statement is valid only for the majority of molecules, i.e., for the terrace-bonded NDCAs, 
while a deprotonation of the step-bonded NDCA cannot be excluded so far. DFT will 
allow us to discard this possibility as described below. After annealing to 200°C only 
one O 1s XPS peak persists (Fig. 6.1(f)). This shows that all oxygen atoms have become 
chemically equivalent due to deprotonation and formation of a bidentate bond of the 
carboxylic group to the substrate. Hence, under the room temperature conditions of the 
STM experiments a kinetic barrier hinders the deprotonation of the NDCA.       
      We probed a large number of adsorbate geometries using DFT. The outcome for 
some of these is summarized in Table 6.1. It should be noted that for the smallest surface 
unit cells the calculations were performed using two as well as three or four atomic layer 
slabs of Ag(110), while the systems with large surface unit cells with several NDCAs  
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Table 6.1: DFT calculated binding energies per molecule of the indicated systems. The P/D label 
refers to the protonated/deprotonated state of the adsorbate, half-D to deprotonation of only one of 
the two molecular carboxylic groups. The monomer labels refers to true monomer calculations in 
rows 1-2 (using periodic boundary conditions on a large substrate slab), to covalently bonded 
NDCAs on a commensurate substrate slab in rows 6-7, and two adsorbates without hydrogen bond 
interaction in a dimer calculation in rows 10, 12 and 13. The specification of the orientation refers 
to the direction of the molecular principal axis. The slab specification refers to the number of 
substrate layers in the calculation. 
 
only could be modeled using two-layer Ag(110) slabs. The accuracy of the two-layer 
slab results can be estimated from noting that the binding energy of NDCA in an infinite 
1D chain on a Ag(110) terrace only changes from 1.20 to 1.41 eV (Table 6.1, row 3) 
when going from the four-layer to the two-layer slab. Thus, the use of two layer-slab 
results in our discussion is justified, in particular since our conclusions are based on the 
comparison of relative energies obtained in the thin slab calculations. The DFT 
calculations for the adsorbate geometries at step edges were performed using an NDCA 
dimer, which made it possible to calculate many different NDCA geometries using a 
single choice of super cell without the restriction of having to choose an adsorbate cell 
commensurate with the substrate unit cell. Here we assume that the NDCA-NDCA and 
NDCA-Ag bond energies within the dimer are unaffected by the absence of the bonds 
between the dimer and the rest of the 1D chain. This assumption is justified by the 
finding of a less than 10% increase of the NDCA-NDCA bond strength when moving 
from the adsorbed 1D chain to the adsorbed dimer. Finally, it is noted that DFT, as well 
known, does not properly account for the dispersion contribution to the binding energy.  
From a comparison of the binding energies of benzene to Cu(111) and Cu(110) obtained 
from DFT to those obtained from Møller-Plesset second-order perturbation theory and/or 
to experiment, the here used PW91 parametrization can be expected to describe 
approximately 5 to 25% of the dispersion strength only [213,214]. However, since (i) the 
binding energy of the investigated systems is dominated by hydrogen bonding with 
interaction strength larger than the dispersion interaction strength and (ii) the dispersion 
interaction strength should be similar in all investigated systems, this deficiency does not 
invalidate our findings. 
      Figure 6.2(a) (cf. Table 6.1, rows 3 and 4) shows the two most favorable non-
covalently bonded NDCA geometries on a Ag(110) terrace. In the calculation the 
formation of the hydrogen bond was achieved by restricting the unit cell to single 
molecule on a Ag(110) slab with suitable periodic boundary conditions. In accordance  



 95

 
Figure 6.2: DFT results. The numbers refer to Table 6.1. (a) Head-to-head hydrogen-bonded 
NDCA on top of a substrate trough (left) and a close-packed Ag-row (right). (b) Gas phase net of 
two species A and B with different orientations corresponding to the adsorbate orientations 
observed experimentally. (c) to (f) NDCA dimers at a step edge. (c) Most stable configuration of a 
protonated NDCA dimer at a step edge. (d) Two protonated NDCA without NDCA-NDCA 
hydrogen bonds. (e) Two deprotonated NDCA molecules in registry cross the step edge. (f) Two 
deprotonated NDCA molecules out of registry across the step edge. 
 
with the experimental observation of species A, the geometry of Fig. 6.2a (left) with the 
molecules aligned over the Ag close-packed troughs is most stable. From a comparison 
of the chain configuration (row 3 in Table 6.1) with an isolated NDCA monomer (row 1) 
it is seen that the strength of the NDCA-NDCA double bond in the infinite 1D chain 
amounts to (binding energy of one NDCA in the 1D chain − binding energy of an 
isolated NDCA) = (1.20 − 0.29) ≈ 0.9 eV (1.1 eV on two-layer slabs), much more than 
the molecular bonding contribution along [001], which we have calculated to be less 
than 0.1 eV/NDCA [215]. The NDCA-NDCA double hydrogen bond strength is a bit 
higher in the terrace-adsorbed dimer (row 8), 2 × (0.91 − 0.31) = 1.20 eV, where the 
factor 2 accounts for the fact that a dimer only contains half an intermolecular bond 
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/NDCA. Nevertheless, a comparison of rows 3 and 8 of Table 6.1 shows clearly that the 
formation of 1D chains is more favorable than the formation of open-ended dimers. 
      Adsorbed 1D chains containing species B could not be modeled due to the large size 
of the adsorbate/substrate unit cell. Instead a gas phase net containing both species A and 
B in the absence of the Ag support was optimized (Fig. 6.2(b) and row 14 in Table 6.1). 
The resulting single molecule geometries were further optimized in the presence of the 
Ag(110) substrate and turned out to be equally stable. Thus, the observed 2/3 : 1/3 ratio 
of species A and B results from intermolecular interactions (in particular along [-110]) 
with a small energetic advantage for species A. 
      The most stable geometry of an NDCA-dimer at an Ag step edge found here is 
characterized by an intact intermolecular hydrogen bond, cf. Fig. 6.2(c) and row 9 of 
Table 6.1. A breaking of the hydrogen bond reduces the binding energy by nearly 0.4 
eV/NDCA (Fig. 6.2(d), row 10). Thus theory, as experiment, invokes a notion of the 
lower terrace adsorbates bending up at the step edges to form head-to-tail hydrogen 
bonds to upper terrace adsorbates. The slight bend of these molecules leads to a minor 
energy loss, which can be assessed from a calculation of the energy variation with 
molecule bending (not shown), and which is less than 0.1 eV/NDCA. It is 
overcompensated by the energy gain from hydrogen-bonding formation across the step. 
Nevertheless, in line with the experimental results it is also found that the Ag step edge 
partially prohibits the formation of the ideal NDCA-NDCA bond. This is seen from the 
strengths of the hydrogen bonds at the step edges, which can be estimated to lie in 
between 2 × (0.77 − 0.31) = 0.92 eV and 2 × (0.77 − 0.40) = 0.74 eV. Here the reference 
point is either an isolated NDCA adsorbed on a terrace (row 1) or a dimer without 
hydrogen bond at a step edge (row 10). This value is clearly smaller than the 1.20 eV 
reported above for the terrace NDCA-NDCA bond. 
      DFT gives large binding energies for deprotonated and covalently bonded molecules 
at an Ag step edge [216], cf. Fig. 6.2(e, f), rows 12-13 in Table 6.1. However, a 
separation of the molecules parallel to the step edge (Fig. 6.2(f)) is preferred over a 
continuation of a 1D chain over the step (Fig. 2(e)). Thus for covalently bonded 1D 
chains one would expect randomly distributed 1D chains which end at the step edges, at 
variance with the experimental finding of unbroken 1D chains across the steps. Hence 
our assumption that all adsorbates are fully protonated and purely non-covalently bonded 
is confirmed. 

6.3    Conclusion 

Thus, we have shown that even on defect-afflicted surfaces self-assembly by hydrogen 
bonding can be used to build 1D mesoscale structures from single molecular building 
blocks. The theoretical analysis shows that the primary key factor is a robust hydrogen 
bond. But self-assembly across step edges also depends crucially on the directionality 
mediated by the substrate, since the 1D chains would not cross the step edges if there 
existed adsorbate geometries rotated away from the close-packed rows with energies not 
much smaller than those of the most stable terrace geometries. Also the energy loss 
inflicted by the bending of the molecules at the step edges is smaller than that for the 
alternative geometry of open 1D chain ends. Thus, the flexibility of the molecular 
structure is an additional important ingredient needed for achieving the observed 
monatomic step tolerance. 
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CHAPTER 7 

 

Iridium(III) phosphorescent emitter on 
partly oxidized Cu(110) 
 

The phosphorescent emitters used in organic light emitting diodes (OLEDs) play a 
crucial role for tuning the color and the luminescence intensity. We have investigated by 
STM the adsorption of iridium(III) phosphorescent emitter molecules used in OLEDs on 
a partly oxidized Cu(110) surface. Surprisingly we find that 50% of the emitters have 
dissociated upon adsorption at the substrate. The findings suggest that the decrease in the 
lifetime of OLEDs, which are manufactured by vacuum vaporization technique, is due to 
the dissociation of emitter molecules present in the device. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 98

7.1    Introduction  

With their high brightness and availability of a wide range of emission colors, organic 
light emitting diodes (OLEDs) represent a promising solution for lighting applications as 
well as for low-cost, full-color flat-panel displays on arbitrary substrates [217,218]. 
OLEDs consist of one or more semiconducting organic thin films sandwiched between 
conduction electrodes. The operating principle of such a device is based on the 
recombination of electrically injected carriers within phosphorescent emitters to generate 
light. As such, the phosphorescent emitter, in which the recombination actually takes 
place, plays a key role for tuning the color and the luminescence intensity. In small 
molecule devices, separate electron and hole transport layers (ETL and HTL) are 
inserted on either side of this recombination zone to further confine carriers and excitons 
to a thin region near the interfaces of the HTL and ETL [219-221]. As a result the 
recombination process is strongly affected by the structure and electronic properties of 
this interface [222,223]. In order to improve OLED device characteristics, a deeper 
understanding at the molecular level of the processes occurring at this interface is needed 
[224]. Scanning tunneling microscopy (STM) is the technique of choice to probe the 
electronic and transport properties of organic molecules at the molecular level [225]. 
Some STM studies on organic compounds present in OLED devices have been 
performed previously [225-227], but a detailed understanding of the crucial triplet 
emitter is still lacking. Here we report STM studies of the triplet emitter [Ir(2-
phenylpyridine)2(acetylacetone)] molecules after in situ deposition under clean ultrahigh 
vacuum (UHV) conditions onto a solid surface. 

7.2    Results and discussion       

Iridium(III) complexes containing 2-phenylpyridine and acetylacetonate ligands 
[Ir(ppy)2(acac)] (hereafter labeled as N842) are known to exhibit high triplet quantum 
yields and are representative for the phosphorescent molecules used in the emitting layer 
in OLEDs [228]. This complex, shown in Fig. 7.1a, was thermally sublimated under 
UHV conditions from a molecular evaporator onto a partly oxidized Cu(110) surface 
held at room temperature. The evaporation temperature was 412 K, far below the 
decomposition temperature of ~523 K. These conditions yield a coverage in the 
submonolayer range to facilitate imaging of individual molecules. The partly oxidized 
Cu(110) surface is created by exposing a clean Cu(110) surface to 4–6 L (1 L=10−6 Torrs) 
of O2 at 625 K [229]. This procedure leads to a self-organized reconstruction with 
alternating clean Cu rows and (2×1)-O reconstructed regions consisting of Cu–O added 
rows, both aligned along the (001) surface direction, as shown in Fig. 7.1b. A ball model 
of this nanopatterned surface is shown in Fig. 7.1c. This substrate was chosen as it is 
relatively easy to obtain atomic resolution on the Cu–O added rows, while 
simultaneously imaging the deposited molecules. As such it becomes possible to 
determine the registry of the molecules with respect to the underlying atomic lattice. 
      Figure 7.2a shows a typical high-resolution STM image obtained after deposition of 
N842 complexes on a partly oxidized Cu(110) surface. The individual bright spots 
visible are associated with the individual N842 complexes deposited onto the substrate. 
It is found that the N842 complexes adsorb almost exclusively on the bare Cu regions in 
between the Cu–O areas. Previous studies [23,24] of large organic molecules on solid  
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Figure 7.1: (a) Molecular structure of the iridium(III) complexes. (b) 151 × 82 Å2 STM image of 
the Cu–O/Cu nanopatterned surface used. Images are rotated such that the (001) direction is 
vertical. 2 × 1 reconstructed oxidized areas can clearly be distinguished, separated by bare Cu 
stripes running along the (001) direction (It= 1.13 nA; Vt= 112.9 mV). (c) A corresponding ball 
model of the surface shown in (b). In the ball model the yellow atoms represent the added rows of 
Cu on top of the underlying Cu(110) lattice. The added rows of Cu have an O atom between them 
represented by the small blue spheres. 
 
surfaces indicate that the main interaction between the molecule and the substrate is 
most likely van der Waals attractive interaction between the phenyl groups and the 
metallic surface. As such the binding on the bare Cu stripes is much stronger as the 
oxygen partly withdraws the charge density of the underlying metal. 
      From Fig. 7.2a it is apparent that two distinct protrusions, labeled A and B, are 
observed, with a clear difference in apparent height. A statistical analysis of a number of 
large scale STM images with a total of 491 protrusions resulted in a distribution of: 
47±2% protrusion A, 47±2% protrusions B while 6±1% of the protrusions could not be 
uniquely assigned. The resulting histogram of the observed objects shows two clearly  
distinct peaks at 4.4 Å and 1.8 Å corresponding to the apparent height of protrusions A 
and B, respectively (see Fig. 7.2b). The observed size and height for protrusion A 
corresponds well with the dimensions of the intact N842 complex. However, the 
observed height for B is typical for atomic adsorbates or flat-lying aromatic compounds, 
but is too low for the molecule under investigation here [230]. This observation suggests 
that 50% of the N842 complexes have dissociated upon adsorption at a Cu(110) surface. 
Pyrolytic dissociation during the evaporation step can be excluded as the decomposition 
temperature of ~523 K far exceeds the evaporation temperature of 412 K. Tip induced 
dissociation can be ruled out as well since no dissociation events have been observed 
upon repeated scanning of the same surface area. This indicates that the dissociation of 
the N842 complexes takes place on the substrate. One would therefore expect to observe  



 100

 
 
Figure 7.2: (a) Typical 127 × 104 Å2 STM image after vacuum deposition of N842 complexes on a 
partly oxidized Cu(110) surface. Adsorption of molecules occurs almost exclusively on the bare 
Cu rows. We observe two clearly distinct protrusions (labeled A and B) with different apparent 
heights. (It= −0.8 nA; Vt= −1250 mV) (b) A histogram of the height distribution reveals that A and 
B have a apparent heights of 1.8 Å and 4.4 Å, respectively. (c) 120 × 120 Å2 STM image obtained 
at 160 K with mobile species present (It= −1.18 nA; Vt= −1096 mV). (d) 58 × 58 Å2 image 
obtained at 110 K (It= −0.82 nA; Vt= −1250 mV). Features corresponding to isolated ligands are 
clearly visible at 110 K, as indicated by C. 
 
the dissociated ligands on the substrate as well. Closer examination of the selected STM 
images presented so far indeed shows the presence of smaller objects as well, but those 
features are mobile even at a sample temperature of 160 K, as shown in Fig. 7.2c. 
Repeating the measurements at 110 K allows us to directly resolve these additional 
features, labeled C, as shown in Fig. 7.2d. The shape and size of these features indeed 
agree very well with those expected for an isolated ligand, which gives an additional 
confirmation for the dissociation of the N842 complexes on the Cu(110) surface. 
      A similar observation of the dissociation of a related class of chromium containing 
organometallic complexes upon adsorption on Cu(100) was reported by Grillo et al., 
although in their case all molecules had dissociated upon adsorption [231]. Constant-
current image calculations, using the electron-scattering quantum chemistry method, for 
the chromium containing complex show excellent agreement with our experimentally 
observed features and heights (see Fig. 3 of Ref. [231]). As the geometrical structure of 
the chromium containing complex is closely related to the N842 complex, this provides 
additional evidence that in our case protrusion A corresponds to the intact N842 complex, 
while protrusion B corresponds to a N842 with one of the acetylacetonate ligands 
missing. 
      The direct observation of dissociated N842 complexes is surprising for two reasons. 
Firstly, iridium is a 5d metal making the organometallic complex inherently more stable 
then a 3d metal complex such as the chromium containing complex. Secondly, the three 
ligands used in the chromium complex studied in Ref. [231] are phenyl substituted 
acetylacetonate, which are less electron donating and hence inherently less stable. In our 
case we have used only one acetylacetonate (without phenyl groups) in combination with 
2-phenylpyridine ligands, which contain donor-acceptor properties, thereby making the 
complex more stable. For these two reasons the iridium containing complexes are 
considered highly robust. That these complexes are indeed more stable than the 
chromium complexes is confirmed by the observation that 50% of the molecules on the 
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substrate are still intact, while all chromium containing complexes had dissociated upon 
adsorption [231]. The exact mechanism of dissociation is not yet clear, however, the 
observed ratio of 50/50 between the intact and dissociated molecules suggests that the 
adsorption geometry of the molecule on the surface plays a crucial role. For large 
organic molecules it is highly favorable for the molecule to absorb with phenyl rings 
lying flat on the metal surface. Due to its geometrical shape, the molecule has a 50% 
chance to land on the surface with the acetylacetonate ligand either pointing up or down. 
If it points up it remains intact, however, if this specific group points downwards it is to 
be expected that the molecule gains enough energy by bringing the phenyl groups closer 
to the surface so that it is energetically favorable to break the bonds to the ligand. 

7.3    Conclusion      

In summary, we have characterized the adsorption of iridium(III) phosphorescent emitter 
molecules on a partly oxidized Cu(110) surface. In doing so we provide convincing 
evidence that 50% of the emitters have dissociated upon adsorption at the substrate. Our 
findings suggest that the decrease in the lifetime of OLEDs, which are manufactured by 
vacuum vaporization technique, is due to the dissociation of emitter molecules present in 
the device. Therefore, to enhance the lifetime of OLEDs, careful design and 
development of more robust phosphorescent complexes are required. The work towards 
this goal is in progress. 
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CHAPTER 8 

 

H on HOPG 
 

Structures and kinetics of H monomers, dimers, and trimers on HOPG will be detailed in 
the following sub-chapters. First, we present STM results which reveal the existence of 
two distinct hydrogen dimer states on graphite basal planes. DFT calculations allow us to 
identify the atomic structure of these states and to determine their recombination and 
desorption pathways. Direct recombination is only possible from one of the two dimer 
states. This results in increased stability of one dimer species and explains the puzzling 
double peak structure observed in temperature programmed desorption spectra for 
hydrogen on graphite. Secondly, we present STM experiments and DFT calculations 
which reveal a unique mechanism for the formation of hydrogen adsorbate clusters on 
graphite surfaces. Our results show that diffusion of hydrogen atoms is largely inactive 
and that clustering is a consequence of preferential sticking into specific adsorbate 
structures. These surprising findings are caused by reduced or even vanishing adsorption 
barriers for hydrogen in the vicinity of already adsorbed H atoms on the surface and 
point to a possible novel route to interstellar H2 formation. Thirdly, we present STM 
images of meta-stable hydrogen adsorbate structures on the HOPG (0001) surface and 
identify two unique and stable hydrogen structures. One of these is observed after 
thermal anneals to 525 K at both high and low hydrogen coverage and is identified as a 
hydrogen dimer structure. The other, a novel, more complex structure not previously 
observed, appears only after thermal anneals at high hydrogen coverage and is observed 
to exhibit long range orientation within each micro-crystallite region on the HOPG 
surface. 
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8.1    H dimer on graphite(0001) surface 

8.1.1    Introduction 

The interaction between molecular and atomic hydrogen and graphite surfaces has 
attracted considerable interest in recent years. The possibility of using carbon 
nanostructures as a storage medium for hydrogen has been extensively investigated 
[232], and it has been suggested that hydrogen atoms stored in the chemisorbed state of 
graphite might be an energy source for future space applications due to the high energy 
release in molecular hydrogen formation from atomic recombination on this surface 
[233]. In the area of interstellar chemistry, hydrogen on graphite is considered to be a 
key model system. In spite of continuous destruction by UV radiation and cosmic rays, 
H2 is the most abundant molecule in the interstellar medium (ISM). 
      However, no efficient gas-phase route exists for H2 formation at the low H-atom 
densities of the ISM. Thus, efficient formation of H2 in interstellar dust and molecular 
clouds is believed to proceed via atomic recombination of hydrogen atoms adsorbed on 
interstellar dust grain surfaces. Recent experiments have shown that such processes are 
indeed possible under conditions resembling those found in dense and cold (10–20 K) 
diffuse interstellar clouds [234-236]. However, the mechanisms suggested by these 
experiments are all based on recombination of physisorbed atomic hydrogen and are 
efficient only in a small temperature interval [234]. Hence, they cannot explain efficient 
formation under conditions found in warmer environments such as photo dissociation 
regions (PDRs), where more tightly bound, chemisorbed, states of adsorbed hydrogen 
atoms have to be invoked [237]. Since carbonaceous grains are believed to be abundant 
in the ISM, particular attention has been focused on atomic recombination of hydrogen 
adsorbed in chemisorbed states on graphite surfaces [237]. 
      The chemisorbed state of atomic hydrogen on graphite was initially observed using 
ultraviolet photon spectroscopy [238], and its characteristics were predicted by density 
functional theory calculations. The calculations show that hydrogen binds with a binding 
energy of ~0.7 eV at an ontop site, causing a reconstruction of the graphite surface in 
which the C atom below the H atom puckers out of the surface by 0.35Å [239,240]. 
Because of this puckering there is a barrier to enter into the chemisorption state of about 
0.2 eV [239,240]. Atomic recombination to molecular hydrogen from chemisorbed 
atomic hydrogen on graphite has been observed in temperature programed desorption 
(TPD) measurements [241] and via Eley-Rideal processes [242]. The TPD spectra are 
1st order suggesting that the H atoms might be paired on the surface prior to desorption 
or that the rate limiting step in the recombination process involves only one H atom. 
Also, the spectra exhibit a double peak structure indicative of multiple adsorption sites 
and desorption pathways. In spite of increased theoretical activity aimed at determining 
the mobility of hydrogen atoms [241,242] and the binding energy of hydrogen dimer 
states [243,244] on graphite, the recombination pathways for hydrogen atom adsorbates 
on graphite surfaces are still undetermined. 
      Here we show STM experiments combined with DFT calculations, which clarify 
both the structures and kinetic recombination pathways of different hydrogen dimer 
states on HOPG. At low coverage, recombination is seen to take place out of only one 
hydrogen adsorbate dimer state, in which hydrogen atoms are adsorbed on carbon atoms 
on opposite sides of the carbon hexagon. All other states, including the nearest neighbor  
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Figure 8.1: (a) STM image (103 × 114 Å2) of dimer structures of hydrogen atoms on the graphite 
surface after a 1 min deposition at room temperature. Imaging parameters: Vt �= 884 mV, It = 
� 160 pA. Examples of dimer type A and B are mar � �ked. Black arrows indicate the [2 1 10] 
directions and white arrows indicate the orientation of the dimers 30 °C off. (b) Close up of dimer 
A structure in top white circle in image (a). (c) Close up of dimer B structure in lower white circle 
in image (a). 
 
dimer state, are observed to recombine via diffusion over this state. These results explain 
the structure observed in TPD spectra of molecular hydrogen desorption from graphite. 

8.1.2    Results and discussion 

Figure 8.1(a) shows an STM image of the graphite surface after a 1 min dose of D atoms 
at 2200 K onto a room temperature HOPG sample. A number of bright protrusions are 
observed in the image (the coverage is approximately 1%), which we identify as clusters 
of chemisorbed deuterium atoms, as they only appear after D dosing. As discussed 
below, their presence correlates with the D2 desorption peaks observed in the TPD 
spectra. The deuterium atoms are not observed to diffuse at room temperature. In 
between the bright protrusions, the graphite lattice is observed. Associated to each bright 
D atom correlated protrusion, we find a wavelike electronic perturbation of the graphite 
lattice, which vanishes for distances larger than about 35 Å. This is in good agreement 
with previous results for H implanted on HOPG by hydrogen plasma treatment [245]. In 
accordance with earlier observations, no well-ordered superstructure of the adsorbed 
deuterium atoms is observed. Two different characteristic structures, labeled dimer A  
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Figure 8.2: (a) A mass 4 amu, i.e., D2, TPD spectrum from the HOPG surface after a 2 min D 
atom dose (ramp rate: 2 K/s below 450 K, 1 K/s above). The arrow indicates the maximum 
temperature of the thermal anneal performed before recording the STM image in (b) STM image 
(103 × 114 Å2) of dimer structures of hydrogen atoms on the graphite surface after a 1 min 
deposition at room temperature and subsequent anneal to 525 K (ramp rate: 1 K/s, 30 s dwell at 
maximum temperature). Imaging parameters: Vt �=  884 mV, It �= 190 pA. The inset shows a 
higher resolution STM image of dimer structures of hydrogen atoms on the graphite surface after a 
6 min deposition at room temperature and subsequent anneal to 550 K. Imaging parameters: Vt = 
� 884 mV, It = � 210 pA. 

and dimer B, are observed to be dominant, with the dimer B structure as the most 
numerous. Figs. 8.1(b) and (c) show close-ups of these two structures. Dimer A are slim 
elongated spheroids, while dimer B structures are more rectangular in shape. The long 
axis of both dimer A and dimer B structures is oriented along directions offset 30° with 
respect to the <2-1-10> directions. This results in three possible orientations separated 
120° with respect to each other. A few larger, composite structures are also observed. 
      Figure 8.2(a) shows a D2 TPD spectrum from the HOPG surface after a 2 min D 
atom dose. The spectrum shows the double peak structure discussed in the introduction. 
In order to investigate if the peaks correspond to different hydrogen adsorbate structures,  
we performed a thermal anneal to a temperature between the two peaks. The arrow 
indicates the maximum temperature (525 K) of the thermal anneal performed before 
recording the STM image shown in Fig. 8.2(b). After the 525 K anneal, the sample is 
cooled to room temperature before being placed in the STM. We find a significant 
decrease in the total coverage on the annealed sample, and now only dimer A structures 
are observed. Repeated experiments showed that annealing to temperatures of 500–600 
K starting from a low coverage of D atoms leads to a surface where dimer A is the 
dominant structure. Hence, the experiment indicates that dimer A structures are stable 
against thermal annealing to 525 K, whereas dimer B structures are not. Since no D 
atoms are visible on the surface after anneals to 600 K, i.e., above the high temperature 
peak in the TPD spectrum, the interpretation is that dimer B structures contribute to the 
first peak in the desorption spectra while dimer A structures are associated with the 
second peak. Based on the Polanyi-Wigner equation for first order desorption and 
assuming a preexponential factor of 1013 s−1, the two peaks at 490 K and 580 K observed  
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Figure 8.3: Calculated structure of the two most tightly bound dimer structures of hydrogen atoms 
on the graphite surface. (a) Dimer A structure of hydrogen atoms adsorbed on neighbor carbon 
atoms. (b) Dimer B structures of hydrogen adsorbed on carbon atoms at opposite sides of the 
graphite hexagon. (c) Simulated STM image of the dimer structure in (a). (d) Simulated STM 
image of the dimer structure in (b). Imaging parameters: Vt �= 0.9 V, ρ0 = 1 × 10� 6 (eV)� 1 Å� 3. 
The position of the hydrogen atoms is marked by black dots. (e) Experimental dimer A structure. 
(f) Experimental dimer B structure. The carbon unit cell is marked in white. 
 
in TPD spectra for deuterium on graphite correspond to desorption barriers of 1.38 eV 
and 1.64 eV, respectively. 
      Density functional theory calculations of the lowest energy states of H dimers on a 
graphite surface show two states with an approximately identical binding energy of 2.51 
eV with respect to the energy of the undisturbed carbon surface and 2 H atoms at infinite 
separation. Referring to two isolated adsorbed H atoms the binding energy is 1.18 eV. 
The two states are shown in Figs. 8.3(a) and (b). The two hydrogen atoms are adsorbed 
either on two neighbor carbon atoms or on carbon atoms at opposite sides of a carbon 
hexagon. Based on the structure and stability findings given below we assign the state 
shown in Fig. 8.3(a) to the experimentally observed dimer A and the state in Fig. 8.3(b) 
to the experimental dimer B state. The calculated binding energy of the dimer A state is 
in good agreement with earlier calculations [243,244]. However, the binding energy of 
the dimer B state differs from that reported in Miura et al. [244]. This difference can be 
ascribed to the fact that a smaller carbon unit cell was used in the previous calculations 
[244]. Figs. 8.3(c) and (d) show simulated STM images of the two dimer structures. In 
both cases the dimers and the long axis of the dimer structures in the simulated images 
are oriented at 30° with respect to the <2-1-10> directions, like the experimentally 
observed dimer structures. The dimer structure shown in Fig. 8.3(c) is an elongated 
spheroid with a thin dark central line structure along the minor axis. The simulated 
image is very reminiscent of the dimer A structure in the experimental images. However, 
due to tip smoothing effects the thin dark central line is only imaged in STM under very 
favorable imaging conditions as in the inset in Fig. 8.2(b) and in Fig. 8.3(e). The dimer  
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Figure 8.4: Energy barriers for atomic hydrogen diffusion and recombination from dimer A and B 
states on the graphite surface. The barrier to desorption of a single H atom out of structures A, I, 
and B are 2.08, 0.92, and 1.92 eV, respectively, and is hence energetically unfavorable in all three 
cases. 
 
structure in Fig. 8.3(d) on the other hand is more rectangular in shape and resembles the 
dimer B structures observed in the STM images. 
      Since each dimer corresponds to a different peak in the TPD spectra, dimer A must 
be more stable than dimer B. Clearly, this difference in stability cannot be explained by 
binding energy considerations. Instead, the detailed kinetics of the desorption processes 
has to be considered and the recombination pathways for each of the two dimer states 
identified. Figure 8.4 shows the calculated binding energies, diffusion barriers and 
recombination barriers for 2 H atoms on the graphite surface. Based on the calculations, 
it becomes clear that recombination will take place out of the dimer B state with a barrier 
of 1.4 eV, in reasonable agreement with the barrier derived from the first peak in the 
TPD spectra. Direct recombination from the dimer A state into molecular hydrogen is 
prevented by a rather large energy barrier, similar to the energy cost to desorb both H 
atoms separately. A facile pathway for recombination of hydrogen atoms in the dimer A 
state can, however, be found, corresponding to diffusion over state I into state B and then 
direct recombination from B. The rate limiting step in this process is diffusion from state 
A to state I. The diffusion barrier is 1.6 eV, which is in excellent agreement with the 
barrier to desorption derived for the 2nd peak in the TPD spectra. Hence, direct 
recombination of dimers in a dimer B structure contribute to the low temperature peak in 
TPD, while diffusion mediated recombination from the dimer A state over the dimer B 
state contributes to the high temperature peak. 
      It has previously been suggested that recombination might occur via a physisorption 
state of H on graphite [246]. This suggestion was based on TPD experiments performed 
after H/D atom deposition at 150 K. Since the TPD spectra look identical for H/D atom 
deposition at 150 and 300 K [233] we expect recombination to proceed via the same 
pathway in the experiments reported on in [241,246] and the experiments reported on 
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here. A weak physisorption state of H on graphite has been observed experimentally in 
scattering experiments [247] and theoretically in DFT calculations [239,240]. The 
binding energy of this state is of the order of a few tens of meV. Hence, recombination 
of two chemisorbed H atoms via this state would require that a hydrogen atom desorbs 
from the strongly bound chemisorbed state involving severe surface reconstruction and 
is readsorbed in a very shallow (10–40 meV) physisorption well. Such a process does 
not seem likely. The self-consistent model presented here offers an alternative 
explanation for recombination of atomic hydrogen on graphite surfaces that does not 
invoke recombination via a weakly bound physisorbed state. 

8.1.3    Conclusion 

In conclusion, based on STM experiments and DFT calculations we have identified the 
recombination mechanisms of H atoms on the graphite surface and shown that direct 
recombination takes place out of only one of the two observed dimer states. The 
presented results explain the structure observed in TPD spectra of molecular hydrogen 
desorption from graphite. Furthermore, the determined recombination mechanism and 
diffusion and recombination barriers provide direct input to models of interstellar 
hydrogen formation on graphitic interstellar dust grain surfaces. 
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8.2    Clustering of H atoms on graphite(0001) surface  

8.2.1    Introduction 

Hydrogen adsorption and the structure of hydrogen adsorbates on surfaces have been 
studied extensively due to both its fundamental interest and its relevance in connection 
with numerous technological applications. Prepairing and clustering of hydrogen atoms 
on surfaces have been reported for systems such as H on Si [248] and H on diamond 
C(111) [249]. For these systems the prepairing mechanism is thought to be thermal or 
‘‘hot precursor’’ mediated diffusion [249,250]. Here we report on a mechanism for H 
atom cluster formation on graphite surfaces which does not involve diffusion. The 
presented results have interesting implications for interstellar H2 formation in photon 
dominated regions and in shocked interstellar gases. 
      Molecular hydrogen is the most abundant molecule in the interstellar medium 
featuring both in dense and diffuse interstellar molecular clouds, in photon dominated 
regions (PDRs) [251], and in regions with shocked gasses [252]. In all these regions 
molecular hydrogen is continuously dissociated by UV radiation and/or cosmic rays. To 
maintain the abundance of molecular hydrogen, an efficient formation mechanism is 
required. This mechanism is generally accepted to be H2 formation on the surface of 
interstellar dust grains [253]. A substantial fraction of interstellar dust grains are 
anticipated to be carbonaceous, and onionlike graphite particles have been observed both 
in presolar dust grains in meteorites [254] and in experiments simulating interstellar 
grain formation [254,255]. The details of the H2 formation process have been shown to 
significantly impact the thermal and chemical evolution in the interstellar medium 
[251,252,256-258]. It was previously perceived that the large barrier for chemisorption 
(~0.2 eV) [239,240] would make it unrealistic to obtain a sufficient coverage of H atoms 
on graphitic surfaces under interstellar conditions. The results presented here challenge 
this perception by identifying a new mechanism for the formation of H adsorbate 
clusters. Previous investigations have shown that molecular hydrogen can form on 
graphite [241] from such H clusters along two paths: either (i) from prepaired H dimers 
on the surface [233,260] or (ii) via Eley-Rideal abstraction reactions [242,261] between 
adsorbed H atoms and incoming H atoms from the gas phase. In both cases, the 
identified mechanism for hydrogen cluster formation on graphitic surfaces provides a 
route for interstellar H2 formation. 

8.2.2    Results and discussion 

Figure 8.5(a) shows an STM image of a 210 K graphite (HOPG) surface exposed to a 
very low dose of hot D atoms. The bright protrusions in the image are ascribed to 
chemisorbed D atoms since they only appear after D atom dosing and are correlated with 
molecular deuterium desorption. A close-up of one of these bright protrusions is shown 
in Fig. 8.6(a). The threefold symmetry of the structure is as expected for a D monomer 
adsorbed above a C atom on the graphite surface. By associating each bright protrusion 
with 1 D atom, a D monomer, we calculate a D atom coverage of 0.03%. After recording 
STM images like the one in Fig. 8.5(a), the HOPG sample was removed from the STM 
and heated to room temperature for 10 min before being put back into the cooled STM. 
The resulting STM image is shown in Fig. 8.5(b). As can be seen, the number of bright  
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Figure 8.5: STM images of the graphite surface after D atom deposition. During deposition and in 
the STM the sample temperature is kept below 210 K. (a) STM image after deposition at low 
integrated flux (F ~ 1012 atoms/cm2 s). (b) STM image after heating the sample in (a) to room 
temperature (RT) for 10 min followed by recooling in the STM. (c) STM image after D atom 
deposition at high integrated flux (F ~ 1014 atoms/cm2 s). (d) STM image after heating the sample 
in (c) to RT for 10 min followed by recooling in the STM. Imaging parameters: (a) It = −0.58 nA, 
Vt = −312 mV, (b) It = −0.45 nA, Vt = −1250 mV, (c) It = −0.43 nA, Vt = −1250 mV, (d) It = −0.26 
nA, Vt = −1486 mV. 

protrusions is drastically reduced by 80%. By assuming that all the bright protrusions in  
Fig. 8.5(a) are D monomers, an upper limit on the lifetime of isolated D atoms on the 
graphite surface of 6 min can be obtained. This value is in good agreement with the one 
expected for hydrogen monomer desorption based on the theoretically derived 
desorption barrier of 0.9 eV [239,240]. 
      Figure 8.5(c) shows an STM image after a D atom dose roughly a hundred times 
higher than in Fig. 8.5(a). Again we ascribe the bright protrusions to chemisorbed D 
atoms. A close-up on these bright protrusions show that the majority are more complex 
structures, similar to the ones shown in Fig. 8.6(b), which we associate with D atom 
clusters. We calculate the coverage of 0.2% × (number of atoms per protrusion). Fig. 
8.5(d) shows an STM image obtained after removing the sample from the STM, heating 
it to room temperature for 10 min. and then placing it back into the cooled STM. In this 
case a less drastic reduction of only 20% in the number of bright protrusions is observed. 
This finding indicates that at the higher integrated flux more stable adsorption complexes 
are formed on the surface. Based on the upper limit on the D monomer lifetime derived 
above, a lower limit on the percentage of more stable adsorption complexes can be  
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Figure 8.6: STM images of the graphite surface after increasing doses of D atoms showing the 
formation of increasingly more complex adsorption clusters. (a) Zoom in on one of the bright 
protrusions in Fig. 8.5(a). (b) STM image showing the formation of hydrogen dimer structures 
after a 1 min D atom dose at a flux of F ~ 1015 atoms/cm2 s. (c) STM image showing the formation 
of larger and more complex adsorption clusters after a 6 min D atom dose at a flux of F ~ 1015 
atoms/cm2 s. (d) STM image showing the graphite surface at saturation coverage after a 24 min D 
atom dose at a flux of F ~ 1015 atoms/cm2 s. The underlying carbon lattice is no longer visible and 
the image is dominated by the electronic reconstruction induced by the hydrogen adsorbates. 
Imaging parameters: (a) It = −0.71 nA, Vt = −156 mV, (b) It = −0.16 nA, Vt = −884 mV, (c) It = 
−0.15 nA, Vt = −743 mV, (d) It = −0.53 nA, Vt = −1050 mV. 

obtained. We find that at least 75% of the D atom adsorbate structures in Fig. 8.5(c) 
must be such complexes. 
      As will become apparent from our calculations it is a fair assumption that stable 
adsorption complexes consist of D atoms adsorbed within 4th nearest neighbor distance 
of each other (see discussion below). If the D atoms were distributed uniformly on all 
carbon surface atoms, then at an adsorbate cluster coverage of 0.2%, as in Fig. 8.5(c), at 
most 5% of the D atoms should be part of adsorption clusters containing more than 1 D 
atom adsorbed within 3rd nearest neighbor distance. This finding contradicts the 
experimental observation that 75% of the D atoms are associated with more stable 
structures and indicate that some mechanism favors formation of more stable adsorption 
clusters. 
      Figures 8.6(a)–(d) show high-resolution STM images of graphite after exposure to 
increasing doses of D atoms, demonstrating that the tendency to form clusters continues 
at higher total coverages. Fig. 8.6(a) is a close-up of an adsorption structure on the low  
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Figure 8.7: (a) Potential energy curves for adsorption of a single H atom monomer (solid line), 
shown in (b), and for the three dimer configurations shown in (c), the orthodimer (dash-dotted 
line), the next neighbor site (dashed line), and the paradimer (dash-double dotted line). 
 
coverage surface shown in Fig. 8.5(a). The threefold symmetry of the bright protrusion is 
as expected for a D monomer adsorbed above a C atom on the graphite surface. Fig. 
8.6(b) shows D adsorbate structures at slightly higher cluster coverage of ~1%. The 
elongated bright protrusions, which dominate the image, have been identified as 
hydrogen (deuterium) dimers [260,262]. At an even higher coverage of ~3% as in Fig. 
8.6(c), the majority of the D atoms are adsorbed in larger D atom clusters. Finally, at 
saturation coverage of ~50% [241], the carbon lattice is no longer visible, and the STM 
image is completely dominated by the electronic effects caused by the deuterium 
adsorbates. 
      To determine whether the observed hydrogen (deuterium) atom clusters could be a 
result of thermal diffusion, the diffusion barrier for an isolated chemisorbed H atom on 
the graphite surface was calculated, using first principles DFT calculations. The 
calculations predict a diffusion barrier of 1.14 eV. Since the desorption barrier is only 
around 0.9 eV this implies that an isolated H atom will desorb rather than diffuse upon 
heating. This prediction is in good agreement with the experimental findings. STM 
observations performed both at room temperature and at temperatures of ~200 K show 
that D atoms are immobile on the graphite surface at all coverages. This finding 
indicates that the reduction in the number of bright protrusions observed in the STM  
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Figure 8.8: Potential energy curves for adsorption of a third H atom in the vicinity of a paradimer 
at sites s1– s5 shown in the inset. The reaction coordinate is a sum over all position changes of all 
atoms in the calculation. 
 
images in Fig. 8.5 is due to H atom desorption and that at higher integrated hydrogen 
atom flux, adsorption complexes which are more stable against desorption are formed. 
      To investigate under what conditions hydrogen adsorbate clusters can be expected to 
give rise to increased stability against desorption, the binding energy of various 
configurations involving 2 H atoms adsorbed within 1st–6th nearest neighbor distances 
were investigated. Only the ortho- and para-dimer configurations shown in Fig. 8.7(c) 
show markedly increased binding energies. The next neighbor configuration, NN in Fig. 
8.7(c), has been shown elsewhere to convert to either of the two with a barrier of only 
~0.5 eV [260]. This finding justifies the above use of 4th nearest neighbor as the cutoff 
distance for increased stability of adsorbate clusters. 
      Since the observed clustering is not a result of diffusion, the influence of the sticking 
process on clustering was investigated. Figure 8.7(a) shows the potential energy curves 
for H atom sticking into the four configurations shown in Fig. 8.7(b) and (c). Two 
observations stand out: (i) the binding energy of the ortho- and para-dimers is much 
increased compared to the binding energy of 2 H monomers or the next neighbor (NN) 
dimer state [263], and (ii) the barrier to adsorption into the ortho-dimer and next 
neighbor dimer is reduced by roughly 50 meV compared to the sticking of an H atom 
into a monomer state, while no barrier to adsorption is observed for sticking into the 
para-dimer configuration [264]. The reduced and even vanishing barriers to hydrogen 
sticking into specific adsorption sites in the vicinity of already adsorbed H atoms will 
lead to preferential sticking. This observation implies that cluster configurations will 
become more abundant. According to these calculations, para-dimer structures should be 
the dominant structure at low coverage since no barrier exists for sticking into this state. 
Experimental observations show that this is indeed the case [260]. 
      To investigate whether similar mechanisms control the formation of larger clusters at 
higher coverage, the potential energy curves for adsorption of a third H atom in the 
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vicinity of the hydrogen para-dimer were calculated. These are shown in Fig. 8.8. 
Reduced barriers to sticking are observed for a third H atom adsorbing into sites 3, 4, 
and 5 (marked in the figure inset). Further calculations with sticking of a fourth atom 
also reveal the existence of sites with reduced and even vanishing barriers to adsorption. 
This finding indicates that also larger clusters form as a result of preferential sticking due 
to reduced barriers to adsorption in the vicinity of already adsorbed H atoms. The 
existence of reduced barriers to adsorption into several different cluster structures is in 
good agreement with the experimental observation of more varied and complex 
adsorption structures at higher coverages. 

8.2.3    Conclusion 

The identified mechanism for hydrogen cluster formation differs from the prepairing and 
clustering mechanisms reported on for other systems, e.g., H on Si [248] and H on 
diamond C(111) [249]. For these systems the prepairing mechanism is thought to be 
thermal or ‘‘hot precursor’’ mediated diffusion [249,250]. In contrast, the mechanism 
presented here does not involve diffusion. Besides being of fundamental interest, the 
identified mechanism also has interesting implications for interstellar hydrogen 
formation. In PDRs and post-shock regions gas temperatures range from several hundred 
to thousand Kelvin [256,257,265], and hydrogen atoms in the high energy tail of the 
thermal Maxwell-Boltzmann distribution will have sufficient energy to populate the 
chemisorbed state on graphitic grain surfaces. Once a first hydrogen atom is adsorbed on 
the surface, the adsorption barriers for additional H atoms are much reduced or even 
vanishing, and larger clusters can form. This mechanism enables the buildup of non-
negligible H atom coverages from which molecular hydrogen formation may occur 
either via recombinative desorption or via Eley-Rideal abstraction. Hence, the presented 
results at the same time reveal a new mechanism for adsorbate cluster formation on 
surfaces via preferential sticking and contribute to our understanding of interstellar 
hydrogen formation. 
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8.3    H trimer on graphite(0001) surface 

8.3.1    Introduction 

Low energy electron diffraction (LEED) experiments show that hydrogen atoms do not 
adsorb in ordered structures on the graphite surface [268]. Hydrogen dimer structures 
have been directly observed and identified on low coverage graphite surfaces in STM 
measurements [260,262]. Since the diffusion barrier for isolated H atoms chemisorbed 
on the graphite surface is larger than the desorption barrier and since DFT calculations 
show reduced and in some cases even vanishing atom sticking barriers in the vicinity of 
already adsorbed H atoms the formation of these dimer structures is believed to occur via 
preferential sticking directly into dimer configurations [269,270]. Based on the STM 
studies two dimer structures are inferred to be most abundant on the graphite surface, 
namely the ortho-dimer structure where two hydrogen atoms are adsorbed on nearest 
neighbor carbon atoms and the para-dimer structure where two H atoms are adsorbed on 
opposite sides of a carbon hexagon. The existence of hydrogen quartet structures has 
also been proposed [271]. Here we present new STM results which reveal that at higher 
coverage a new, complex, meta-stable hydrogen structure exists which is as stable as the 
ortho-dimer structure and co-exist with this structure at temperatures up to 600 K. 

8.3.2    Results and discussion 

Figure 8.9(a) shows an STM image of a HOPG surface after a 12 min D atom deposition. 
The bright protrusions in the images are ascribed to clusters of chemisorbed D atoms 
since they only appear after D atom deposition and since they are correlated with 
molecular deuterium desorption measured in TPD. Fig. 8.9(b) displays an STM image 
after a 12 min D atom deposition as in Fig. 8.9(a), followed by a thermal anneal to 525 K. 
Again, the bright protrusions in the images are ascribed to clusters of chemisorbed D 
atoms. Two different types of structures are visible in the image. One type is elongated 
ellipsoidal shapes with three different orientations while the other structure has a star 
like shape. Fig. 8.9(c) displays the statistical analysis of a larger series of STM images 
obtained by annealing the D covered HOPG surface depicted in Fig. 8.9(a) to 
subsequently higher temperature. Following 12 min D atom deposition at room 
temperature the surface was annealed to temperatures ranging from 500 to 570 K and the 
fraction of elongated ellipsoids and star structures was recorded as a percentage of the 
total number of D atom clusters on the surface. We find that as the annealing 
temperature increases, the total coverage decreases and the relative percentage of 
elongated ellipsoids and star structures is observed to increase until they become 
completely dominant. This indicates that the elongated ellipsoid and star structures are 
more stable than other hydrogen adsorbate structures observed on the graphite surface. 
The star and elongated ellipsoid structures are desorbed at temperatures above 550 K, 
coinciding with the high temperature D2 peak observed in TPD experiments from atomic 
recombination of chemisorbed D atoms on graphite [241]. 
      As discussed above a hydrogen dimer structure (the ortho-dimer) with high stability 
towards thermal anneals has previously been identified in STM experiments obtained 
following anneals of graphite surfaces with a lower coverage of D atoms [260]. This 
ortho-dimer state exhibited the same electronic characteristics and desorption kinetics as  
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Figure 8.9: (a) STM image of the graphite surface after a 12 min D atom dose. Imaging parameters: 
It = −0.2 nA, Vt = −743 mV. (b) STM image of the graphite surface obtained after a 12 min D 
atom dose followed by an anneal to 525 K. Imaging parameters: It = −0.18 nA, Vt = −1051 mV. (c) 
The relative percentage of star and dimer clusters as a function of annealing temperature. Data 
were obtained following anneals to 500 K, 545 K and 570 K. 
 
the elongated ellipsoids imaged by STM following anneal of the high-coverage surface 
displayed in Fig. 8.9(a). We therefore identify the elongated ellipsoids in Fig. 8.9(b) as 
hydrogen ortho-dimers. The star-like structures in Fig. 8.9(b) have not been observed 
previously and are only observed following high D exposures. 
      Figure 8.10 shows a series of STM images of a star like structure like the ones shown 
in Fig. 8.9(a) recorded at different tunneling voltages. At higher voltages, when the tip is 
far from the surface, the imaged structure is star like, while at lower voltages, when the 
tip is close to the surface the structure appears as a triangle. 
      Figure 8.11(a) shows a high-resolution zoom in on a star like structure. D atoms 
chemisorbed on the graphite surface give rise to a large perturbation of the local  
electronic density of states at the adsorption site and also give rise to long range  
electronic modifications in the form of a (√3 ×√3) R30° superlattice at distances as far 
away as 35Å from the adsorption site [245,260]. At the edges of the image the 
undisturbed carbon lattice is observed. STM only images every second carbon atom on 
the graphite surface and the consensus is that the imaged atoms are carbon atoms in β 
sites [272], i.e. carbon atoms with no neighbor in the underlying carbon layer vs. atoms 
that do have a neighbor in the underlying layer. In Fig. 8.11(a) a graphite lattice has been 
overlaid on top of the high-resolution STM image. The positions of the β carbon atoms 
are represented by big dots. The star structure in the image is observed to be centered on 
a β carbon atom. The positions of the α carbon atoms cannot be unequivocally 
determined based on the STM image, since two possible mirror-images of the graphite 
lattice exist, with interchanged α carbon atom and hollow site positions, which give rise  
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Figure 8.10: Star-structure imaged at varied bias voltage, It = ± 0.15 nA. At low bias voltage, i.e. 
when the STM tip is in close proximity to the surface, the star-structure appears triangular in the 
STM images. 
 
to the imaged carbon atom structures in Fig. 8.11(a). One of the two possible graphite 
lattices is superimposed on the image with the small dots representing one of the two 
possible positions of α carbon atoms. For either of the two possible graphite lattices, 
three of the bright bumps in the star-like structure are on top of α-atom positions, while 
three are in the hollow sites of the honeycomb lattice. The bright shape to the right of the 
star structure is ascribed to imperfections of the tip. The inset in Fig. 8.11(a) shows a 
star-like structure imaged without tip induced asymmetry. Three very bright and three 
slightly darker protrusions can be identified. In Fig. 8.11(b) a number of possible 3 and 4 
H atom candidate structures for the underlying H atom configuration responsible for the 
star-like structure are shown. These are all centered on a β carbon atom and exhibit the 
same C3 symmetry as the star-triangle-like feature in the STM images. 
      Fig. 8.12(a)–(c) shows a series of STM images where the star like structure is imaged 
at low tunneling voltage resulting in a triangular appearance. As can be seen from the 
images all the triangles within a given image are oriented in the same direction. 
Observations show that generally all triangles within a given area (micro-crystallite) of 
the HOPG surface are oriented in the same direction. Such an aligned orientation is 
rather surprising considering that the star structures are observed to be centered on a 
carbon atom. In Fig. 8.12(d) it is sketched how for any structure with the same symmetry 
as the observed star structure centered on a carbon atom another one must exist pointing 
in the opposite orientation (rotated 60°), the only difference with respect to the original 
being whether it is centered on a β or an α carbon atom. Thus our observation that all the 
triangle structures point in the same direction is equivalent to the fact that all of them are 
centered on β carbon atoms which seems to imply a significant energy difference  



 119

 
 
Figure 8.11: (a) STM image of a star-like structure with superimposed model graphite lattice. 
Imaging parameters: It = −0.53 nA, Vt = −1051 mV. The bright shape to the right of the star 
structure is ascribed to imperfections of the tip. The inset shows a star-like structure imaged 
without tip induced asymmetry. Imaging parameters: It = −0.79 nA, Vt = −743 mV. (b) 3 and 4H 
atom structures exhibiting the same symmetry as the observed star-like structure. H atom positions 
marked as: trimer structure: T1: yellow dots, T2: green dots, Quartets: Q1: blue dots, Q2: purple 
dots, α carbon atom are grey dots, while β carbon atoms are red.  
 
between similar structures centered on α and β atoms. This observation is in 
contradiction to previous theoretical results according to which the adsorption energy for 
individual H-adatoms is only weakly dependent on the type of surface carbon atom onto 
which it is adsorbed [240]. However, calculated binding energy differences between 
hydrogen atoms on α and β sites of 10% have been reported in one instance [273]. One 
alternative explanation might be that the structures contain sub-surface hydrogen atoms. 
A larger binding energy difference between α and β sites is expected if the hydrogen 
atom is adsorbed sub-surface [274]. However, large barriers exist for an incoming 
hydrogen atom to go sub-surface and be intercalated between the graphite layers [275] 
making this explanation dubious. Previous studies of H atom dimer structures on 
graphite have shown that it is not the binding energies but rather the kinetics of the 
sticking, diffusion and recombination processes which determine what structures are 
formed and how stable these structures are [260,269]. Whether a more subtle difference 
between the α and β sites exist in the hydrogen adsorbate structure formation dynamics 
or in the kinetics of the hydrogen atom recombination and desorption remains unclear. It 
has also been suggested that the star-triangle-like structure could be a result of a 
hydrogen induced defect. Finally, an alternative explanation could be that the observed 
long range disturbance which the hydrogen adsorbates cause in the electronic density of 
states of the carbon lattice results in a real or apparent alignment of the star-triangle-like 
structures within a given area. 

8.3.3    Conclusion 
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Figure 8.12: (a)–(c) STM images of different regions (different micro-crystallites) on the graphite 
surface recorded in an imaging mode where the star-structures appear triangular. All star structures, 
e.g. all the triangles, in a given region are seen to have the same orientation. For clarification 
highlighted triangles have been superimposed. Imaging parameters: (a) It = −0.49 nA, Vt = −1051 
mV, (b) It = −0.19 nA, Vt = −743 mV, (c) It = −0.14 nA, Vt = −743 mV. (d) Schematic drawing of 
the two orientations expected for a triangular structure centered on either an α (grey) or a β (red) 
carbon atom.  

In conclusion, we have observed that hydrogen atoms at high coverage forms two types 
of meta-stable structures with increased stability, namely dimer like structures, which 
were also observed at low coverage, and star/triangular-like structures, which are unique 
for the high coverage regime. These structures are stable against anneals up to 525 K and 
are expected to be responsible for the high temperature peak observed in TPD 
measurements of molecular hydrogen formation by atomic hydrogen recombination on 
the graphite surface. The star/triangular-like structures are observed to be centered on 
carbon atoms on the surface and are imaged either as stars or triangles depending on the 
imaging parameters. Imaged as triangles they are observed to exhibit the same 
orientation within a given micro-crystallite on the surface. The origin of this orientation 
and the exact hydrogen adsorbate structure which gives rise to the imaged star/triangular 
structure is not yet determined, thereby underlining the fact that we still do not fully 
understand the complex dynamics which underlie the H-graphite interaction. 
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CHAPTER 9 

 

Summary and outlook 
 

Molecules on surfaces play a fundamental role in diverse fields such as organic thin film 
growth, organic semiconductors, biomaterials interfaces, nano-mechanical biosensors, 
molecular electronics, nano-patterning, and so on. In all these fields the fundamental 
understanding of the delicate balance between intermolecular interactions and molecule-
substrate interactions is of utmost relevance to be able to steer the above mentioned 
processes as desired. In this thesis a number of adsorption studies of organic molecules 
and H atoms on solid surfaces have been studied at the atomic scale by means of 
scanning tunneling microscopy (STM). The main systems studied in this thesis include 
biologically relevant molecules on Au(111) (chapter 3), small organic molecules and 
supramolecular complex on Au(111), Ag(110), and Cu(110) (chapter 4,5,6,7), and H 
atoms on HOPG (chapter 8).  
      In chapter 3 a systematic study of DNA bases and derivatives was presented. The 
main findings were that (i) two adenine (A) self-assembled 2D islands with well-ordered 
structures are experimentally observed by STM to co-exist on the Au(111) surface. 
Extensive calculations of A molecule and its pairs with the Au(111) surface show that 
the interaction of one or two molecules with the Au(111) is very weak. Moreover, the 
effect of the surface on the hydrogen bonding between molecules is also very small. 
However, we observed small redistribution of the electron density between the A 
molecules and the Au surface, which indicates that there may be some lateral registry 
with the underlying surface. This interaction perturbs the much stronger inter-molecular 
interactions binding the molecules together in the monolayer. (ii) The adsorption of 
thymine (T) molecules on the Au(111) surface showed that the multiple functionalities 
with which T molecules are endowed allow them to interact through both strong multiple 
hydrogen bonds and weak vdW interactions. This leads to a kinetically hierarchical self-
assembly in which 1D T filaments stabilized by hydrogen bonds are formed initially at 
low coverages, after which the filaments, steered by the vdW interactions, self-assemble 
laterally into 2D T islands. Furthermore, by STM manipulation we can directly probe the 
hierarchy of bond-strengths involved in the self-assembled nanostructures. This is done 
by probing the different resistances that the bonds between neighboring molecules and 
supramolecules oppose to breaking under STM manipulation. The method of selective 
intermolecular STM-induced bond breaking can offer unique possibilities to determine 
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the position of the weaker bonds within a self-assembled organic monolayer, and can 
thus be used to help to identify particular features of the molecular architecture in the 
observed STM images. (iii) The adsorption of guanine (G) molecules on Au(111) 
demonstrated that the surface-induced chirality of the prochiral G molecule can be 
generated and amplified by room-temperature adsorption. Enantiomerically pure and 
racemic 2D well-ordered phases were observed. The latter was obtained by annealing to 
400 K and subsequent cooling to 100 K prior to the STM analysis. The results may be of 
particular interest regarding the creation of functionalized surfaces for biosensor and 
heterocatalysis applications, as well as for specific applications in drug design based on 
the biologically relevant G quartets. (iv) The adsorption of cytosine (C) molecules on 
Au(111) resulted in a disordered filamentary structure. In spite of the lack of periodicity 
in the random C network, we have revealed that only a few elementary structural motifs 
exist through which C molecules bind to each other, and yet very complex structures can 
be formed from these structural building blocks. The present cytosine model system is 
kinetically trapped in a disordered state, similar to a glass trapped in the amorphous state, 
since it would need to overcome prohibitively large energy barriers to move away from 
it. The results presented here may reveal an interesting route for studying the structure of 
organic glasses, by performing a systematic search of particularly stable motifs and their 
possible interconnections. (v) Coadsorption of G+C and A+C showed that the 
recognition between complementary NA base molecules adsorbed on solid surfaces is 
indeed feasible, and that the relatively small energy difference between A-C and G-C 
pairs allows us to choose a temperature range in which C binds preferentially to its 
complementary partner G and not to the non-complementary partner A. This recognition 
is aided by the balance between molecule-molecule interactions and the constraints to 
3D molecular motion imposed by the surface, which restricts molecules mobility (both 
translational and rotational) to the 2D above-the-surface phase space. (vi) Coadsorption 
of G+K+ revealed that, for the first time, the biologically relevant K+-embedded G-
quartet metallosupramolecular network was observed on the surface in real space. 
Different metallosupramolecular nanoporous networks, which are dependent on the K+ 
ratio, are formed with various cavities in size and shape. These networks are found to be 
a result of balancing between hydrogen bonding and metal-to-ligand interaction. The 
current work might provide new insight into the G-quadruplex structure in biological 
community and thus into anti-cancer drug design. (vii) Adsorption of DNA base 
derivatives revealed dramatic changes of the self-assembled nanostructures formed on 
the Au(111) surface as compared with the original bases. Co-deposition of C_derivative 
and G_derivative resulted in an unexpected honeycomb network, which could provide 
useful information on the studies of molecular recognition between complementary base 
pairs. 
      In chapter 4 the so-called rosette system was studied. The main findings can be 
singled out as (i) we have systematically compared adsorption structures formed from a 
class of compounds that all display the same type of strong hydrogen bonding groups. 
The observed structures all appear to be dominated by the anticipated hydrogen-bonding 
interactions, but we surprisingly find that subtle changes to a side-group not directly 
involved in the H-bonding itself has a pronounced influence on the formed structures. 
This highlights the importance of obtaining an improved fundamental understanding of 
the interactional hierarchy that underlies the formation of well-defined nanostructures on 
surfaces and may guide future efforts to fine-tune intermolecular interactions to create 
desired self-assembled nanostructures. (ii) We have investigated adsorption and co-
adsorption structures formed from CYA and M molecules at Au(111) surface. In 
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addition to the CYA1M1 structure found upon simultaneous deposition, our STM 
measurements show the existence of a novel CYA1M3 network upon sequential 
deposition of CYA after M and another novel CYA3M1 network, which is also found 
upon simultaneous codeposition. Theoretical modeling by the SCC-DFTB method 
explains the stability of the different observed networks and provides a detailed insight 
into the intermolecular interactions underlying their formation. By quantifying the 
hierarchy of homo- and heteromolecular interaction strengths, we have gained insight 
that can guide future efforts toward using this important complementary hydrogen-
bonding motif in the synthesis of self-assembled surface nanostructures. (iii) By means 
of STM we showed that the stability against fragmentation of a large organic compound 
sublimated onto the Au(111) surface under UHV conditions can be significantly 
enhanced by coordinating it to gold atoms prior to deposition. The described results 
suggested a new route towards self-assembly of molecular nanoscale structures from 
large organic building blocks and warrants further experimental or theoretical studies 
into the origin and generality of this unanticipated stabilizing effect.  
      In chapter 5 we have studied Lander-type molecules and the main findings show that 
(i) by lateral STM manipulation various contact configurations of the DAT molecule at 
the step edge of Cu(110) are engineered in a controlled manner, through rotation, lateral 
translation, and hurdle over the step edge. (ii) Coadsorption of the triple components of 
DAT molecules together with PTCDI molecules and Ni atoms shows that the DAT 
molecules can be caged and aligned by PTCDI-Ni matrix.  
      In chapter 6 we have shown that even on defect-afflicted surfaces self-assembly by 
hydrogen bonding can be used to build 1D mesoscale structures from single molecular 
building blocks. The theoretical analysis shows that the primary key factor is a robust 
hydrogen bond. But self-assembly across step edges also depends crucially on the 
directionality mediated by the substrate, since the 1D chains would not cross the step 
edges, if there existed adsorbate geometries that are rotated away from the close-packed 
rows with energies not much smaller than those of the most stable terrace geometries. 
Also, the energy loss inflicted by the bending of the molecules at the step edges is 
smaller than that for the alternative geometry of open 1D chain ends. Thus, the flexibility 
of the molecular structure is an additional important ingredient needed for achieving the 
observed monatomic step tolerance. 
      In chapter 7 we have characterized the adsorption of iridium(III) phosphorescent 
emitter molecules on a partly oxidized Cu(110) surface. In doing so we provide 
convincing evidence that 50% of the emitters have dissociated upon adsorption at the 
substrate. Our findings suggest that the decrease in the lifetime of OLEDs, which are 
manufactured by vacuum vaporization technique, is due to the dissociation of emitter 
molecules present in the device. Therefore, to enhance the lifetime of OLEDs, careful 
design and development of more robust phosphorescent complexes are required.  
      In chapter 8 we have investigated H atoms on HOPG surface, which revealed that (i) 
based on STM experiments and DFT calculations we have identified the recombination 
mechanisms of H atoms on the graphite surface and shown that direct recombination 
takes place out of only one of the two observed dimer states. The presented results 
explain the structure observed in TPD spectra of molecular hydrogen desorption from 
graphite. Furthermore, the determined recombination mechanism and diffusion and 
recombination barriers provide direct input to models of interstellar hydrogen formation 
on graphitic interstellar dust grain surfaces. (ii) New mechanism of H atoms clustering 
on the surface has been identified showing that once a first H atom is adsorbed on the 
surface, the adsorption barriers for additional H atoms are reduced very much or even 
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vanish, and larger clusters can form. This mechanism enables the buildup of non-
negligible H atom coverages from which molecular hydrogen formation may occur 
either via recombinative desorption or via Eley-Rideal abstraction. Hence, the presented 
results reveal a new mechanism for adsorbate cluster formation on surfaces via 
preferential sticking and contribute to our understanding of interstellar hydrogen 
formation. (iii) We have observed that hydrogen atoms at high coverage forms two types 
of meta-stable structures with increased stability, namely dimer like structures, which 
were also observed at low coverage, and star/triangular-like structures, which are unique 
for the high coverage regime. These structures are stable against anneals up to 525 K and 
are expected to be responsible for the high temperature peak observed in TPD 
measurements of molecular hydrogen formation by atomic hydrogen recombination on 
the graphite surface. The star/triangular-like structures are observed to be centered on 
carbon atoms on the surface and are imaged either as stars or triangles depending on the 
imaging parameters. Imaged as triangles they are observed to exhibit the same 
orientation within a given micro-crystallite on the surface. The origin of this orientation 
and the exact hydrogen adsorbate structure which gives rise to the imaged star/triangular 
structure is not yet determined. This underlines the fact that we still do not fully 
understand the complex dynamics which underlie the H-graphite interaction. 
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